CNHcNCnHc-Pincer Complexes of Group 9 and Their

Catalytic Activities in Homogeneous Catalysis

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
M. Sc. Yingying Tian
aus Bozhou, P. R. China

Tubingen
2020






Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der

Eberhard Karls Universitat Tubingen.

Tag der mundlichen Qualifikation: 25.05.2020
Dekan: Prof. Dr. Wolfgang Rosenstiel
1. Berichterstatter: Prof. Dr. Doris Kunz

2. Berichterstatter: Prof. Dr. Reiner Anwander






The work presented currently was done from October 2016 to April 2020 in the

Institute of Inorganic Chemistry under the supervision of Prof. Dr. Doris Kunz.

| am deeply grateful to Prof. Dr. Doris Kunz for providing such interesting research

topics and a great working atmosphere in the whole group.






To spend life side by side, in the sway of our dreams: your patriotic dream, our
humanitarian dream and our scientific dream.

Marie Curie






Abstract (English)

With the interest in N-heterocyclic carbenes (NHCs), this thesis deals with the design
and synthesis of CnicNCnhe-pincer complexes with transition-metals of group 9 and
their applications as catalysts in small molecule isomerization and

semihydrogenation of alkynes. The details are as follows.

In the first chapter, the nucleophilic Meinwald rearrangement of functionalized
terminal epoxides into methyl ketones under mild conditions was realized using
[Rh(bimcaf°™)]. An excellent regio- and chemoselectivity is obtained for the first time

for aryl oxiranes.

In the second chapter, further development of the Meinwald rearrangement was
made with the more reactive [Rh(bimcaMeHom)] and the substrate scope was
extended to internal epoxides. In addition, mechanistic investigations showed that the
catalytic cycle follows a B-hydride elimination—reductive elimination pathway after the

nucleophilic ring opening of the epoxide.

In the third chapter, two methods for the synthesis of the bis(imidazolin-2-
ylidene)carbazolide cobalt(l) complex [Co(bimcat°™)] have been developed. The first
route relies on the direct transmetallation of the in situ generated lithium complex
[Li(bimcato™)] with Co(PPhs)sCl. The second one is a two-step synthesis that
consists of the transmetallation of [Li(bimcat°™°)] with CoCl, followed by reduction of
the Co(ll) complex to yield the desired Co(l) complex. The analogous rhodium and
iridium complexes were prepared by transmetallation of [Li(bimcat°™)] or
[K(bimcatomo)] with [M(COD)(u-Cl)]2. The catalytic activity of [Co(bimcat°™)] and
[Ir(bimcat°™)] in the epoxide isomerization was tested with and without the presence
of Hz. When [M(bimca™m™)] (M = Rh or Ir) were exposed to 1 bar H; at 80 °C single
crystals formed whose X-ray structure analyses revealed the hydrogenation of the N-
homoallyl moieties and formation the dimeric hydrido complexes [Ir(bimca™8") (H).]2
and [Rh(bimca™®") (H)z]..



In the fourth chapter, the selective isomerization of various N-Boc protected terminal
aziridines to enamides is presented using the highly reactive nucleophilic
[Rh(bimcaMeHomo)] with the Lewis acid LiNTf. as co-catalyst under moderate
conditions. The reaction proceeds smoothly with only 1 mol% catalyst loading and
excellent yields were achieved. An intermediate containing an enamide with a non-
conjugated terminal C=C double bond was detected during the course of the reaction,
which isomerizes to form the thermodynamically favored 2-amido styrene.

Mechanistic insight is gained based on these observations.

In the last chapter, the semihydrogenation of both terminal and internal alkynes was
developed with [Co(bimcato™)]. Catalytic reactions were performed under ambient
conditions. Several terminal and internal alkynes were semihydrogenated to yield
olefins without over-reduction. In the case of internal alkynes, cis-olefins were
achieved exclusively after semihydrogenation. Full reduction of alkynes was realized

by tuning the reaction conditions.



Abstract (German)

Aufgrund des generellen Interesses an N-heterocyclischen Carbenen (NHCs)
handelt diese Doktorarbeit vom Design und der Synthese von CnHcNCnhc-Pincer-
Komplexen mit Ubergangsmetallen der Gruppe 9. Zuséatzlich wird ihre Anwendung in
der Isomerisierung kleiner Molekule und Teilhydrierung von Alkinen beschrieben. Die

Details sind wie flogt:.

Im ersten Kapitel wird die nucleophile Meinwald-Umlagerung von funktionalisierten
terminalen Epoxiden zu Methylketone unter sehr milden Bedingungen mit der
[Rh(bimcatom°)]-Katalysatorvorstufe dargestellt. Es liegt eine hervorragende,

erstmalige Regio- und Chemoselektivitat flr Aryl-Oxirane vor.

Im zweiten Kapitel werden weitere Errungenschaften in der Meinwald-Umlagerung
mittels des  reaktiveren  [Rh(bimcaVeHomo)l-Komplexes  vorgestellt.  Die
Substratbandbreite kante fur interne Epoxide erweitert werden. Zusatzlich erfolgte
der Nachweis, dass der Katalysezyklus nach einer nukleophilen Ring6ffnung des
Epoxids uUber einen pB-Hydrideliminierung—reduktiven Eliminierungs-Mechanismus

ablauft.

Im dritten Kapitel werden zwei Methoden zur Synthese des Bis(imidazolin-2-
ylidene)carbazolid Cobalt(l)-Komplexes [Co(bimca™m)] vorgestellt. Der erste
Syntheseweg verlauft Uber die direkte Transmetallierung des in situ generierten
Lithium-Komplexes [Li(bimcatome)] mit Co(PPhs)sCl. Die zweite Route geht lber eine
zweistufige Synthese mit einer Transmetallierung des Lithiumkomplexes
[Li(bimcat°™)] mit CoCl, und einer anschlieRenden Reduktion des Co(ll) zu dem
gewulnschten Co(l)-Komplex. Die analogen Rhodium- und Iridiumkomplexe wurden
Uber eine Transmetallierungsreaktion von [Li(bimca™m™)] oder [K(bimca™™)] mittels
[M(COD)(u-Ch)]> dargestellt. Die katalytischen Aktivitdten von [Co(bimca™™)] und
[Ir(bimcat°m)] in der Epoxidisomerisierungs-Reaktion wurden sowohl in Anwesenheit
von H» als auch ohne durchgefuhrt. Durch das Vorhandensein von einem bar Hz bei
80 °C bei den Komplexen [M(bimcaH°™)] (M = Rh or Ir) konnten Einkristalle isoliert

werden, welche Rontgenkristallographisch analysiert wurden. Die Molekulstrukturen



zeigten eine Hydrierung der N-Homoallyleinheiten und Bildung der dimerisierten
Hydridokomplexe [Ir(bimca™®") (H)2]2 und [Rh(bimca™B¥)(H)]2.

Das vierte Kapitel dieser Arbeit behandelt die selektive Isomerisierung von
verschiedenen N-Boc geschutzten, endstandigen Aziridinen zu Enaminen. Dies kann
durch den hochreaktiven, nucleophilen [Rh(bimcaVeHemo)l-Komplex und der Lewis-
Saure LiNTf, als Cokatalysator unter moderaten Bedingungen erreicht werden. Die
Reaktionen erfolgten mit einer Katalysatormenge von lediglich 1 mol% und
exzellenten Ausbeuten. Eine Zwischenstufe, die ein Enamid mit einer nicht-
konjugierten endstandigen C=C-Doppelbindung enthalt, konnte im Verlauf der
Reaktion detektiert werden. Diese isomerisiert zu dem thermodynamisch stabileren
2-Amidostyrol. Anhand dieser Beobachtung konnen mechanisistische Einblicke

werden erhalten.

Im letzten Kapitel wird die Teilhydrierung sowohl von terminalen als auch von
internen Alkinen behandelt, welche mit dem [Co(bimca™™°)]-Komplex entwickelt
worden ist. Die katalytischen Reaktionen erfolgten unter Umgebungsbedingungen.
Einige terminale und interne Alkine wurden teilhydriert um Olefine zu erhalten, ohne
diese zu Uberreduzieren. Im Falle von internen Alkinen werden ausschlieRlich cis-
Olefine erhalten. Die gesamte Reduktion von Alkinen zu Alkanen kann durch

Anpassung der Reaktionsbedingungen erreicht werden.
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Introduction

Introduction

N-Heterocyclic Carbenes

A carbene is a molecule containing a neutral carbon atom with a valence of two and
two unshared valence electrons. They are classified as either singlets or triplets,
depending on their electronic structure. Singlet carbenes are spin-paired which
means the molecule adopts an sp? hybrid structure. Triplet carbenes have two
unpaired electrons.l'l Most carbenes have a nonlinear triplet ground state, except for
those with nitrogen, oxygen, or sulfur atoms, and halides directly bonded to the
divalent carbon. In an N-heterocyclic carbene (NHC) generated from the imidazol-2-
ylidene, the adjacent nitrogen atoms stabilize the singlet state of the NHC by 17-
electron donating and o-electron withdrawing effects, which leads to a four electron

3-center r-system (Figure 1).12]

singlet triplet triplet

Figure 1. Carbenes of singlet and triplet types and an NHC (imidazol-2-ylidene).

NHCs, which mainly derived from imidazole, imidazoline, thiazole or triazole, are the
best examples of stable carbenes, especially the ones derived from imidazole. In
1970, Wanzlick's group generated imidazol-2-ylidene carbenes by the deprotonation
of an imidazolium salt.®! However, they did not isolate imidazol-2-ylidenes, but
instead the in situ generated carbenes were coordinated to mercury and
isothiocyanate. Afterward, in 1991, a stable, isolated, and crystalline diaminocarbene
was obtained by Arduengo and co-workersi® through deprotonation of an
imidazolium chloride with a strong base (Scheme 1). This work triggered the research
interest of chemists to design versatile NHCs and to investigate the application of

NHCs in various fields.


https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Valence_(chemistry)
https://en.wikipedia.org/wiki/Valence_electron
https://en.wikipedia.org/wiki/Singlet_state
https://en.wikipedia.org/wiki/Triplet_state
https://en.wikipedia.org/wiki/Orbital_hybridisation
https://en.wikipedia.org/wiki/Imidazolium
https://en.wikipedia.org/wiki/Persistent_carbene
https://en.wikipedia.org/wiki/Persistent_carbene
https://en.wikipedia.org/wiki/Deprotonation
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Scheme 1. Pioneer work of generation of NHCs from Wanzlick and Arduengo.

Bis(NHC)-Pincer Ligands

Due to the strong o-donor and weak r-acceptor character, NHCs are extremely
prevailing in the last decades as they are ideal ligands to coordinate to transition-
metals, as they make a strong NHC-metal-bond. In addition, they increase the
electron density of the metal center and thus lead to the generation of more
nucleophilic metal centers.®8 There are three orbital contributions of the metal-(NHC)
bond. The starting hypothesis that NHCs were simple o-donors is abandoned, while it
is clear that both d—1* (1m*-backdonation) as well as T—d (1-donation) have to be

considered to understand the details of the metal-(NHC) bond (Figure 2).[2

N - (1)
NHC to metal o-donation C)Q
—N
metal to NHC m*-backdonation C% v
g o

NHC to metal Tr-donation C& M %@

Figure 2. The three bonding contributions to the M—(NHC) bond.
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The ease of modification of the imidazolium salt proligands leads to the incorporation
of NHCs in polydentate ligand structures, usually in combination with other classical
donors. The aim of this strategy is to develop stable transition-metal complexes and
precisely tailor the metal coordination sphere, which are of importance for the

generation of reactive species in homogeneous catalysis.”!

Neutral ligands | =
X pZ
| N
~
/\N N N/\§ NS. N
o OO
/ \ AN /
Lin, 2000 Crabtree, 2001

Monoanionic ligands By )

L e s

/N NN S

{8 Q &R\ /EJ [:>; © :<:]
\ /

Hollis, 2003 Douthwaite, 2004 Kunz, 2007

u

Figure 3. Diverse bis(NHC)-pincer ligands .

The pioneer work was initiated by the Lin group in 2000, of which the neutral
CnHeNChhe-pincer ligand was successfully generated and the corresponding helical
dimercury compound was synthesized as well.®l The year after, the Crabtree group
reported the modified CnncNCnhe-ligand with a CH2 moiety between the rings to
enhance the solubility. Together with palladium, they behaved as an effective catalyst
for the Heck cross-coupling reaction of activated aryl chlorides.®! In addition to
neutral bis(NHC) pincer ligands, monoanionic ones are also known. The Hollis group
synthesized a monoanionic CnicCCnhe-pincer ligand in 2003 and demonstrated its
efficiency in Pd-catalyzed Suzuki-Miyaura cross-coupling reaction.' Afterward, the
Douthwaite group succeeded in the generation of a CnwcNCnne-pincer ligand in which
the two NHC units are linked via an amido function and the corresponding palladium
complexes were first generated as well.'l In 2007, the Kunz group replaced the
amido function with a carbazolide backbone which makes the pincer ligand more
rigid. The corresponding rhodium CO-containing complex was successfully applied in

the Meinwald rearrangement (Figure 3).1'?
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Bimca Ligands
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Figure 4. The disubstituted bimca salts and known group 9 transition-metal complexes.

The synthesis of 1,8-bis(imidazolin-2-ylidene)-3,6-di(tert-butyl)carbazolide (bimca)
framework was initially developed by Michael Moser from the Kunz group in
2007.1'2131 Afterward, an optimized synthetic route to the structure was presented and
this new route benefits from a streamlined workup and the elimination of air-sensitive
techniques to afford the desired imidazolium salts in good yield over a short time
frame. They have demonstrated that this framework provides a platform from which
N-functionalized derivatives can be easily accessed by general protocols for the N-
alkylation, N-arylation, and N-heteroarylation at both imidazole moieties. Thus, a
small symmetric ligand library was constructed and fully characterized.l'¥ The
synthesis of the unsymmetrically ligand bimcaMeHomo  requires two separate
monoalkylation steps which was tuned by different solvents.['3'5] Several new
transition-metal complexes [M(bimcaR)(CO)] and CO-free ones [M(bimca°™)] and
[Rh(bimcaMeAY] based on the bimca ligands were obtained smoothly in our group.['!
The study of the [Rh(bimcaMe)(CO)] complex showed a relatively small wavenumber
in the IR spectrum for the v (CO) band, thus indicating strong o-donor and weak 17-

acceptor properties of the bimca ligand. The highly nucleophilic character of the Rh(l)



Introduction

center was proven by the formal oxidative addition of methyl iodide to
[Rh(bimcaMe)(CO)], a reaction that proceeded more quickly than with any other Rh(l)

complex reported, indicating a strong nucleophilicity (Figure 4).['3]

a) | O O
/o) 5 mol% [Rh(bimca)M°CO] yield ratio: I/b i Bu. _Bu
\/L )J\ By Na diisobutyl malonate | S 0
o” Yo - 56% 1:6 N
branched substrate THF, 70 °C, 48h i linear product
e i o o0
0 2.5 mol% [Rh(bimca)"'*CQO] ! By By
S )J\ iBy Na diisobutyl malonate ! ~0 (o)
Y Y 53% 16:1 | S
THF, 70 °C, 48h i
linear substrate i branched product
b) 5 mol% [Rh(bimca)MeCO]
0 20 mol% LiNTf, o
SR CgDg, 60°C )LR
terminal epoxides methyl ketones

Scheme 2. (a) Reaction of branched and linear allyl carbonates with sodium diisobutylmalonate using [Rh(bimcaV¢)CO] as a

catalyst. (b) The isomerization of terminal epoxides into methyl ketones with [Rh(bimcae)CO].

The catalytic reactivity of [Rh(bimcaMe)(CO)] was first investigated with the allylic
alkylation reaction. The results indicated that in the rhodium-catalyzed alkylation,
mainly the jpso product is formed. However, quite a large amount of the isomeric
branched product was also formed, which could result from the Sn2’ metal-transfer
isomerization.l'®! Another homogeneous catalysis in which [Rh(bimcaV¢)(CO)] was
involved is the Meinwald rearrangement. Applying the rhodium catalyst together with
a strong Lewis acid co-catalyst, the highly regioselective transformation of terminal
epoxides into methyl ketones was realized under relatively mild conditions (Scheme
2).17
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Research Purpose

Based on the successful application of [Rh(bimca®)CQO] in the selective
isomerization of terminal epoxides into methyl ketones,' the design and generation
of more reactive and nucleophilic transition-metal catalysts and their utilities in
homogeneous catalysis are of great interest. Therefore, my research purposes are

as follows.

e Synthesis of the challenging group 9 complexes [M(bimca™™°)] (M = Co, Rh, Ir),
which are extremely air and moisture sensitive, and the more nucleophilic
unsymmetric rhodium complex [Rh(bimcaVeHome)] which is supposed to be more

reactive in the Meinwald rearrangement (Figure 1).

[M(bimcaomo)] [Rh(bimcaMeHomoy]
(M = Co, Rh, Ir)

Figure 1. The synthesis of challenging [M(bimca™°™)] and unsymmetric rhodium(l) complexes.

® Improving the catalytic reactivity and regio- and chemoselectivity of CnicNCnhc-
transition-metal complexes in the epoxide isomerization, enlarging the substrate

scope and investigating the mechanism of this reaction with rhodium catalysts.

. Goals:
fO} rhodium complexes Rki no additional Lewis acid
R! R2 R2 excellent FG tolerance
high regio- and chemoselectivity
R'or R? = H, alkyl, aryl high yields

Scheme 1. Catalytic isomerization of epoxides with Rh-complexes.

(1) Jurgens, E.; Wucher, B.; Rominger, F.; Térnroos, K. W.; Kunz, D. Chem.
Commun. 2015, 51,1897—-1900.
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® The isomerization of terminal aziridines, which is analogous to epoxides, will be
studied with the highly nucleophilic rhodium catalysts in the transformation of terminal

aziridines into enamides (Scheme 2).

rhodium complexes

7 PG PG

Scheme 2. Catalytic isomerisation of terminal aziridines into enamides with Rh-complexes.

® The semihydrogenation of both terminal and internal alkynes to obtain (E)- or (2)-
olefins will be investigated with the novel CnincNCnhe-pincer Co(l)-complex (Scheme
3).

[Col / H,
11— 2 1 /—\
R f— R R \/\Rz or R‘] R2

R" or R = H, alkyl, aryl

Scheme 3. Selective semihydrogenation of both terminal and internal alkynes into olefins.
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Results and Discussion

Epoxide Isomerization with [Rh(bimcatom°)]

The research started from [Rh(bimcaM®)CO], which was confirmed to be an active
catalyst for the Meinwald reaction. However, the drawbacks of this system are
obvious as it requires elevated temperature and a relatively strong Lewis acid co-
catalyst (LiINTf2) to achieve full conversion in the case of terminal alkyl oxiranes to
methyl ketones. However, terminal epoxides bearing functional substituents were not
tested in this publication, except phenyl oxirane.!"!

To continue the research, a substrate scope study was carried out first and it
revealed a high functional group tolerance for some substrates (1e—k), such as
hydroxyl, sulfonamide, ester and phenyl functionalized epoxides, but a substantial
drop in conversion and/or yield and selectivity was recognized (Table 1). Notably,
styrene oxides can not be rearranged regioselectively because of the Lewis acid
catalyzed side reaction. The isomerization of phenyl oxirane (3a) with
[Rh(bimcaMe)CO] led only to a mixture of phenyl methyl ketone (4a) and phenyl
ethanal (5a) (2 : 3), which indicates a competition between the Lewis acidic and the
nucleophilic pathway. Therefore, enhancing the selectivity for phenyl oxiranes as well

as increasing the activity of the catalyst was the primary goal.

Table 1. Additional substrate scope of [Rh(bimcae)CQ] in the Meinwald reaction.

5 mol% [Rh(bimcaM®)CO]

102 20 mol% LiNTf, )CL
R CgDg, 60°C R
Epoxide Methyl ketone Time Yield [%]tP]
1c 2c 0
O 9.7d 50
AtBu )LtBU
1e 2e
0] (0]
3h 98
%O\ )K/O\
1f 2f
0 o 2h 50
%OH )I\/OH
19 2g o

0
LA_NHTs M nHTs 24h 20
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1h O 2h O
MOV )WO\/ 24 h 67
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1i 0 2i e} (o)

: L\/\OL PN 24h 37

1 o o) 2j o0 o© q
MO/\ Mo/\ 24 h 33
1k 2\/ 2k ).L
o o 24 h 170
\g/\ T)(\

11 21
(@]
0 (6]
3a 4a oah 26 (Ketone, 4a)
44 (Aldehyde, 5a)

[a] Standard reaction conditions: Substrates (40 pumol), [Rh(bimcaM¢)CO] (2.0 umol), CeDs (0.4 mL), 60 °C.

All reactions were carried out using J. Young NMR tubes. [b] Yield of methyl ketones was determined by

"H NMR using 1,3,5-trimethoxybenzene as the internal standard. [c] at 80 °C.

To deal with these problems, a more reactive and nucleophilic catalyst was required.
It was supposed that a CO-free Rh-catalyst would further increase the nucleophilicity
of the metal centre and reduce the need for a Lewis acid co-catalyst.””! The earlier
reported N-homoallyl substituted ligand HbimcaM°me-2HBr® would fulfil these criteria if
the intramolecular olefin moieties would reversibly coordinate to the metal centre,
which could also stabilize the complex during catalysis and increase its lifetime.
Preparation of in situ [Rh(bimcaf°m™)] (6“X) was achieved by deprotonation of
HbimcaM°me-2HBr with LIHMDS and subsequent addition of [Rh(u-Cl)(COD)Jz.. To
obtain the isolated complex, the deprotonation of Hbimcat°m-2HBr was conducted
initially with KHMDS at room temperature in order to generate [K(bimca™omo)],
however it would decompose at room temperature into butadiene and the
bisimidazole carbazolide [K(imi).carb]. Isolation of complex 6 was achieved
successfully via transmetalation from the potassium complex [K(bimcaHomo)]
generated in situ by deprotonation of Hbimcaom-2HBr with KHMDS at -30 °C. After
filtering off potassium halides and removing volatile species, complex 6 was obtained
in 63% yield (Scheme 1).

10
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a) 3 eq LIHMDS
b) 0.5 eq [Rh(u-C1)(COD .
)05 eq RN(W-CINCODN _ guix (6 + 2 Ligyr + Lic)
THF, it
Bu, /Bu Bu Bu
H 3 eq KHMDS N! 'T !N b NS
THF, 1t [ ) K <\]
N N

+)> <(+
2 Br
< j [K(imi),carb]
b{ t
Hbimca"omo. 2HBr Bu Bu
a) 3 eq KHMDS
b) 0.5 eq [Rh(u-CI)(COD)],

THF, -30 °C
-2 KBr, - KCI [ )>_Rh_<( j

12
13

14
6 15

Scheme 1. Synthesis of both in situ and isolated [Rh(bimcatom)] (6).

The molecular structure of 6 was characterized by NMR spectroscopic analysis and
DFT calculations. The single signal set confirms a symmetric coordination mode of
the ligand and the coordination of both double bonds and both carbene moieties to
the Rh-centre is confirmed not only by the up-field shift of the respective signals in
the *C NMR spectrum to 185.5 ppm (carbene), 55.9 (C15) and 51.1 ppm (C14), but
also by the "Jrnc coupling of 33.9 (carbene), 6.7 (C15) and 11.3 Hz (C14). The four
"H NMR signals for the methylene protons (H-12, H-13) of the homoallyl moiety were
assigned according to their coupling constants and an NOE experiment. The signals
of the olefinic protons are strongly shielded (4.18-4.10 (H-14), 2.41 (H-15is), 1.67
ppm (H-15#ans)) and the reduced coupling constants of only 8.0 (cis) and 9.9 Hz
(trans) can be explained by the reduced s-character due to the coordination with the
Rh-centre. DFT calculations also confirmed the structure as described.

With the rhodium complex 6 and 6%, the isomerization of 1,2-epoxyhexane (1b) as
the model substrate was tested. No catalytic activity was found when the isolated
complex 6 was applied without a Lewis acid co-catalyst and addition of 10 mol% of
LiBr achieved no improvement as well. Nevertheless, small amounts of THF (20 pL)
restored the catalytic activity fully as it enhanced the solubility of LiBr. After screening
different solvents, Lewis acids, catalyst loadings, reaction temperatures and

substrate concentrations, the optimized reaction conditions (5 mol% 6%, 0.1 M
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Results and Discussion

epoxide, CeDs, room temperature) were determined and applied to explore the
generality of this protocol.

Diversely functionalized alkyl oxiranes were converted successfully into the desired
methyl ketones using complex 6-* as the catalyst (Scheme 2). The alkyl substituted
epoxides 1a—d and the methoxy epoxide 1e were transformed into the desired
products 2a—e almost quantitatively with full regioselectivity. The only exception was
tert-butyloxirane (1¢), which reacted extremely slow and only 11% yield was obtained
after 10 days, possibly due to steric effects. In the case of hydroxyl (1f) and
sulfonamide groups (1g), the isomerization progressed slowly, which revealed a
competing influence of the acidic protons, nonetheless 2f and 2g were formed in
99% and 97% yields. Notably, ester groups are compatible with the system as well
and the isomerization of epoxides 1h—k afforded 2h—k with high regio- and
chemoselectivity. 1j reacts a bit slower than 1h, which might be due to its a-acidity.
Furthermore, 2-benzyloxirane (11) and its congeners (1m-n) were isomerized to the
methyl ketones 2l-n almost quantitatively. Internal epoxides (1aa and 1ab) react

considerably slower in this case.

o) : O

/ 7\ 5 mol% 6% )k
_—
R CeDe, rt R
0.1 M
1a-n, 1aa and 1ab 2a-n and 2aa
o (0] o (0] (0] o
)K )L"Bu )L‘Bu ACy )Jvo\ )K/OH
2a99% (2 h) 2b 99% (2 h) 2¢c 11% (10 d) 2d 99% (5 h) 2e 99% (2 h) 2f 99% (24 h)

)?\/ i i i )(L/ )(L/
NHTs M )J\H,o Et CO,Et o.__FEt
; o a g
29 97% (24 h) 2h 99% (2 h) o] 2j 81% (2 h)lel o]
2i 90% (8 h) 2k 81% (2 h)

O Lot 2 QA Ay

2aa 40% (65 h)P!  1aa and 1ab

21 99% (2 h) 2m 99% (2 h) 2n 99% (2 h) 18% (65 h)i!

Scheme 2. The isomerization of alkyl oxiranes with catalyst 6. Standard reaction conditions: Substrate (50.0 ymol), 6% (5
mol%), CeDs (0.5 mL), r.t. at the given time. Carried out in J. Young NMR tubes. Yield ('"H NMR) calibrated to 1,3,5-
trimethoxybenzene (internal standard). ¥ 14 % of epoxide 1j left. [! cis-2,3-epoxybutane (1aa), 80 C. [ trans-2,3-epoxybutane

(1ab), 80 C.
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The selective rearrangement of aryl oxiranes to methyl ketones is extremely
challenging and has not been achieved so far due to the Lewis acid catalyzed side
reaction.['4l Therefore, the new catalyst 6% was also applied in the isomerization of
aryl oxiranes (Scheme 3). With styrene oxide (3a) an unprecedented good ratio was
observed between acetophenone (4a) and 2-phenylacetaldehyde (5a) of 40 : 1.
Furthermore, acetophenones 4b-j bearing the electron-withdrawing substituents
were obtained regioselectively (>99 : 1) in excellent yield. Aryl oxiranes containing
electron-donating groups (methyl or methoxy) were converted into 4k and 4l with still
very good regioselectivities of 21 : 1 and 10 : 1 favoring the methyl ketones over the
aldehydes in good to moderate yields. Notably, epoxide 3l is extremely sensitive
towards Lewis acids in CeDs at room temperature and the Lewis acid itself would lead
to the formation of the aldehyde 5l and others, possibly polymerization products. The
oxirane 3m having a methyl group at the ortho position can be transformed into 4m

with still good regioselectivity and in good yield.

(e}
_ 5mol% 6™ 6LiX N o X CHO
o + R
C6Dos1rtM2 h ! — ! _—
- 5a-m

0 o) 0 0 0
©)J\ F3C\©)J\ [ ;[ AN /@)k F\©)k
CF3 Fs;C

4a 95% (4a:5a = 40:1)  4b 98% (4b:5b > 99:1)  4c 91% (2 d, 4c:5¢ > 99:1)12]  4d 99% (4d:5d > 99:1) 4e 99% (4e:5e > 99:1)

ot ot o o

4f 99% (4f:5f > 99:1) 49 99% (49:59 > 99:1) 4h 85% (4h:5h = 91:1) 4i 92% (4i:5i > 99:1) 4j 82% (4j:5j > 99:1)
(¢] O (e}
4k 77% (4k:5k = 21:1) 41 57% (41:51 = 10:1) 4m 57% (4m:5m = 10:1)]
Scheme 3. The isomerization of terminal aryl oxiranes with catalyst 6. Standard reaction conditions: epoxide (50.0 umol), 64X (5

mol%), CeDs (0.5 mL), rt. Carried out in J. Young NMR tubes. Yields ("H NMR) calibrated to 1,3,5-trimethoxybenzene (internal
standard). @ At 80 °C for 2 days. 1 22 h.
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Epoxide Isomerization with [Rh(bimcaMeHome)]

Even though catalyst 6 is highly reactive in the Meinwald rearrangement and has a
very good functional group tolerance, sterically demanding substrates such as tert-
butyloxirane and ortho-substituted aryl oxiranes, -NH2, or -OH containing substrates,
or internal epoxides required quite long reaction times and/or elevated temperatures
which in some cases still led to low yields. In addition, the regioselectivity for aryl
oxiranes bearing electron-donating groups is not quite satisfying (the ratio of the
methyl ketone and the aldehyde from 21:1 to 10:1 for 3k—-m). Therefore, more efforts
needed to be taken to develop a more nucleophilic catalyst system and to gain more
insight into the reaction mechanism.

During catalysis, the 18 e~ rhodium(l) complex 6 requires the dissociation of one
olefin moiety to react as a nucleophile, thus a new complex, such as a 16 e~ Rh(l)
complex, would be an interesting target to fulfill the purpose: The complex would be
stabilized intramolecularly by one olefin moiety during catalysis but in addition exhibit
a higher nucleophilicity and thus catalytic activity. Therefore, the synthesis of the
unsymmetric Rh complex 7 as well as the catalytic activity of 7 toward the chemo-
and regioselective epoxide isomerization are of great interest. In addition, the

reaction mechanism should be investigated further.

I{ 4
Bu Bu a) 3 eq LIHMDS -

By
O O b) 0.5 eq [Rh(u-Cl)(COD)],
! ! THF, rt
N
N

N N
[;‘»I . Br_(;j] a) 3 eq KHMDS [N)>_R:lh _<(:]

\ b) 0.5 eq [Rh(u-CI)(COD)], N !
o \ 17\/\/
THF, -60 °C 16
= - Kl, - KBr, - KCI, - COD
HbimcaMe-Homo.H.HBr 7

Scheme 4. Synthesis of both in situ and isolated [Rh(bimcaMeHome)] (7).

The unsymmetrically substituted bimca ligand was generated according to the
method discovered by E. Jirgens.”! The preparation of 7-X was achieved by
deprotonation of HbimcaVeHemo-H|-HBr with LIHMDS and subsequent addition of
[Rh(u-CI)(COD)]2 (Scheme 4). To obtain the isolated complex, the generated COD

and HMDS during the reaction were removed in vacuo but decomposition of the
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complex occurred, possibly due to the presence of the lithium salts. The isolation of
complex 7 was achieved successfully via transmetalation from the potassium
complex [K(bimca™°)] generated in situ by deprotonation of HbimcaMeHome-H|-HBr
with KHMDS at -60 °C. The potassium halides formed could be readily removed by
filtration and complex 7 was isolated in 52% vyield after removal of all volatiles in
vacuo.

The molecular structure of complex 7 was identified by NMR experiments. Bonding of
the terminal double bond to the rhodium center is proven by the 'Jrnc coupling
constants of 13.2 Hz (C16) and 13.7 Hz (C17) in the "*C NMR spectrum and the 4
signals for the diastereotopic hydrogen atoms at the two methylene groups of the
homoallyl substituent. The cis/trans assignment of the olefinic signals at 3.50 ppm (3J
= 7.7 Hz, H-17.s) and 2.94 ppm (3J = 11.5 Hz, H-174ans) is based on the vicinal
coupling constants, which are smaller than those typically observed in non-
coordinated olefins, and can be explained with the lower s-character due to a
rehybridization upon coordination of the metal ion. Furthermore, informations on the
relative conformation of the metallacycle were obtained with an NOE experiment.

DFT calculations also confirmed the structure as described.

[)}—Rh—((j | )>—Rh—<(Nj
\ \/\/ 15 1174
7 8

Scheme 5. Isomerization of the terminal double bond of complex 7 to complex 8 with an internal double bond cis-configuration.

In addition, the isomerized complex 8 was isolated when catalyst 7 was purified by
chromatography with silica gel under argon. The isomerization also takes place
within 1 h at room temperature when 2 eq LiBr are added to a solution of the isolated
complex 7 in CeDs (Scheme 5). Obviously, the Lewis acidity of the lithiuim cation in
benzene is enhanced so that the isomerization of the double bond occurs. The
molecular structure was characterized by NMR spectroscopy. The typical signal at
1.17 ppm with an integral of 3H shows a 3J (6.3 Hz) and a “J coupling to the olefinic
signals at 4.56 (H-15) and 4.09 ppm (H-16). The cis-conformation of the double bond
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is not only confirmed by the 3J coupling constant of 6.3 Hz, but also by the NOE
between methyl signal H-17 and one signal of the methylene group (H-14). Besides,
an NOE cross-peak is observed between the signals of both olefinic protons and the
N-methyl signal. The assignment of the peaks of the imidazole moieties and
carbazole backbone are based on the observed NOE crosspeaks (Scheme 5).

With the novel rhodium complex 7, the epoxide isomerization was studied using
phenyl oxirane (3a) as the model substrate. After testing different catalyst loadings,
Lewis acids, solvents, and substrate concentrations, the optimized reaction
conditions (1 mol% catalyst 7, 0.2 M epoxide, CeDes, room temperature) were
determined and applied to study the generality of this system.

Using complex 7 as the catalyst, various functionalized epoxides were converted
successfully into the desired methyl ketones (Table 2). Phenyl oxirane (3a) and its
derivative 3b bearing the strong electron-withdrawing trifluoromethyl substituent were
transformed regioselectively in excellent yield. Surprisingly, epoxides 3k and 3l
possessing electron-donating groups (methyl or methoxy) were converted with
excellent regioselectivities of 50:1 and 22:1 favoring the methyl ketones over the
aldehydes in good to moderate yields. Even the ortho-substitued methyl ketone 4m
was obtained from 3m with excellent regioselectivity and high yield. According to the
above results for aryl oxiranes, it is confirmed that catalyst 7 is much more reactive
and regioselective for aryl oxiranes than the previously studied catalyst 6 with even a
lower catalyst loading (1 mol%). Notably, complex 7 is the best catalyst reported for
the regioselective isomerization of terminal aryl oxiranes until now.

Besides aryl ketones, epoxides bearing OH or NH groups like hydroxyl groups (1f)
and sulfonamide (1g) were rearranged to the desired methyl ketones with 1 mol%
catalyst loading in 90% (2f) and 83% (2g) yield, albeit with longer reaction time (24 h).
The isomerization of epoxide 1i possessing an ester group afforded 2i in moderate
yield with 5 mol% catalyst loading after 24 h. As the extended reaction times may
derive from competing coordination of LiBr at the Lewis basic centers of functional
groups, the amount of LiBr was increased to 50 mol% and full conversions were
achieved already after 1 h at moderate to excellent yields (entries 6-8). Furthermore,
the sterically demanding 2-(fert-butyl)oxirane (1¢) can be also converted to the
desired product 2c in almost quantitative yield, albeit with higher catalyst loading (5

mol%) and reaction temperature.
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Table 2. Substrate scope in the isomerization of epoxide catalyzed by rhodium complex 7%,

1mol% 7

0] : (0]
/A 10 mol% LiBr
R R’ CeDe, 1t RJ\/ R
Entry substrate product time Yield [%]®! Ratio (4:5)
3a O 4a 0
1 ©/Q ©)k 1h 99 >99:1
3b 0 4b o)
2 Faﬁ@/A FsCQ)K 1h 98 >99:1
3k 0 4k 0
3 /@A /@)K 1h 77 50:1
3l 0 al 0
4 J@/u /©)K 1h 42 22:1
MeO MeO
3m o] 4m 0
5 EIQ ©ij\ 24 h 92 33:1
1f 2f 24 h 90
6 0 (@] -
LA _OH M on 1h 42ledl
19 2g 24 h 83
7 0 Q -
LA___NHTs I NHTS 1h 94leq]
1i 2i 24 h 67[c,e]
) o 0 (e} (0] -
A~ A~ 1h goled!
ole-f te 8\ 2 i 24 h 99
Bu )L'Bu
laa g 2aa 0O
1011 Py P 24 h 99 -
(0]
1qen 1P /& 2aa P 24 h 7 -
lac 2ac O

1210 @ 24 h 99 ;

[a] Carried out in J. Young NMR tubes and with 10 mol% LiBr and 5 yL THF-dg, 0.2 M concentration of epoxides. [b] Yield of
ketones ("H NMR) calibrated to 1,3,5-trimethoxybenzene (internal standard). [c] At 60 °C. [d] 20 mol% LiNTf; instead of LiBr.
[e] 5 mol% catalyst 7. [f] At 80 °C. [g] 50 mol% LiBr.

The internal epoxides were tested with catalyst 7 as well. Compared with rhodium

catalyst 6, cis-2,3-epoxybutane (1aa) was compatible with the catalytic system and
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yielded 99% of butan-2-one (2aa) in 24 h. In contrast, the conversion of frans-2,3-
epoxybutane (1ab) under otherwise identical conditions yielded only 7% of 2aa. This
outcome is of considerable interest as it is contrary to the results from Coates and
coworkers, who obtained less than 40% conversion with cis-2-hexene oxide but 98%
yield with trans-2-hexene oxide applying [(salcy)AI(THF).]*[Co(CO)4- as the
catalyst.® In addition, 7-oxabicyclo[4.1.0]heptane (1ac) was isomerized into
cyclohexanone in almost quantitative yield at 80 °C.

To check whether complex 8 is an active catalyst as well, the Meinwald reaction of
phenyl oxirane (3a) was carried out with the isolated complex 8 under the general
conditions. The reaction rate is comparable to that when using complex 7. It is
assumed that the isomerization of complex 7 to 8 occurs under the catalytic

conditions of the Meinwald reaction.

o A, Aol 2 8o
[N)>—Rh4<(:] epoxide

catalyst b

methylketone
+ XY™

e

pathway |

/T\ [T

pathway Il

/’\ Y~ d d

C\Rh/C
L=CO

i, J\ homoallyl

or methallyl
Int-1

N N -
Ol Oy Y
NGRT o-x— N\yh\/ o—x —N \\,/th 0—X

e

Int-1 Int-2 Int-1

Scheme 6. The initially proposed catalytic cycle (pathway | and pathway I1) for [Rh(bimca“¢)CO] (L = CO) and the evidence for

pathway Il due to the observed H/D exchange in case of the homoallyl complexes 6 and 7 (vide infra).
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Apart from the investigation of rhodium catalysts in the epoxide isomerization, the
mechanism of this reaction was studied further. A plausible mechanism was already
proposed with [Rh(bimcaM®)CO], which starts with pre-activation of the epoxide by
the Lewis acid additive followed by a nucleophilic attack of the Rh'! centre at the most
electrophilic side of the epoxide (also the least hindered one) and the oxidative
addition product was confirmed by NMR spectroscopy. From this intermediate two
possible pathways can lead to the product: a concerted 1,2-H shift under reductive
elimination of the catalyst (c) or B-hydride elimination (d) to form the Rh-hydride
intermediate Int-1, which subsequently undergoes reductive elimination (e) to release
the product and the catalyst (Scheme 6).["]

As a hydride intermediate Int-1 was not observed during the catalysis with
[Rh(bimcaMe)CO] (L = CO), it was supposed that the N-homoallyl moiety of catalyst 1
or 7 could insert into the Rh-H intermediate Int-1 to give the rhodium alkyl
intermediate Int-2, which could undergo a D/H exchange in case deuterated phenyl
oxirane was used. To prove this hypothesis, catalytic experiments using 1-D-phenyl
oxirane as the substrate were performed with both catalysts 1 and 7 under catalytic
as well as stoichiometric conditions. In all cases, an exchange of the deuterium by
hydrogen in the methylphenyl ketone of 5 — 7 % was observed (deuteration degree of
the phenyl oxirane: 98%). According to these observations, pathway Il was favored
for the catalytic cycle of the nucleophilic Meinwald reaction with the rhodium catalysts.
During the mechanistic study of epoxide isomerization with catalyst 7, two
deactivation products of 7 were detected. One, as red crystals, was observed after
finishing a VT NMR experiment of catalyst 7 with 1.0 eq phenyl oxirane at room
temperature. The X-ray structure analysis reveals the formation of a bromido-Rh(lll)
complex 9 (Figure 1, left), in which the N-homoallyl substituent is coordinated in a n*-
allyl coordination mode to the oxidized metal center. As the isomerization of phenyl
oxide 4a is very fast, it is likely that the formation of this product occurs after the
catalysis. C-H activation at the allylic position to form an allylhydrido complex and
subsequent substitution of the hydrido by a bromido ligand can explain its formation.
Another deactivation product was obtained from the testing of cis-1,2-
diethoxycarboxyl)oxirane (5 mol% 7 (2.3 mg), 20 mol% LiNTf> (4.6 mg), the epoxide
(15.1 mg) and 1,3,5-trimethoxybenzene (4.3 mg), 24 h at 80 °C and 24 h at 100 °C).
Red single crystals in the NMR tube were collected after several days at room

temperature. The X-ray structure analysis reveals that under the elevated
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temperature the internal standard 1,3,5-trimethoxybenzene has reacted with the N-
homoallyl moiety of complex 7 in a formal dehydrogenation and C-C bond formation
to the Rh(lll)(n3-allyl) complex 10 (Figure 1, right). In the solid state the 16e~ Rh-d®
complex forms a Lewis-pair dimer between the rhodium and the carbazol nitrogen
atoms with a mean distance of 2.74 A. Thus, catalytic tests with substrates of low
reactivity should be carried out either with an inert or without an internal standard to

avoid erroneous catalytic results in the NMR experiments.

Figure 1. Molecular structure of the catalyst deactivation product 9 (left) and Molecular structure of the side product 10 (right).
Atoms are shown with anisotropic atomic displacement parameters at the 50% probability level. Hydrogen atoms and co-

crystallized molecules are omitted for clarity.

Aziridine Isomerization with [Rh(bimcaMeHomo)]

With the successful application of the rhodium catalysts in the Meinwald
rearrangement, the isomerization of other small molecules such as aziridines is of
great interest. Moreover, the isomerization of aziridines has been rarely investigated
and there are only two reports of transition-metal catalyzed reactions by the Wolfe
groupl® and the groups of Lledds and Rieral’l. Therefore, the aziridine isomerization
was studied as well with the bimca rhodium catalysts.

Different protecting groups on the nitrogen atom were tested at the beginning
(Scheme 7). The general reaction conditions were 5 mol% in situ generated 6-* and

aziridines in CsDs at 60 °C for 24 h. Non-protected aziridine 11a did not react under
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these conditions. N-Acetyl aziridine 11b was isomerized to yield the desired product
12b in only 40% yield along with 28% of dihydrooxazole, which was formed in a
Lewis acid catalyzed side reaction with LiBr and confirmed in a blank reaction.
Interestingly, with the N-tosyl protected substrate 11¢, the reaction went quite fast at
room temperature and full conversion was achieved in 2 h. However, no desired
enamides were obtained due to polymerization as a side reaction. Aziridines 11d and
11e were converted smoothly to obtain the corresponding enamides in comparable
yields at 60 °C and room temperature, respectively. Finally, the N-Boc protecting

group was chosen as aziridine 11e can be isomerized already at room temperature.

| By Bu
5 mol% 61 X i
N - ! N

\PG CgDg, 60 °C HN\PG i N ' N

11 24h 12 : [>>—Rh—<<]
' N /% N

A /S
o, e, Y
H o | 6+2LiBr+LiCl

11a 11b | -

40%@l gLiX

NR
\ \ \
Ts Cbz Boc

11c 11d 11e
0% (rt, 2 h) 77% 75% (rt)

Scheme 7. Isomerization of terminal aziridines with different protecting groups (PG). [ Along with 28% of dihydrooxazole.

The aziridine isomerization was investigated with N-Boc-2-benzylaziridine (11e) as
the model substrate. Reaction parameters, such as rhodium catalysts, Lewis acids,
solvents, catalyst loadings, Lewis acid loadings and aziridine concentrations, were
tested in sequence. Besides, efforts were taken to control the Z/E ratio of the
enamides as well, but failed because of the tendency of the isomerization of the
kinetically favored Z-12e isomer into the thermodynamically favored E-12e isomer at
the required temperature. The best catalytic result was obtained with 1 mol% 7 and
0.1 M aziridine in CeDs at 80 °C and the optimized reaction conditions were applied to
probe the generality of this system.

Afterward, various N-Boc terminal aziridines were converted successfully into the
desired enamides (Scheme 8). Terminal aziridines 11f and 11g, possessing weak

electron-withdrawing chloro and bromo substituents on the phenyl ring, were
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isomerized smoothly to yield the corresponding enamides in excellent yield (94% and
93%, respectively). Interestingly, aziridine 11h bearing a moderate electron-
withdrawing fluoro substituent was rearranged much slower and full conversion was
obtained after 24 h in 95% yield. To confirm this tendency, substrate 11i bearing a
strong electron-withdrawing nitro group and 11j with a strong electron-donating
substituent (methoxy) were tested. Harsher reaction conditions were required with
11i and the reaction can only be completed with 5 mol% catalyst 7 in 24 h with the
yield of 86%. Notably, an intermediate bearing a terminal C=C double bond was
observed, which would be fully rearranged to the desired product. In comparison,
when aziridine 11j was applied, the reaction proceeded much faster and was
completed to obtain enamides 12j in 95% yield after 3 h. A closer look at the '"H NMR
spectra monitoring the reaction of substrates 11e and 11h revealed the formation of
the respective intermediates as well. While the isomerization is fast for the substrate
with an electron donating substituent (11j), it becomes even rate limiting in the case
of 11h and 11i bearing electron-withdrawing substituents. The feasibility of this novel
method was tested with a scaled-up reaction of 11e and the desired enamide 12e

was isolated by column chromatography in 72% yield with the Z/E ratio of 54:46.

tBu N Bu

1 mol% 7 i
X 10 mol% LiNTf, N :
R—- N, - R— NHBoc | N | N
= Boc  CeDs, 80 °C, 4h = oc | [ »—Rh—( ]
Me-j 12e-j ! N : N
! \ \/\/
: 7
N Cl N Br N
NHBoc NHBoc NHBoc
12e, 90% (72%,1%1 54:46) 12f, 94% (28:72) 12g, 93% (33:67)
O U O
NHBoc NHBoc MeO NHBoc
12h, 95% (24 h, 41:59) 12i, 86% (24 h, 34:66)! 12j, 95% (3 h, 42:58)

Scheme 8. Isomerization of diverse N-Boc terminal aziridines with rhodium catalyst 7. The yield of 12 was determined by 'H
NMR against the internal standard 1,3,5-trimethoxybenzene and Z:E ratios are given in brackets. 0.3 g of 11e (1.3 mmol) and

1 mol% catalyst 7 used; isolated yield of 12e in brackets. ! 5 mol% catalyst 7.
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According to the observations during the catalytic reactions, a plausible mechanism,
similar to the rhodium catalyzed epoxide rearrangement, was proposed for the
aziridine isomerization. The reaction starts with pre-activation of the terminal
aziridines (Scheme 9, step (i)), and followed by a nucleophilic attack of the 16 e~ Rh!
catalyst 7 at the most electrophilic side of the aziridine (ii) and formation of
intermediate i-1 which is likely stabilized by the Lewis acid as well. Subsequent (-
hydride elimination (iii) would lead to the Rh'"!' hydrido complex i-2 which can either
release the Intermediate by reductive elimination (iv) under regeneration of complex
7 or isomerize directly to intermediate i-3 (v) from which the thermodynamically
favored product is released by reductive elimination (vi). The isomerization of the
Intermediate to the product 12 can either occur by re-coordination to the catalyst 7
under formation of the Rh!"' hydrido complex i-2, or directly by a Lewis acid catalyzed
isomerization (vii). As the isomerization rate of step vii is substrate depending and
slows down in case of more electron-withdrawing substituents, this step is assumed

to be Lewis-acid catalyzed.

//k T:\(‘ Boc !
C—Rrph—C 1
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Scheme 9. Proposed mechanism for the isomerization of terminal aziridines with transition-metal complexes.
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Synthesis and Characterization of [M(bimca©°™°)] (M = Co and Ir) and Their
Catalytic Reactivity toward the Meinwald Rearrangement

In comparison with rhodium complexes, the extreme air and moisture sensitive
property of low-valent cobalt complexes inhibits its development. Thus well-defined
cobalt complexes were less reported. With the reported bimcat°™ ligand, the
synthesis and characterization of [Co(bimcat°™°)] (14) was studied.

The preparation of complex 14 commenced with the generation of [Li(bimcat°™)] and
followed by transmetalation with CoCI(PPhz); in THF at room temperature (Scheme
10, method a). A color change from light yellow to red was observed immediately and
the in situ generated compound 14 was confirmed by 'H NMR spectrum with a
symmetric coordination mode of the ligand. However, the purpose to obtain pure
complex failed as residual PPhz could not be removed completely by

chromatography at silica gel.

'Bu

Bu
Method (a)

1 eq Co(PPhj3);Cl

THF, 1t 12 h, [ )>_C°_<<j

N
N 3 eq LIHVMDS N N 14

i J
[;‘» 2Br <(+ THFé mgsr,"i” [ G j N Bu Bu Bu Bu
< j -2 LiBr < j Method (b)

1 eq CoCl, [ )>—C04< j 1 _1eaKGCs KCg [ )>—Co%( j

THF, rt, 12 h

THF t,12h
- LiCl < / j
—:§ =

14

HbimcaHomo-2HBr [Li(bimca)Homo]

Scheme 10. Synthesis of [Co(bimca™©™)] (14) by two methods.

Triggered by the work of Braunstein® and Nishibayashil®!, who obtained diamagnetic
Co(l) complexes via reduction of the corresponding Co(ll) complexes with KCs, the
paramagnetic [Co(bimca™™)Br] (13) was prepared first by addition of solid CoCl.
into the freshly generated [Li(bimca™m°)] (Scheme 10, method b). Instant halogen
exchange occurs to transform [Co(bimca™™)ClI] into [Co(bimca™™)Br] as bromide
anions are still present in the solution. Brown single crystals of 13 suitable for X-ray
diffraction were grown by slow evaporation from benzene at room temperature.
Crystallographic characterization of the complex (Figure 2, left) reveals a distorted

trigonal bipyramidal geometry at the cobalt center with one coordinated homoallyl
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moiety. The NHC moieties take in the apical positions with a C2’-Co-C7' angle of
174.0(2)°. Both Co-Cnnc bond lengths are within the range reported for Co(ll)-Cnnc
bonds of 1.791-2.152 A.l'% |In the coordinated homoallyl moiety, the C=C bond is
elongated (C16—-C17 = 1.384(6) A) due to a good m-backbonding ability of the cobalt
center. This is the first structural report of a cobalt(ll) NHC complex with a
coordinated olefin. Besides, single crystals of the cobalt(lll) complex
[Co(bimcaf°™),]Br with two coordinated bimca™°™ ligands in an octahedral fashion

were generated as a side product, presumably resulting from traces of oxygen.

Figure 2. Solid-state molecular structure of 13 (left) and solid-state molecular structure of 14 (right). Atoms are shown with
anisotropic atomic displacement parameters at the 50% probability level. Hydrogen atoms and co-crystallized solvent molecules

are omitted for clarity.

Complex 14 was successfully obtained via reduction of 13 with KCs. After filtration
and purification by chromatography, the desired complex 14 was isolated as a red
solid. Complex 14 is extremely air sensitive and an obvious color change would be
observed with traces of oxygen. The structure of 14 was initially confirmed by 'H
NMR spectrum which indicates a Cz-symmetric ligand environment with both N-
homoallyl substituents coordinated to the cobalt(l) center. The signals of the olefinic
protons are strongly shifted up-field (4.09—4.02 (H-14), 3.21 (H-15¢is), 2.54 ppm (H-
15¢rans)). The 3C NMR signal of the carbene carbon atoms at 191.1 ppm lie about 26
ppm at higher field than the signal of a comparable unsaturated free NHC (217.1
ppml'). Single crystals of 14 suitable for X-ray diffraction were grown from a
concentrated solution of toluene and pentane at -30 °C and the solid state of the

molecular structure is consistent with NMR spectroscopy (Figure 2, right). The
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coordination geometry at the Co(l) center is trigonal bipyramidal with both olefin
moieties and the carbazole nitrogen taking in the equatorial and both NHC moieties
the axial positions (C2'-Co-C2a’' = 179.0(3)°), ¢(C15,C14)-Co—c(C15',C14") = 139.2°;
(c: mid-point of bond)). The Co—Cnnc bond lengths (Co—-C2' = 1.911(5) A, Co-C2a’ =
1.913(5) A) are comparable to reported (CnHcNCnrc)-pincer cobalt(l) complexes,®'2
while the Co—-N bond (1.947(4) A) in 2 is substantially longer than the pyridine Co-N
bond (e.g. 1.839(4) Al'3) possibly due to steric reasons. The bond lengths of
C14-C15 (1.401(8) A) and C14'-C15' (1.400(7) A) are elongated compared to the
non-coordinated olefinic bond in the Co(ll) complex 13 (C20-C21 = 1.274(10)A),

confirming a certain amount of metallacyclopropane character in 14.

Bu Bu
L s, O
b) 0.5 eq [Ir(u-Cl)(COD)],» + 2 LiBr
H

THF, it + LiCl
+>> <(+ [ )>—Ir — ] j
2Br a) 3 eq KHMDS N N
b) 0.5 eq [Ir(u-Cl)(COD)], R
THF, -60 °C =/ N
-2 KBr, - KCI = T
HbimcaHomo.2HBr N 15 J
Y
15LiX

Scheme 11. Synthesis of both in situ generated 15X and isolated [Ir(bimcatom°)] (15).

In addition, [Ir(bimca™™m)] (15) was generated as well to fulfill the generation of group
9 transition-metal complexes with the bimca™m™ ligand. In situ generated iridium
complex 15% was achieved applying the same route as for [Rh(bimca™m°)] (6-X),
(Scheme 11). To obtain the pure complex 15, the transmetalation was conducted
with freshly generated [K(bimca°™)] at =60 °C. The potassium halides formed could
be readily removed by filtration and complex 15 was isolated by removal of all
volatiles in vacuo in 55% yield.

According to NMR spectroscopy, the molecular structure of 15 shows the same
symmetric coordination mode of the ligand as for 14 and 6. All signals were assigned
by means of 2D NMR and NOE experiments. Both double bonds and both carbene
moieties are coordinated to the Ir-center, which is confirmed by the up-field shift of
the respective signals in the '"H NMR spectrum (3.77-3.69 (H-14), 1.63 (H-15i), 0.78
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ppm (H-1544ns)) as well as in the *C NMR spectrum, 39.7 (C15) and 27.7 ppm (C14).
The carbene signal is found at typical 164.5 ppm. In comparison with the '"H NMR
spectra of the complexes 14 (Co) and 6 (Rh), the stronger metallacyclopropane
character of complex 15 can be derived from the stronger high-field shift of the
olefinic proton signals from 14, 6 to 15 as well as the decreasing 3J coupling constant
of the olefinic protons from 8.0 (cis) and 11.3 Hz (trans) in 14 to only 7.6 (cis) and 8.0
Hz (trans) in 15 due to the reduced s-character of the olefinic carbon atoms. This
reflects the tendency of 5d metals to form stronger metal-C bonds and the increased
stability of the higher oxidation state. DFT calculations of the complexes (6, 14 and

15) also confirmed the structure as described.

Table 3. Regioelective isomerization of terminal epoxides with [M(bimca™ome)]t]

5 mol% [Cat.]
0 10 mol% LiBr O

R CGDGI 80 °C AR

Enty  Epoxide  [Cat] (:;r) Time  Conversion (%) Yield (%)
1 14 - 6days 32 18
2 o 6 - 30 min 100 92
3 e s - 6days 100 92

1b
4 14 1 24 h 19 11
5 15 1 24 h 81 52
6 14 - 6 days 0 0
7 0 6 - 30min 100 88
8 Ej/Q 15 - 6days 100 26
9 3a 14 1 24 h 11 5
10 15 1 24 h 75 38

[a] Reactions were carried out in J. Young NMR tubes with 10 yL THF-ds and yield of the products was
calibrated to 1,3,5-trimethoxybenzene (internal standard).

In comparison with the highly reactive rhodium complex 6, the catalytic reactivity of
its analogs 14 and 15 were tested in the Meinwald reaction as well. The initial
catalytic reactions with complexes 14 and 15 and 1,2-epoxyhexane (1b) were

conducted at room temperature but no conversion was detected after 6 days.
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Therefore, the reaction temperature was elevated to 80 °C and all the further catalytic
reactions were performed with 5 mol% catalyst and 10 mol% LiBr in CsDe (Table 3).
When 14 was applied using 1,2-epoxyhexane (1b) as the substrate, the
isomerization was surprisingly slow and only 18% yield was obtained after 6 days
(entry 1) and no conversion was obtained with styrene oxide 3a (entry 6). Under
identical conditions, the reactions with catalyst 6 were completed already within 30
min (entries 2 and 7) and high yields of 2-hexanone (2b) and acetophenone (4a)
were obtained. Furthermore, complex 15 was used in the isomerization of 1b to yield
2-hexanone in 92% vyield (entry 3), but interestingly with a much slower rate
compared with 6. With substrate 3a, only 26% vyield was achieved despite full
conversion (entry 8). It is supposed that the low reactivity of the Co(l) complex 14
results from a higher energy barrier of 14 in the nucleophilic ring opening to form the
Co(lll) intermediate and the higher stability of the coordinated N-homoallyl moieties
(stronger metallacyclopropane character) in complex 15 leads as well to the low
activity.

Therefore, the strategy of hydrogenation of the N-homoallyl moieties was utilized in
order to form highly reactive nucleophilic metal complexes in situ. In contrast, the
formation of hydrido complexes may reduce the activity or lead to side reactions as
well. Indeed, an enhanced reactivity at the beginning with 11% and 52% vyield for
substrate 1b (entries 4 and 5) and 5% and 38% yield for the less electrophilic
substrate 3a (entries 9 and 10) was observed after 24 h when the reactions were
conducted with 14 or 15 in presence of 1 bar of hydrogen. However, the reaction
stopped and could not be completed by extending the reaction time. The higher
conversion with catalyst 15 was attributed to the formation of 2-phenylethanol, which
was confirmed by 'H NMR spectroscopy, as well as a polymerization side reaction.

Therefore, neither complex 14 nor 15 were able to compete with rhodium catalyst 6.

Bu Bu
[\ Bu
R/N <N
N v N-g
1 bar H2 N
[)> M_<<j CeDs, 80°C
N H R‘N N

Nf\ N-R

M = Co (14), Rh (6), I (15) R ="Bu; M = Ir (16), Rh (17)

Scheme 12. Hydrogenation of [M(bimcatme)].
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To elucidate whether the N-homoallyl moieties of the complexes (6, 14 and 15) can
be hydrogenated in the presence of hydrogen under the catalytic conditions, they
were exposed to 1 bar Hz at 80 °C in CeDs (Scheme 12).

For iridium complex 15, a color change from yellow to dark red was observed after 24
h and red crystals were formed after cooling the reaction to ambient temperature.
The X-ray structure analysis reveals a dimeric structure in which the former N-
homoallyl moieties are fully hydrogenated and residual electron density at the metal
indicated the formation of the iridium(lll) hydrido complex 16 (Figure 3, left). The Ir-H
bond lengths were fixed at the value obtained from DFT calculations based on the X-
ray structure as the hydrido ligands could not be identified with certainty from X-ray
data. The Ir-Ir distance of 2.784 A in 16 is comparable to those phosphine
complexes containing the [Ir(H)(u-H)]2 motif (2.73 A and 2.77 A) '3 however, the
hydride atoms in 16 are less symmetrically bridged, possibly due to steric reasons.
The hydrogen bridges in 16 measure 2.50 A (Ir1-H2b) and 2.53 A (Ir2-H2a) and were
also confirmed by DFT geometry optimizations. In addition, London dispersion!'¥ may
play an important role for the dimer formation as the energy difference between the
monomers and the dimer strongly favors the dimer. The metal carbene bond lengths
Ir-Cnre (2.03 A, mean) are comparable with those of a CnucCChnhc-Ir complex from

Braunstein.["?!

Figure 3. Solid-state molecular structure of 16 (left) and 17 (right). Atoms are shown with anisotropic atomic displacement
parameters at the 50% probability level. The co-crystallized benzene molecule and the hydrogen atoms (except for the hydrido
ligands) are omitted for clarity.

Under identical conditions, the reaction with rhodium complex 6 leads to the

formation of red single crystals as well. The X-ray structure analysis shows the
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generation of complex 17, which possesses the same coordination mode as complex
16 (Figure 3, right). The only striking differences to complex 16 is the longer metal-
metal distance of 2.934 A. The Rh-H bond lengths and angles were determined by
DFT calculations by fixing all bonds and angles based on the X-ray structure analysis
except for the hydrido ligands. At Rh1, a square pyramidal arrangement and at Rh2 a
Y-shaped distorted trigonal bipyramidal coordination geometry was found (the latter
is also obtained by DFT calculations for a monomeric species). Thus only one
intramolecular hydrogen bridge is found (Rh1-H2b = 2.54 A; Rh2-H2a = 2.79 A,
which also explains the longer Rh1-Rh2 distance compared to complex 16.

Unfortunately, for cobalt complex 14, the reaction only led to formation of a dark
green solution and no crystals were observed. The in situ generated solution shows
broad peaks between 16 and —9 ppm in the '"H NMR spectrum, possibly due to a

paramagnetic influence.

Semihydrogention of Alkynes with [Co(bimcaH°™°)]
With the successful synthesis of cobalt complex 14, its application in homogeneous
catalysis is extremely attractive and worthy to be investigated. Several cobalt
complexes are known to be efficient catalysts for semihydrogenation of alkynes
already,!"®! but only one report from the Fout group studied the semihydrogenation of
internal alkynes with a bis(NHC) cobalt catalyst (Figure 4).'l As complex 14 is
structurally analogous to the reported bis(NHC) cobalt catalyst, it may present a
similar catalytic reactivity toward this reaction. To confirm the hypothesis, complex 14

was applied in the semihydrogenation of both internal and terminal alkynes.

5 mol% 14/ 10 bar H, (21 eq)

Lo f
Ph—=—ph ol o L Bu
CeDe, 40 °C, 24 h : O O
18 19 |
yield: 75% ! N
: ["b_ l 4<E\‘
! Co ]
/N 5 mol% 14 / 10 bar H, (21 eq) S N\ s N
-/ CeDe, 80 °C, 24 h | j
20 21 E :\\L )\/
yield: 73% E 14

Scheme 13. Semihydrogenation with cobalt complex 14.
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As expected, complex 14 is highly active in the semihydrogenation reaction (Scheme
13). After screening the hydrogen pressure, reaction temperature, solvent and
catalyst loading, the best result with internal alkyne 1,2-diphenylethyne (18) currently
was 75% yield of (Z)-1,2-diphenylethene 19 exclusively. The molecular structure of
19 was determined by 'H NMR spectroscopy and compared with the literature.l'”]
With the same strategy, the semihydrogenation of the terminal alkyne
ethynylbenzene (20) was explored. The optimized conditions currently are 5 mol% 14,
10 bar Hz in CeDs at 80 °C. The desired styrene 21 was generated exclusively in 73%

yield. Further investigations were not undertaken because of time reasons.
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Regio- and Chemoselective Rearrangement of Terminal
Epoxides into Methyl Alkyl and Aryl Ketones

Yingying Tian, Eva Jurgens and Doris Kunz*

Institut fir Anorganische Chemie, Eberhard Karls Universitat Tubingen, Auf der

Morgenstelle 18, 72076 Tubingen, Germany

Abstract

The development of the highly active pincer-type rhodium catalyst 2 for the
nucleophilic Meinwald rearrangement of functionalized terminal epoxides into methyl
ketones under mild conditions is presented. An excellent regio- and chemoselectivity

is obtained for the first time for aryl oxiranes.

Tian, Y.; Jurgens, E.; Kunz, D. Chem. Commun. 2018, 54, 11340-11343.
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Introduction

Epoxides are important intermediates in organic synthesis as they undergo various
useful transformations.'!' Among those, the isomerization to carbonyl compounds
(Meinwald reaction) has gained increased attention, and various kinds of catalysts
have been reported so far.2®1 Most abundant is the Lewis acid catalyzed
isomerization in which the selectivity is determined by formation of the most stable
carbenium intermediate followed by an H-shift that leads to aldehydes as the major
product in the case of terminal epoxides (Scheme 1a).[*%l The inverse selectivity is
obtained with nucleophilic catalysts that attack the more electrophilic site (usually the
less substituted one) of the epoxide. After rearrangement via a formal H-shift, methyl
ketones are formed from terminal epoxides (Scheme 1b).l'l This selectivity is very
attractive, as it could substitute the Wacker oxidation by a two-step epoxidation-
isomerization sequence for temperature and/or Lewis acid-sensitive olefins.l’d
Moreover, combining the Johnson—Corey—Chaykovsky epoxidation with the
isomerization would provide a very mild and oxidation-free transformation of
aldehydes into methyl ketones, which is usually carried out by addition of a methyl-

Grignard reagent to the aldehyde, followed by alcohol oxidation.

a) Lewis acid catalysed pathway b) Nucleophile catalysed pathway
[LA"]
5 /[LA] 4 5
H-shift (0] J 0]

Rl |H VAN

H)K/ - [LAY] H>&R ( R )J\ R

aldehyde [Nu] methyl

ketone

Scheme 1. Catalytic isomerisation pathways of terminal epoxides: formation of aldehydes versus methyl ketones.['%]

So far all nucleophilic Meinwald reactions require a pre-activation of the epoxide by
Lewis acids. In the first report in 1962 by Eisenmann,l’@ the Co(ll)-Lewis acid co-
catalyst and the nucleophilic [Co(CO)s catalyst are formed in situ by
disproportionation of [Co2(CO)s] in methanol. A similar principle is likely applicable to
the case of Pd-catalysis, in which the Pd(0) catalyst is formed in situ from Pd(ll).[®!
The presence of the latter can explain the Lewis acid catalyzed selectivity in favour of
aldehydes in the case of aryl oxiranes. Nucleophiles like iodide and bromide can also

serve as catalysts in combination with Lewis acids like Li*l"b-dl or Sm2*.["1 Recently,
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we have shown that the combination of the nucleophilic Rh-pincer complex 1@l
(Figure 1) and LiNTf2 is suitable for the regioselective isomerization of terminal alkyl
epoxides to methyl ketones® and soon after Coates reported the highly active
complex [Al(porphyrin)]* [Co(CO).].’9! In both cases, the isomerization of phenyl
oxirane led only to mixtures of phenyl ethanal and phenyl methyl ketone (2 : 3 (Rh),
3 : 2 (Co)), which indicates a competition between the Lewis acidic and the
nucleophilic pathway. Therefore, enhancing the selectivity for phenyl oxiranes as well
as increasing the activity of the catalyst was the primary goal of our investigations,

whose results are reported in the following.

M ()
‘ [ )>7Rh—<( j

B >HH< .
AT [COCON  ht Q

Ar = pCIPh, S = THF
Kunz, 2015 Coates, 2015 this work

Figure 1. Examples of nucleophilic epoxide isomerisation catalysts.

Catalyst 1 requires elevated temperature (60 °C) and a co-catalyst (20 mol% LiNTf.)

to achieve full conversion within 2 h in the case of terminal alkyl oxiranes.®’ An
additional substrate scope revealed a high functional group tolerance for many
substrates, but a substantial drop in conversion and/or yield was recognized. To
overcome these drawbacks we supposed that a CO-free Rh-catalyst would further
increase the nucleophilicity of the metal centre and thus reduce the need for a Lewis
acid co-catalyst. However, all attempts to synthesize a CO-free version of 1 by using
[Rh(u-Cl)(COD)]2 or [Rh(u-CI)(C2H4)2]2 as starting material failed and revealed a
complex product mixture in the NMR spectra. Increasing the steric bulk at the
carbene by N-iPr groups lead only to a bridged dinuclear complex.['"! Therefore, we
tried to reversibly coordinate olefin moieties intramolecularly, which could also

stabilize the complex during catalysis and increase its lifetime.
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Results and Discussion

We found the earlier reported N-homoallyl substituted ligand bimca™°mel'?l to fulfil
these criteria (Scheme 2). Preparation of 2 was achieved by deprotonation of
HbimcaM°m-2HBr with LIHMDS and subsequent addition of [Rh(u-Cl)(COD)]..
Removal of COD in vacuo yielded 2 along with LiBr and LiCl quantitatively. As the
lithium salts turned out to be necessary for the catalytic activity of 2 (vide infra), we
did not remove them, but used this mixture 2LX for catalysis. To obtain the pure
complex 2, we transmetalated from the potassium complex [K(bimca™™m)] generated
in situ by deprotonation of Hbimca™m°-2HBr with KHMDS.I"3 The potassium halides

formed were readily removed by filtration.

Bu By
1.3 eq LIHMDS
2. 0.5 eq [Rh(u-CI)(COD
N ARMWONCODN_ . 5 Ligr + Lic
N H N THF, rt -
[ )>+ *<< ] oLiX
N - Br N™ 1.3 eqKHMDS
2. 0.5 eq [Rh(u-Cl)(COD)],
2
— __ THF, -30 °C

- 2 KBr, - KCl
HbimcaHome.2HBr

Scheme 2. Synthesis of the rhodium pincer complex 2.

The molecular structure of 2 (Figure 2) is revealed by NMR spectroscopic analysis
and DFT calculations. The single signal set confirms a symmetric coordination mode
of the ligand. Coordination of both double bonds and both carbene moieties to the
Rh-centre is confirmed not only by the up-field shift of the respective signals in the
13C NMR spectrum to 185.5 ppm (carbene), 55.9 (C15) and 51.1 ppm (C14), but also
by the 'Jrnc coupling of 33.9 (carbene), 6.7 (C15) and 11.3 Hz (C14). DFT
calculations also predict a pentacoordinating ligand with both olefin moieties
contributing to the trigonal bipyramidal coordination mode at the Rh centre and an
orientation in line with the trigonal base.'Y The four 'H NMR signals for the
methylene protons (H-12, H-13) of the homoallyl moiety were assigned according to
their coupling constants and NOE to the axial and equatorial protons of the six
membered metallacycles. The signals of the olefinic protons are strongly shielded
(4.18-4.10 (H-14), 2.41 (H-15¢s), 1.67 ppm (H-15¢ans)) and the reduced coupling
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constants of only 8.0 (cis) and 9.9 Hz (trans) can be explained by the reduced s-

character due to the coordination with the Rh-centre.

Figure 2. Calculated structure of 2 with ter-Bu groups depicted in wireframe for clarity.

With the rhodium complex 2 in hand, we tested the isomerization of 1,2-epoxyhexane
(3b) as the model substrate. An initial test applying 5 mol% of complex 2-X in THF-dg
revealed only low conversion at room temperature (Table 1, entry 1), which improved

by raising the reaction temperature to 60 °C and adding LiNTf, as co-catalyst (Table

1, entry 2). Interestingly, full regioselectivity and quantitative yields were obtained in
short reaction times at room temperature when toluene-ds (3 h) or CsDe (2 h) were
used as solvent (Table 1, entries 3 and 4). We suppose that the poor conversion in
THF-dg derives from competitive binding between THF and the substrate to the Lewis
acid co-catalyst.[' To test whether the residual lithium halides are still necessary as
a Lewis acid co-catalyst we applied the isolated catalyst 2 in CsDs. No catalytic
activity was found under these conditions (Table 1, entry 5). Surprisingly, addition of
10 mol% of LiBr achieved no improvement, but small amounts of THF (20 pL)
restored the catalytic activity fully, which can be explained by the enhanced solubility
of LiBr!'®l (entries 6 and 7). As lithium halides are known catalysts for the Meinwald
reaction, albeit at elevated temperature,[’>-9 we tested them under our conditions at
room temperature. Neither lithium bromide nor solubilized lithium bromide (by 20 pL
THF) were able to catalyse this reaction (entries 8 and 9). These results clearly show
that catalyst 2 is much more active than catalyst 1 and that at least a weak Lewis
acid co-catalyst is still necessary.

Lowering the catalyst loading from 5 mol% to 1 mol% at constant concentration of the

substrate did not affect the regioselectivity but required a longer reaction time (Table
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Table 1. Rh-catalyzed isomerization of 1,2-epoxyhexane (3b): Optimization of the reaction

conditions. 8!
0 2 or 24X 0
3b 4b
Entry C:(E?jli}c/iiz[mémf Solvent C[(r)r?c(;l./l?]b Time Yield [%]®!]
1 5 (2LiX) THF-ds 0.1 2h <5
2l 5 (21X THF- ds 0.1 5.5 d 88
3 5 (21X T°'_‘£”e 0.1 3h >99
4 5 (2LiX) CsDs 0.1 2h > 99
5 5 (2) CsDs 0.1 2h 0
6 5 (2) + 10 (LiBr) CsDs 0.1 1h 0
70 5 (2) + 10 (LiBr) CeDo6 0.1 3h > 99
8 10 (LiBr) CsDs 0.1 24 h 0
9l 10 (LiBr) CeDs 0.1 24 h 0
10 4 (21X) CsDs 0.1 3h > 99
11 3 (21X CeDs 0.1 8h > 99
12 2 (21iX) CsDs 0.1 9h > 99
13 1 (24%) CeDo6 0.1 7d > 99
140l 1 (24X CsDs 0.1 4d 87
1511 1 (24%) CeDs 0.1 3d 93
16 1 (24X CsDs 0.2 24 h > 99
17 1 (21X) CeDo6 0.4 14 h > 99
18 1 (24X CsDs 1.0 3h 98

[a] Carried out in J. Young NMR tubes. [b] Yield ('"H NMR) of 4b calibrated to 1,3,5-trimethoxybenzene (internal
standard); conversion = yield. [c] With 20 mol% LiTNf2. [d] With 20 yL THF. [e] At 40 °C. [f] At 60 °C.

1, entries 10-13). A higher temperature accelerated the reaction, but it still needed
several days for completion using 1 mol% of catalyst (Table 1, entries 14 and 15).
Epoxide concentrations of 0.4 mol/L and 1.0 mol/L (Table 1, entries 16-18)
shortened the reaction time substantially and the reaction is about 10 times faster
compared to literature.’9! Even though 1 mol% of catalyst loading was sufficient for
the model reaction at high concentrations, further experiments showed that it may

lead to polymerization of functionalized epoxides (especially with ester groups). Thus,
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the optimized reaction conditions (5 mol% 24X 0.1 M epoxide, CeDs, room
temperature) were applied to explore the generality of this protocol.

Using complex 24X as the catalyst, 13 functionalized terminal epoxides were
converted successfully into the desired methyl ketones (Scheme 3). The alkyl
substituted epoxides 3a—d and the methoxy epoxide 3e were transformed into the
desired products 4a—e almost quantitatively with full regioselectivity. The only
exception was tert-butyloxirane (3c¢), which could be obtained in only 11% yield after
10 days, possibly due to steric effects. In the case of hydroxyl (3f) and sulfonamide
groups (3g) the isomerization progressed slowly, which might reveal a competing
influence of the acidic protons, nonetheless 4f and 4g were formed in 99% and 97%
yields. Notably,catalyst 21X is well suited for the isomerization of terminal epoxides
3h—k with ester groups and afforded 4h—k with high regio- and chemoselectivity. 3j
reacts a bit slower than 3h, which might be due to its a-acidity. Furthermore, 2-
benzyloxirane (3l) and its methoxy (3m) and trifluoromethyl (3n) congeners were
isomerized to the methyl ketones 4l-n quantitatively. Internal epoxides react

considerably slower.§

O 2% (5moi%) )(i
R CgDg rt R
3a-n 4a-n
0 0 0 0 0 0
)k )L”Bu )J\tBu )kcy )k/o\ )K/OH
4299%  4b 99% 4¢c 1% 4d 99% 4e 99% 4f 99%
(1h) 2h) (10 d) (5h) (1h) (24 h)
0 0 0 0 0
NHT Et
49 97% 4h 99% 4i 90% 4j 81%!2l
(24 h) (2h) (8h) 2h)
0 oM
Ao 5 00 .27 2 Q0
1
4k 81% 41 99% (82%)] 4m 99% 4n 99%
(2h) 2h) (2h) 2h)

Scheme 3. Rh-catalyzed regio- and chemoselective isomerisation of terminal epoxides. Standard reaction conditions: Substrate
(50.0 pmol), 24X (5 mol%), CeDs (0.5 mL), r.t. at the given time. Carried out in J. Young NMR tubes. Yield ("H NMR) calibrated to
1,3,5-trimethoxybenzene (internal standard). [a] 14 % of unreacted epoxide left. [b] isolated yield after column chromatography
of a 1 mmol scale experiment.
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Table 2. Regio- and chemoselective isomerisation of aryl oxiranes 5a-m.!

<©/Q 2L|X 5 mol% ‘©)‘\ g
CGDG 2h, 1t

Entry Epoxide 5 6 Yield [%]! Ratio (6:7)
O
1 5a (j/u 6a, 95 40:1
O
2 5b F3C©/u 6b, 98 > 99:1
O
3l 5¢ @(A 6c, 91 > 99:1
CF,
6]
4 5d Q/u 6d, 99 > 99:1
FsC
6]
5 5e F©/u 6e, 99 > 99:1
(o]
Cl .
6 5f \Ej/u 6f, 99 > 99:1
6]
Br .
7 5¢ ©/u 6g, 99 > 99:1
0]
8 5h J@/A 6h, 85 91:1
F
0]
9 5i D/u 6i, 92 > 99:1
Cl
O
10 5§ /Ej/A 6j, 82 > 99:1
Br
(@]
11 5k Q/u 6k, 77 21:1
0]
12 51 Q/A 61, 57 10:1
MeO
(6]
130 5m @A 6m, 75 7:1

[a] Standard reaction conditions: epoxide (50.0 umol), 2% (5 mol%), CeDs (0.5 mL), rt. Carried out
in J. Young NMR tubes. [b] Yields ('"H NMR) calibrated to 1,3,5-trimethoxybenzene (internal
standard). [c] At 80 °C for 2 days. [d] 22 h.
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The selective rearrangement of aryl oxiranes to methyl ketones has not been
achieved so far due to the Lewis acid catalyzed side reaction.l’® * ¥ Therefore, we
applied our new catalyst 24X also in the isomerization of aryl oxiranes (Table 2). With
styrene oxide (5a) we found an unprecedented good ratio between acetophenone
(6a) and 2-phenylacetaldehyde (7a) of 40 : 1. To our delight, acetophenones 6b-d
bearing the strong electron-withdrawing trifluoromethyl substituent were obtained
regioselectively in excellent yield. This counts also for the terminal epoxides 5e—j
possessing fluoro, chloro and bromo substituents (>99 : 1). Aryl oxiranes containing
electron-donating groups (methyl or methoxy) were converted into 6k and 61 with still
very good regioselectivities of 21 : 1 and 10 : 1 favoring the methyl ketones (6k, 6l)
over the aldehydes (7k, 7l) in good to moderate yields. Notably, epoxide 5l is
extremely sensitive towards Lewis acids in CeDs at room temperature. In two control
experiments without catalyst 2, 10 mol% of LiBr and 5 mol% of LiCl as well as 10
mol% Lil were added to the aryl oxirane 5l in CeDes. After few days (LiBr/Cl) or 23 h
(Lil), only formation of the aldehyde 71 and other, possibly polymerization products,
was observed. The oxirane 5m bearing a +l| substituent in ortho position can be

transformed into 6m with still good regioselectivity and in good yield after 22 h.

Conclusions

The new CO-free rhodium complex 2 led to significant improvement of the
nucleophilic Meinwald reaction with respect to lower reaction temperature, catalyst
loading and the absence of additional Lewis acids. It also shows a high functional
group tolerance. The stronger nucleophilicity of complex 2 is crucial for the excellent
regioselectivity achieved in the case of aryl oxiranes, which can get isomerized for
the first time almost exclusively to the methyl ketones. Thus, we have broadened the
scope of this reaction, which should be very valuable for organic synthesis, especially

in combination with the Johnson—Corey—Chaykovsky reaction.
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Experimental procedure

In situ generation of catalyst 24%: Li(N(SiMes)2) (7.4 mg, 44.0 mmol) was added to a
suspension of Hbimca"m-2HBr (10.0 mg, 14.7 mmol) in 0.5 mL of THF-dg at room
temperature. After 10 min, [Rh(u-Cl)(COD)]2 (3.6 mg, 7.3 mmol) was added and the
solution was stirred for another 10 min. After checking the successful formation of the
catalyst by NMR, 85.0 mL (containing 2.5 mmol 2-X) of the freshly prepared catalyst
solution were used for each NMR experiment and the THF was removed in oil-pump

vacuum prior to the addition of the epoxide.
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Nucleophilic Isomerization of Epoxides by Pincer-Rhodium
Catalysts: Activity Increase and Mechanistic Insights
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Institut fir Anorganische Chemie, Eberhard Karls Universitat Tubingen, Auf der

Morgenstelle 18, 72076 Tubingen, Germany

Abstract

Herein, we present the efficient isomerization of epoxides into methyl ketones with a
novel pincer-rhodium complex under very mild conditions. The catalyst system has
an excellent functional group tolerance and a wide array of epoxides was tested. The
corresponding methyl ketones were obtained in very high yields with excellent
chemo- and regioselectivity. In addition, we investigated mechanistic details like the
isomerization of the catalyst, and we obtained evidence that the catalytic cycle
follows a B-hydride elimination-reductive elimination pathway after the nucleophilic

ring opening of the epoxide.

Tian, Y.; Jurgens, E.; Mill, K.; Jordan, R.; Maulbetsch, T.; Kunz, D. ChemCatChem
2019, 11, 4028 - 4035.
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Introduction

In contrast to the common Lewis acid catalyzed isomerization of terminal epoxides
(Meinwald reaction),[" which leads to the formation of aldehydes via generation of the
more stable carbenium intermediate,?! the isomerization by nucleophilic catalysts is
rare and results in the formation of methyl ketones (Scheme 1).Bl This pathway is
very attractive because, in combination with the Corey-Chaykovsky reaction, it
provides an oxidation-free route for the synthesis of methyl ketones from aldehydes
or, together with the epoxidation of olefins, an alternative to the Wacker oxidation.
Since the discovery of this opposite regioselectivity in 1962 by Eisenmann,®al it was
evident that the catalysis is not only achieved by a nucleophilic catalyst on its own,
but typically requires a Lewis acid co-catalyst [LA*] which pre-activates the epoxide

by coordination, but does not lead to ring opening under carbocation formation.

Lewis acid catalyzed Nucleophile catalyzed (LA co-cat.)
[LA"]
[LA] 1
L _H-shift| 0
A Q\
H - [LAT] Hﬂ\,\/ ( R
[NuT]

aldehyde

Scheme 1. Lewis acid (left) and nucleophile (right) catalyzed Meinwald reaction of terminal epoxides: formation of aldehydes
versus methyl ketones.

In case of the results of Eisenmann, the catalytic system A (Figure 1) most likely
consists of the [Co(CO)4]” nucleophile and the Lewis acid [Co(CH3OH)s]?* formed in
situ by disproportionation of [Co2(CO)sg] in methanol that is required as a solvent. In
2015 we have reported on a selective ring opening using the nucleophilic Rh-catalyst
B (5 mol%) along with 20 mol% of the Lewis acid co-catalyst LiNTf, at 60 °C.E" A
more active system was reported by Coates using [Al(salen)][Co(CO)4].3! While both
systems were highly selective with terminal alkyl epoxides, the isomerization of
phenyl oxirane led to a mixture of the aldehyde and the ketone in almost equal
amounts. This prompted us to develop the more nucleophilic CO-free rhodium
catalyst D, in which the highly reactive metal center is intramolecularly stabilized by
coordination of both N-homoallyl substituents of the so-called bimca™m (1,8-
bis(imidazolin-2-ylidene)-3,6-di(tert-butyl)carbazolide) carbene-pincer-ligand.Bl Due

to its higher nucleophilicity, a mixture of the weak Lewis acids LiBr and LiCl (2:1),
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which are present from the synthesis of D in THF, is sufficient to act as a co-catalyst
in benzene. With this system it was not only possible to achieve a selectivity of
methylketone vs. aldehyde of 40:1 and 95% yield in the isomerization of phenyl
oxirane after 2 h at room temperature (5 mol% D), but also to isomerize the highly
sensitive p-methoxyphenyl oxirane to the corresponding ketone with a ratio of 10 :1
and in 57% yield.

Bu By
! N !
[Co(CO)4]™/ [Co(CO)4™/

N o] N
[Co(MeOH)e]* [N)>_ RR ‘<(N] [Al(salen)]*
\ CcO

A B C
+ LiNTf,
Eisenmann, 1962 Kunz, 2015 Coates, 2015

D=7 [T
< /l \\\ \ \\\

I \ \
\\\ ’ A \
- ’ A} \
= \ \
Py \ >
=L 2 S

D 4
+ 2 LiBr + LiCl + LiBr
Kunz, 2018 this work

Figure 1. Rhodium pincer complexes and suitable Lewis acid co-catalysts for the nucleophilic Meinwald rearrangement.

The functional group tolerance of catalyst D is very high, but sterically demanding
substrates such as tert-butyloxirane, -NHa, or -OH containing substrates, some ortho-
substituted aryl oxiranes or internal epoxides required very long reaction times and/or
elevated temperatures, which in some cases still led to low yields. Therefore, we
were interested in developing our catalyst system further along with gaining more
insight into the reaction mechanism.

As the 18 e~ rhodium complex D requires the dissociation of one olefin moiety to
react as a nucleophile, we envisaged the 16 e~ complex 4 being an interesting target
to fulfill our purpose: The complex would still be stabilized intramolecularly by one
olefin moiety during catalysis but in addition exhibit a higher nucleophilicity and thus
catalytic activity. However, an unsymmetrically N-substituted bimca ligand or related

systems have hitherto not yet been reported. In the following, we will report on the
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synthesis of the unsymmetric bimca ligand bimcaMeHeme and its Rh complex 4 as
well as the catalytic activity of 4 in the regioselective epoxide isomerization. In
addition, more insight into the reaction mechanism and deactivation pathways will be

provided.

Results and Discussion

The synthesis of an unsymmetrically substituted bimca ligand requires the selective
monoalkylation of bisimidazol 1. Based on our observation that the monoalkylated
product 2 was formed as a byproduct when reacting bisimidazol 1 with an excess
methyliodide in THF ., we investigated the monoalkylation further. In acetonitrile the
reaction of equimolar amounts of bisimidazol 1 and methyliodide or Meerwein’s salt
(Me3OBF4) leads to a 1:1 mixture of the dialkylated product and the starting material
1. However, if the reaction is carried out with even a twofold excess of methyliodide
in THF at room temperature the desired product 2 is formed due to its precipitation
under these conditions, which prevents further alkylation (Scheme 2). After workup
by filtration, the imidazolium salt 2 was obtained in 90% yield as a yellow solid. The
reduced symmetry leads to four signals for the carbazole moiety and six signals for
the imidazolium moieties. The presence of only one NH signal with the same integral
as the other aromatic peaks excludes a potential 1:1 mixture of 1 and the
dimethylated product. The introduction of the N-homoallyl substituent was carried out
with a twofold excess of 4-bromo-1-butene at 110 °C in dimethylformamide and the

desired bisimidazolium salt 3 was isolated after workup in 95 % yield. The 10 signals

Bu Bu Bu Bu
2 eq CHal !i [qui 2eq A" gy

N H NoTHFR24h N H N pmF 110°C 21
L) <] > = <]
N N N\ | N

1 2
By ‘Bu Bu Bu
1.3eq KHMDSC o
2. 0.5 eq [Rh(u-Cl)(COD)]»

[z)>|’ H BF<§] Kl TZFB’ o [E%F{Ih_{j]
{ - KI, - KBr, - KCI, - COD P
3 = 4

Scheme 2. Synthesis of unsymmetric rhodium catalyst 4.
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for the aromatic imidazolium and carbazole protons can be clearly assigned with the
help of 2D NMR experiments including an NOE experiment to assign the peaks to
the relative sides of the carbazole backbone.

The preparation of 44X was achieved by deprotonation of 3 with LIHMDS and
subsequent addition of [Rh(u-Cl)(COD)].. However, the generated COD and HMDS
during the reaction cannot be removed in vacuo without decomposition of the
complex, possibly due to the presence of the lithium salts. To obtain the pure
complex 4, we transmetalated the ligand from the potassium complex
[K(bimcaMeHomoy] generated in situ by deprotonation of 3 with KHMDS. The potassium
halides formed could be readily removed by filtration and complex 4 isolated by

removal of all volatiles in vacuo.

Figure 2. Minimum conformation of complex 4 based on DFT-D3 calculations (Turbomole: BP86/def2-TZVP) and observed

NOE crosspeaks (indicated with arrows). For clarity reasons, part of the carbazole backbone is depicted in wireframe style.

The structure of complex 4 could be identified by NMR experiments. Bonding of the
terminal double bond to the rhodium center is proven by the 'Jrnc coupling constants
of 13.2 Hz (C16) and 13.7 Hz (C17) in the *C NMR spectrum and the 4 signals for
the diastereotopic hydrogen atoms at the two methylene groups of the homoallyl
substituent. The cis/trans assignment of the olefinic signals at 3.50 ppm (3J = 7.7 Hz,
H-17:s) and 2.94 ppm (3J = 11.5 Hz, H-174ans) is based on the vicinal coupling
constants, which are smaller than those typically observed in non-coordinated olefins
(e.g. in compound 3: 3Jun = 17.2 Hz (trans) and 10.3 Hz (cis)), and can be explained
with the lower s-character due to a rehybridization upon coordination of the metal ion.
The relative assignment of axial and equatorial methylene signals is also based on
the Karplus equation. Finally, informations on the relative conformation of the
metallacycle were obtained with an NOE experiment, which confirmed the

aforementioned assignments. Out of several minimum conformations of similar
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energy obtained by DFT-calculations, the NOE data is in accordance with the

structure that is second lowest in energy (A = 1.5 kd/mol; Figure 2).

Table 1. Optimization of the reaction conditions for the isomerization of phenyl oxirane in presence of
rhodium catalyst 4.1

O [Rhyadditive 9
Y e (Y - (Y
Sa 6a 7a
Entry Catalyst [mol%] Conc.5a [mol/L] Time Yield [%]®! Ratio (6a:7a)

1 5 0.1 40 min 84 >99:1
2 3 0.1 70 min 89 >99:1
3 1 0.1 120 min >99 >99:1
4ld 1 0.1 24 h 7 5:1
5ldl 1 0.1 24 h 6 10:1
6 1 0.2 60 min 99 >99:1
7 1 0.4 50 min 95 >99:1
8 1 0.8 40 min 92 >99:1
9 - 0.8 60 min <5 -

[a] Carried out in J. Young NMR tubes and with 10 mol% LiBr and 5 uL THF-ds. [b] Yield ("H NMR) of 6a calibrated to
1,3,5-trimethoxybenzene (internal standard). [c] Without LiBr. [d] THF-dgs as the solvent.

With the new rhodium complex 4 in hand, we were able to investigate the
isomerization of phenyl oxirane (5a) as the model substrate. To our satisfaction, an
initial test using 5 mol% of complex 4 together with 10 mol% LiBr (pre-activated with
5 pL THF-dg) in CeDe revealed full conversion at room temperature in a short time
and demonstrated that the catalyst was more active than the previous catalyst D
(Table 1, entry 1). Encouraged by this result, we tried to reduce the catalyst loading:
1 mol% of the catalyst was sufficient for a fast and quantitative rearrangement
without influencing the excellent regioselectivity (Table 1, entries 2 and 3). To test

whether lithium bromide was still necessary as a co-catalyst we applied the isolated
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catalyst 4 without adding any Lewis acids. The catalytic activity was reduced
dramatically under these conditions (Table 1, entry 4). This indicates that a Lewis
acid is essential for the pre-activation of the substrates. Low conversion was also
obtained using THF-ds as the solvent which most likely stems from competitive
binding between THF and the substrate to the Lewis acid co-catalyst (Table 1, entry
5). Afterward, the concentration of phenyl oxirane was studied. Epoxide
concentrations of 0.2 mol/L (Table 1, entry 6) shortened the reaction time
substantially and the reaction was 10 times faster compared to catalyst D. Further
increase of the concentration led to a reduced reaction time whereas the yields
decreased slightly (Table 1, entries 7 and 8). In addition, the need for catalyst 4 was
also tested. Without rhodium catalyst 4 the yield remained below 5% (Table 1, entry

9). Thus, the optimized reaction conditions (1 mol% catalyst 4, 0.2 M epoxide, CgDes,

room temperature) were applied to investigate the generality of this protocol.

Using complex 4 as the catalyst, various functionalized epoxides were converted
successfully into the desired methyl ketones (Table 2). Phenyl oxirane (5a) and aryl
oxirane 5b bearing the strong electron-withdrawing trifluoromethyl substituent were
transformed regioselectively in excellent yield. To our delight, epoxides 5¢ and 5d
possessing electron-donating groups (methyl or methoxy) were converted into 6¢
and 6d with still very good regioselectivities of 50:1 and 22:1 favoring the methyl
ketones (6¢, 6d) over the aldehydes (7c, 7d) in good to moderate yields. Even the
ortho-substitued methyl ketone 6e was obtained from 5e in high yield and with
excellent regioselectivity. Besides aryl ketones, epoxides bearing NH or OH groups
like sulfonamide (5f) and hydroxyl groups (5g) were rearranged to the desired methyl
ketones with 1 mol% catalyst loading in 83% (6f) and 90% (6g) yield, albeit at longer
reaction time (24 h). The high nucleophilicity of complex 4 is also compatible with an
ester group. The isomerization of epoxide 5h afforded 6h albeit in moderate yield and
after 24 h and 5 mol% catalyst loading. As the extended reaction times may derive
from competing coordination of LiBr at the Lewis basic centers of functional groups,
we have increased the amount of LiBr to 50 mol% and achieved full conversion
already after 1 h reaction time at moderate to excellent yield (entries 6-8). In the case
of 5g, the moderate yield resulted from unknown side products which will be studied

further. Furthermore, the sterically demanding 2-(tert-butyl)oxirane (5i) can be also
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Table 2. Substrate scope in the isomerization of epoxide catalyzed by rhodium complex 4%,

1 mol% 4

(@] . (@]
/\ 10 mol% LiBr
R R CeDeg, 1t R)K/ R
Entr substrate i i 0/.1ib] Ratio
y product time Yield [%] (6:7)
5a 0] 6a %
1 ©/u (j)k 1h 99 >99:1
5b 0 6b 0
2 Fﬁ@% F30©)K 1h 08 >99:1
5c Q 6¢c o
3 /©/A /(j)K 1h 77 50:1
5d 0 6d o
4 J@/u /@Aj\ 1h 42 22:1
MeO MeO
5e [e] 6e 0
5 (Iu ©ik 24 h 92 33:1
o o 24 h 83
6 o) i
LA__NHTs I NHTs 1h 94le.]
59 69 24 h 90
7 o) o ]
%OH )J\/OH 1h 4209l
Sh 6h 24h 670l
8 o) o) (e (0] -
%OJ\/ )J\AO)K/ 1h 80ledl
5i 6 o
90 24 h 99 )
L\fBu A Bu
5 0 6j 0
1001 @ é 24 h 99 ;
1180 o 6k )(L/ 24 h 99
P e 6k )(L/ 24 h 7

[a] Carried out in J. Young NMR tubes and with 10 mol% LiBr and 5 pyL THF-ds, 0.2 M concentration of epoxides. [b] Yield ('H
NMR) of ketones calibrated to 1,3,5-trimethoxybenzene (internal standard). [c] At 60 °C. [d] 20 mol% LiNTf instead of LiBr. [e]
5 mol% catalyst 4. [f] At 80 °C. [g] 50 mol% LiBr.

52



Chapter 2

converted to the desired product 6i, albeit with higher catalyst loading (5 mol%) and
reaction temperature.

The internal epoxides 5j-1 react considerably faster compared with rhodium catalyst D.
At 80 °C, 7-oxabicyclo[4.1.0]heptane (5j) was isomerized into cyclohexanone in
almost quantitative yield. Furthermore, cis-2,3-epoxybutane (5k) was also compatible
with the catalyst system and yielded 99% butan-2-one. In contrast, the conversion of
trans-2,3-epoxybutane (51) under otherwise identical conditions yielded only 7% of
butan-2-one. This outcome is of considerable interest as it is contrary to the results
from Coates and coworkers, who obtained less than 40% conversion with cis-2-
hexene oxide but 98% yield with frans-2-hexene oxide applying
[(salcy)AI(THF)2]*[Co(CO)4] as the catalyst.5!

Mechanistic investigation

When we tried to isolate catalyst 4 by chromatography at silica gel under argon, we
isolated the isomerized complex 8 (Figure 3, left) as indicated by the characteristic
substitution pattern in the NMR spectra. The signal at 1.17 ppm with an integral of 3H
shows a 3J (6.3 Hz) and a *J coupling to the olefinic signals at 4.56 (H-15) and 4.09
ppm (H-16). The cis-conformation of the double bond is not only confirmed by the 3J
coupling constant of 6.3 Hz, but also by the NOE between methyl signal H-17 and
the signal H-14b of the methylene group. In addition, an NOE cross-peak is observed
between the signals of both olefinic protons and the N-methyl signal. The assignment
of the peaks of the imidazole moieties and carbazole backbone are based on the

observed NOE crosspeaks (Figure 3, right).

tBu tBu tBU tBU
! N ! Silica gel or LiBr ! N ! T o

N\
; )
N , N N l N I/’ — "-. ; ‘2
[ —rn—(C] LR & e
VNV \ % N\ O aal p 4
4 8 7 v/ N, s

Figure 3. Left: Isomerization of the terminal double bond of complex 4 to an internal double bond cis-configuration in complex 8
by Lewis acids. Right: Minimum conformation of the isomerized complex 8 based on DFT calculations (Turbomole: BP86/def2-
TZVP) and observed NOE crosspeaks (indicated with arrows). For clarity reasons, part of the carbazole moiety is depicted in

wireframe style.
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Complex 8 is of importance as it is also formed under the conditions applied for the
catalysis. While the in situ prepared complex 4-X is stable in THF-ds, isomerization
takes place within one hour at room temperature when 2 eq of LiBr are added to a
solution of the isolated complex 4 in benzene-ds without the presence of any amount
of epoxide. Obviously, the Lewis acidity of the lithiuim cation in benzene is enhanced
to such an extent that the isomerization of the double bond can occur.

To prove that complex 8 is an active catalyst itself, we have carried out the Meinwald
reaction of phenyl oxirane with the isolated complex 8 under the general conditions
(1 mol% 8, 10 mol% LiBr, 5 pyL THF-ds, room temperature). The reaction rate is
comparable to that, starting from complex 4. We assume that the isomerization of
complex 4 to 8 as well as the Meinwald reaction of phenyl oxirane catalyzed by
complex 4 or 8 occurs at comparable reaction rates. Isomerizations of the double
bond can also be observed using catalyst D. However, due to the two N-homoallyl

moieties, mixtures are obtained and the NMR spectra become very complex.

[:%R:H:] "
koL

catalyst b

methylketone
+ XY™

pathway |

AN /T x |

|\\ < X | O
L \—< L\—éR
o D

TS OA
pathway Il
/ T_\ Y~ d d
C—Ri—C
Ri L = homoallyl

g P
C b :< or methallyl
R

Int-1

N —
Y D "
CR— C~—RA—C C—rh——C
NS/ ’\\\ O—X=— N\& \\\\ O—X — N®/ ’\\\ O0—X

H :<R :<R D :<R

Int-1 Int-2 Int-1

Scheme 3. The initially proposed catalytic cycle (pathway | and pathway Il) for complex B (L = CO) and the evidence for
pathway Il due to the observed H/D exchange in case of the homoallyl complexes D and 4 (vide infra).
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Earlier, we had proposed a catalytic cycle for catalyst B, in which the oxidative
addition product OA was confirmed by NMR spectroscopy (Scheme 3).B" From this
intermediate two possible pathways can lead to the product: a concerted 1,2-H shift
under reductive elimination of the catalyst (c) or B-hydride elimination (d) to form the
Rh-hydride intermediate (Int-1), which subsequently undergoes reductive elimination
(e) to release the product and the catalyst.

As the hydride intermediate (Int-1) was not observed during the catalysis with
complex B (L = CO), we envisaged that the N-homoallyl moiety of catalyst D or 4
could insert into the Rh-H intermediate Int-1 to give the rhodium alkyl intermediate
Int-2, which could undergo a D/H exchange in case deuterated phenyl oxirane was
used. To prove this hypothesis we carried out catalytic experiments with 1-D-phenyl
oxirane as substrate with both N-homoallyl-substituted catalysts D and 4 under
catalytic as well as stoichiometric conditions (Scheme 4). In all cases, we found an
exchange of the deuterium by hydrogen in the methylphenyl ketone of 5 — 7 %.

(deuteration degree of the phenyl oxirane: 98%).

5 mol% cat. D-X

_

CsDs

CH,D

19

1 eq cat. DHX

_—_—

CeDe

CH,D

10 mol% cat. 4

20 mol% LiBr CH2D
CeDe
1eqcat. 4
1 eq LiBr . CH,D
CeDs

A

Q..8..4,

19

Scheme 4. D/H exchange during the isomerization of 1-D-phenyl oxirane with the N-homoallyl substituted catalysts D and 4

indicate a hydrido-Rh(lll) intermediate Int-1 in the catalytic cycle.

Based on these observations, we favor pathway Il for the catalytic cycle of the
nucleophilic Meinwald reaction with our rhodium catalysts. This pathway is also
supported by the observations by Milstein, who isolated hydrido-2-oxoalkyl

complexes when reacting RhCI(PMes)s with neat methyl or phenyl oxirane.d In this
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case, the reductive elimination to the acetone or acetophenone is the rate limiting

step.[]

Catalyst deactivation pathways

In addition, we observed two deactivation products of the catalyst. We recognized the
formation of red crystals after finishing a VT NMR experiment of catalyst 4 with 1.0
equiv. of phenyl oxirane at room temperature. The X-ray structure analysis reveals
the formation of a bromido-Rh(lll) complex, in which the N-homoallyl substituent is
coordinated in a n-allyl coordination mode to the oxidezed metal center (Figure 4).
The allyl-Rh bonds measure 2.137 (Rh-C17), 2.114 (Rh-C16) and 2.220 A (Rh-C15).
As the isomerization of phenyl oxide 5a is very fast, it is likely that the formation of
complex 9 occurs after the catalysis. C-H activation at the allylic position to form an
allylhydrido complex and subsequent substitution of the hydrido by a bromido ligand

can explain its formation.

Figure 4. Molecular structure of the catalyst deactivation product 9. Atoms are shown with anisotropic atomic displacement

parameters at the 50% probability level. Hydrogen atoms as well as 3.5 co-crystallized benzene molecules are omitted for clarity.

From the testing of cis-1,2-diethoxycarboxyl)oxirane (5 mol% 4 (2.3 mg), 20 mol%
LiNTf2 (4.6 mg), cis-1,2-(diethoxycarboxyl)oxirane (151 mg) and 1,3,5-
trimethoxybenzene (4.3 mg), 24 h at 80 °C and 24 h at 100 °C) we obtained red
single crystals in the NMR tube after several days at room temperature. The X-ray
structure analysis reveals that under the elevated temperature the internal standard

1,3,5-trimethoxybenzene has reacted with the N-homoallyl moiety of complex 4 in a
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formal dehydrogenation and C-C bond formation to the Rh(lll)(n3-allyl) complex 10
(Figure 5). In the solid state the 16e~ Rh-d® complex forms a Lewis-pair dimer
between the rhodium and the carbazol nitrogen atoms with a mean distance of 2.74
A. The allyl rhodium bonds measure 2.143 (Rh-C17), 2.124 (Rh-C16) and 2.243 A
(Rh-C15) (mean).

Figure 5. Molecular structure of the side product 10. Atoms are shown with anisotropic atomic displacement parameters at the
50% probability level. Hydrogen atoms as well as the two NTf2~ counter ions and two co-crystallized benzene molecules are

omitted for clarity.

To avoid erroneous catalytic results in the NMR experiments, catalytic tests with
substrates of low reactivity should be carried out either with an inert or without an

internal standard.

Conclusions

Herein, we have presented the most active and selective catalyst system for the
nucleophilic Meinwald reaction of terminal epoxides so far. The reactivity
enhancement of catalyst 4 was achieved by providing only one coordinating N-
homoallyl substituent at the ligand scaffold. The isolated complex 4 can undergo
isomerization of the double bond in the presence of weak Lewis acids and benzene

as solvent to yield the N-methallyl complex 8, which is itself a comparably active
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catalyst in the Meinwald reaction. D/H exchange experiments provide strong
evidence for a B-hydride elimination/reductive elimination pathway via a hydrido-Rh

intermediate for the Rh-catalyzed nucleophilic Meinwald reaction.

Experimental procedure

General information. Unless otherwise noted, all reactions were carried out under
an argon atmosphere in dried and degassed solvents using Schlenk technique.
Toluene, pentane, dichloromethane and tetrahydrofuran were purchased from Sigma
Aldrich and dried using an MBraun SPS-800 solvent purification system. All lithium
salts used were obtained from commercial suppliers, dried in vacuum and used
without further purification. Chemicals from commercial suppliers were degassed
through freeze-pump-thaw cycles prior to use. Rhodium complex D was synthesized
according to the literature procedure.Bl 'H and '*C NMR spectra were recorded using
a Bruker AVANCE I+ 400 spectrometer. Chemical shifts & (ppm) are given relative to
the solvent’s residual proton and carbon signal respectively: THF-ds: 3.58 ppm ('H
NMR) and 67.57 ppm ("*C{H} NMR); Ce¢Ds: 7.16 ppm ('H NMR) and 128.39 ppm
("*C{H} NMR); DMSO-ds: 2.50 ppm ('H NMR) and 39.51 ppm (*C{H} NMR).
Coupling constants (J) are expressed in Hz. Signals were assigned as s singlet), d
(doublet), t (triplet), q (quartet), quint (quintet), m (multiplet) and variations thereof; (br)
refers to a broad signal. The assignment of peaks is based on 2D NMR correlation

and NOE spectra.

Synthesis of HbimcaMeHomo-H|-HBr (3). a) Synthesis of 2: To a suspension of 1
(0.74 g, 1.8 mmol) in 10 mL THF was added Mel (0.51 g, 3.6 mmol) dropwise. The
reaction was stirred at room temperature for 24 h to form a pale precipitate. The
mixture was filtered and dissolved in dichloromethane. After removal of solvent,
product 2 was obtained as a light yellow solid (0.89 g, 1.6 mmol, yield: 90%). '"H NMR
(250.13 MHz, DMSO-ds) & = 11.24 (s (br), 1H, NH), 9.69 (s (br), 1H, H-7’), 8.57 (d,
4Jun = 1.7 Hz, 1H, H-5), 8.42 (d, 4Jun = 1.7, 1H, H-4), 8.21 (s (br), 1H, H-2’), 8.19 (ps t,
3Jwn = 1.8 Hz, 1H, H-10’), 7.98 (ps t, 3Jun = 1.7 Hz, 1H, H-9’), 7.73 (ps t, 3Jnn = 1.3 Hz,
1H, H-5’), 7.66 (d, *Jun = 1.7 Hz, 1H, H-7), 7.50 (d, “Jun = 1.7 Hz, 1H, H-2), 7.22 (ps t,
3Jwn = 1.0 Hz, 1H, H-4’), 3.99 (s, 3H, H-18), 1.45 (s, 18H, H-11 and H-13). "*C{H}
NMR (62.90 MHz, DMSO-ds) & = 143.6 and 143.2 (C3 and C6), 138.0 (C7’), 137.2
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(C2), 132.7 (C8a), 132.1 (C1a), 129.1 (C4’), 125.7 (C4a), 125.0 (C5a), 123.7 (2x)
(C10’ and C9'), 121.7 (C1), 121.0 (C7), 120.2 (C5), 120.0 (C2), 119.1 (C5), 118.9
(C8), 116.7 (C4), 36.0 (C18), 34.78 and 34.70 (C10 and C12), 31.65 and 31.62 (C11
and C13). CzrHa2Nsl (553.50): caled C 58.59, H 5.83, N 12.65; found C 58.38, H 6.29,
N 12.30. m.p.: 287 °C (dec.).

b) Synthesis of 3: To a solution of the monomethylated product 2 (0.89 g, 1.6 mmol)
in 10 mL DMF was added 4-bromobutene (0.43 g, 3.2 mmol) in one portion. The
reaction was stirred at 110 °C for 21 h. The solvent was removed via oil pump and a
good precipitate was achieved after adding a bit of ethanol and diethyl ether. The
mixture was filtered and the residue was resolved in dichloromethane. After removal
of solvent, the product 3 was obtained as a light yellow solid (1.0 g, 1.5 mmol, yield:
95%). '"H NMR (250.13 MHz, DMSO-ds) & = 11.63 (s (br), 1H, NH), 10.06 (s (br), 1H,
H-2’), 10.01 (s (br), 1H, H-7’), 8.65 (s (br), 2H, H-4 and H-5), 8.32 (s (br), 1H, H-5’),
8.29 (s (br), 1H, H-10’), 8.17 (s (br), 1H, H-4’), 8.06 (s (br), 1H, H-9’), 7.76 (d, *Jun =
1.3 Hz) and 7.75 (d, *Jun = 1.4 Hz) (2H, H-2 and H-7), 5.92 (ddt, 3Jnn = 17.2 Hz, 3JnH
= 10.3 Hz, 3Jun = 6.8 Hz, 1H, H-16), 5.23 (dd, 3Jun = 17.2 Hz, 2Jun = 1.0 Hz, 1H, H-
17 trans), 5.16 (d (br), 3Jun = 10.3 Hz, 1H, H-17is), 4.44 (t, 3Jun = 7.2 Hz, 2H, H-14),
4.03 (s, 3H, H-18), 2.78 (dt, 3Jun = 6.8 Hz, 3Jnn = 7.2 Hz, 2H, H-15), 1.47 (s, 18H, H-
11 and H-13). ®C{H} NMR (62.90 MHz, DMSO-ds) & = 143.7 (C3 and C6), 137.9
(C7), 137.3 (C2’), 133.7 (C16), 132.3 and 132.2 (C1a and C8a), 125.5 and 125.4
(C4a and Cb5a), 123.9 (C9), 123.3 (C5’), 123.2 (C10’), 122.9 (C4’), 120.92 and
120.89 (C2 and C7), 119.42 and 119.37 (C4 and C5), 119.0 (C1 and C8), 118.3
(C17), 48.4 (C14), 36.1 (C18), 34.9 (C10 and C12), 33.2 (C15), 31.6 (C11 and C13).
m.p.: 263 °C.

Preparation of catalysts 4“X. a) In situ generation of [Li(bimcaMeHomo)]: Lithium
bis(trimethylsilyl)amide (7.3 mg, 44 ymol) was added to the suspension of 3 (10.0 mg,
14.5 ymol) in 0.5 mL of THF-ds at room temperature and a light yellow solution with
blue fluorescence was formed. After 10 min, the quantitative formation of
[Li(bimcaMeHomo)] was confirmed by 'H NMR spectroscopy. 'H NMR (400 MHz,
THF-dg) & = 7.99 (s (br), 2H, H-4 and H-5), 7.73 (s (br), 2H, H-5" and H10’), 7.39 (s
(br), 2H, H-2 and H-7), 7.21 and 7.15 (each s (br), each 1H, H-4’ and H-9’), 5.80-6.05
(m, 1H, H-16), 5.15 (d, 3Jnn = 16.5 Hz, 1H, H-174ans), 5.04 (d, 3Jun = 10.5 Hz, 1H, H-
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176is), 4.26-4.35 (m, 2H, H-14), 3.93 (s (br), 3H, H-18), 2.70-2.80 (m, 2H, H-15), 1.50
(s, 18H, H-11 and H-13).

b) In situ generation of 4-*. [Rh(u-Cl)(COD)]> (0.5 eq) was added to the previous
prepared solution of [Li(bimcaMeHome)] (1.0 eq) at room temperature. The solution
was stirred for 10 min. Catalyst 4YX was obtained as an orange solution in
quantitative yield as determined by NMR spectroscopy. '"H NMR (400 MHz, THF-ds)
0 =8.17 (d, 3Jun = 2.2 Hz, 1H, H-10’), 8.10 (d, 3Jun = 2.3 Hz, 1H, H-5"), 8.08-0.09 (m,
2H, H-4 and H-5), 7.73 (d, 4Jun = 1.5 Hz, 1H, H-2), 7.70 (d, *Jun = 1.5 Hz, 1H, H-7),
7.17 (d, 3Jun = 2.3 Hz, 1H, H-4’), 7.16 (d, 3Jun = 2.2 Hz, 1H, H-9’), 4.65-4.58 (m, 1H,
H-16), 4.28 (ps td, ?3Jun = 12.4 Hz, 3Jun = 2.2 Hz, 1H, H-144), 4.09 (d ps t, 2Jun =
13.0 Hz, 3Jun = 3.6 Hz, 1H, H-14¢g), 3.92 (s, 3H, H-18), 3.50 (d, 3J = 7.7 Hz, 1H, H-
17¢is), 2.94 (d, 3J = 11.5 Hz, 1H, H-174rans), 2.67 (br dd, 2Jun = 15.1 Hz, 3Jnn = 12.4 Hz,
1H, H-15a), 2.33-2.25 (m, 1H, H-15¢q) (overlap with COD signal), 1.53 and 1.52
(each s, 18H, H-11 and H13). "®C{H} NMR (101 MHz, THF-ds) & = 184.8 (d, "Jrnc =
43.3 Hz, C7’), 179.0 (d, 'Jrnc = 45.7 Hz, C2’), 139.2 (C3), 139.1 (C6), 137.1 (C1a),
136.8 (C8a), 127.3 and 127.2 (C4a and C5a), 126.6 (C9’), 126.0 (C8), 125.7 (C1),
123.9 (C4’), 116.1 (C10’), 116.5 (C5’), 113.6 (C5), 113.4 (C4), 111.3 (C7), 110.2 (C2),
51.3 (d, "Jrnc = 13.2 Hz, C16), 47.5 (C14), 38.9 (C18), 37.0 (d, 'Jrnc = 13.7 Hz, C17),
35.6 (C10 and C12), 32.8 (C11 and C13), 31.9 (C15).

Preparation of catalyst 4. Imidazolium salt 3 (100 mg, 145 umol), potassium
bis(trimethylsilyl)amide (86.9 mg, 436 umol) and [Rh(u-Cl)(COD)]2 (35.8 mg, 72.6
pmol) were added to a dry flask at room temperature. The flask was cooled down
to —60 °C for 30 min. Cold THF was injected into the flask and the reaction was
stirred for another 30 min at —60 °C. After completion, the reaction was filtered to
remove potassium halides. Collected filtrate was dried under vacuum and the residue
was washed with pentane (3 x 5 mL). Pure catalyst 4 was obtained after removal of
solvent as a yellow solid (43.6 mg, 75.0 ymol, yield: 52%). The NMR data (THF-ds)
correspond to the results obtained from using [Li(bimcaMeHeomo)]  CsiH3sNsRh
(581.56): calcd C 64.02, H 6.24, N 12.04; found C 61.70, H 6.02, N 11.36. Possibly
contains residual KBr: C31H3sNsRh-0.2 KBr: calcd C 61.51, H 5.99, N 11.57.

Synthesis of the isomerized rhodium complexes 8. To a J. Young NMR tube
containing LiBr (6.9 mg, 80 ymol) and 20 yL of THF-ds, was added catalyst 4 (23.2
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mg, 40.0 pmol) with Ce¢De (0.8 mL). Catalyst 8 was generated at room temperature
after 1 h in quantitative yield as determined by NMR spectroscopy. Another method
for achieving complex 8 was to run a chromatography on silica gel with complex 4. 'H
NMR (400 MHz, THF-dg) 6 = 8.19 (d, 3Jnn = 2.2 Hz, 1H, H-10’), 8.14 and 8.13 (each
d, each #Jun = 1.6 Hz, each 1H, H-5 and H-4), 8.02 (d, 3JnH = 2.2 Hz, 1H, H-5), 7.81
(d, 4dun = 1.6 Hz, 1H, H-7), 7.73 (d, *Jun = 1.6 Hz, 1H, H-2), 7.27 (d, 3Jun = 2.0 Hz,
1H, H-4’), 7.17 (d, 3Jun = 2.0 Hz, 1H, H-9'), 4.56 (br ps t, 1H, 3Jun = 7.2 Hz, H-15),
4.45 (dd, 2Jun = 11.7 Hz, 3Jun = 6.8 Hz, 1H, H-14,), 4.09 (d ps quint, 3Jun = 6.2 Hz,
4Jun = 2.3 Hz, 1H, H-16), 3.97 (br d, 2J = 11.7 Hz, 1H, H-14,), 3.71 (s, 3H, H-18),
1.55 and 1.54 (each s, 18H, H-11 and H-13), 1.17 (dd, 3Jun = 6.3 Hz, *Jun = 0.6 Hz,
3H, H-17). BC{H} NMR (101 MHz, THF-ds) & = 187.9 (d, "Jrnc = 42.4 Hz, C7’), 187.2
(d, "Jrnc = 44.3 Hz, C2’), 139.5 and 139.2 (C3 and C6), 137.5 (C1a), 136.3 (C8a),
127.9 and 127.6 (C4a and Cb5a), 126.4 (C1), 126.2 (C8), 124.6 (C9’), 118.3 (C4’),
116.5 (C10°), 114.8 (C5’), 114.1 (C5), 113.8 (C4), 111.4 (C7), 109.7 (C2), 57.3 (d,
'Jrnc = 14.1 Hz, C16), 53.8 (d, '"Jrnc = 12.7 Hz, C15), 50.0 (C14), 37.6 (C18), 35.72
and 35.65 (C10 and C12), 32.93 and 32.90 (C11 and C13), 20.9 (C17). "H NMR (400
MHz, CeéDe) & = 8.46 (s, 2H), 7.67 (s, 1H), 7.59 (s, 1H), 7.49 (s, 1H), 7.23 (s, 1H),
6.36 (s, 1H), 6.14 (s, 1H), 4.48-4.40 (m, 1H, H-15), 4.31 (ps quint, 3Jun = 6.0 Hz, 1H,
H-16), 4.09 (dd, 2Jun = 11.2 Hz, 3Jun = 6.8 Hz, 1H, H-144), 3.66 (br d, 2Jun = 11.7 Hz,
1H, H-14y), 3.12 (s, 3H, H-18), 1.55 (br s, 18H, H-11 and H-13), 1.37 (br d, 3Jun = 6.0
Hz, 3H, H-17).

DFT calculations Performed based on density functional theory at the BP86/def2-
SVP and/or BP86/def2-TZVP!"! level implemented in Turbomole®. The RI-
approximation® and the Grimme dispersion correction D3-BJ' were used all over.
Several structures were optimized differing in the conformation of the rings formed by
the coordination of the double bond. Minimum structures were verified at the
BP86/def2-SVP level by calculating the Hessian matrix and ensuring that it has no

imaginary frequency.
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Abstract

Two methods for the synthesis of the bis(imidazolin-2-ylidene)carbazolide cobalt(l)
complex [Co(bimca™™)] (2) have been developed. The first route relies on the direct
transmetallation of the in situ generated lithium complex [Li(bimca™m™°)] with
CoCl(PPh3)s. The second one is a two-step synthesis that consists of the
transmetallation of [Li(bimca™°™)] with CoCl, followed by reduction of the Co(ll)
complex to yield the desired Co(l) complex 2. The analogous iridium complex
[Ir(bimcat°m)] (4) was prepared by transmetallation of [Li(bimcat°™)] or
[K(bimcatome)] with [Ir(u-Cl)(COD)].. The catalytic activity of complexes 2 and 4 in the
epoxide isomerization was tested in the absence and presence of Hz. When
[M(bimca™™)] (M = Ir (4), Rh (3)) were exposed to 1 bar H, at 80 °C single crystals
formed whose X-ray structure analyses revealed the hydrogenation of the N-
homoallyl moieties and formation of the dimeric hydrido complexes [Ir(bimca™8")(H)]2
(7) and [Rh(bimca™B!)(H)]- (8).

Tian, Y.; Maulbetsch, T.; Jordan, R.; Térnroos, K. W.; Kunz, D. Organometallics
2020, 39, 1221-1229.
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Introduction

N-heterocyclic carbenes (NHCs) have experienced a huge success in the last
decades due to their use as ligands for metal catalysts or as organocatalysts in
various kinds of catalytic reactions.!"! Electronically, NHCs usually possess strong o-
donor and weak m-acceptor properties. This leads to strong metal-ligand bonds and
electron-rich metal centers and imparts these complexes nucleophilic character./?
Incorporation of more than one NHC unit in one ligand increases the stability of the
complex due to the chelate effect. In addition, it stabilizes metal centers in high
oxidation states and activates metal centers in low oxidation states.

Well-defined bis(NHC)-pincer transition-metal complexes have been widely applied
as catalysts in versatile homogeneous catalytic reactions, for example, Chirik’s cobalt
catalyst with a (CnicNCnhe)-pincer ligand represents one of the most active base
metal catalysts for the hydrogenation of unactivated, sterically hindered olefins and
(CnHcCanyiCnHe)-pincer cobalt complexes from the Fout group are used for the
hydrogenation of unsaturated bonds.B4 We reported on several highly reactive
nucleophilic Rh(l) complexes bearing the electron-rich bis(NHC)-pincer ligand called
bimca, such as bimcaMe, bimca°m™ and bimcaMeHome (bimca = 1,8-bis(imidazolin-2-
ylidene)-3,6-di(tert-butyl)carbazolide; the superscript denotes the N-substituents
methyl or homoallyl). They are e. g. efficient catalysts for the regio- and
chemoselective isomerization of diversely functionalized epoxides to yield methyl
ketones and are the only regioselective catalysts for the isomerization of aryl
oxiranes to acetophenone derivatives to date. This selectivity is very attractive as it
could substitute the Wacker oxidation by a two-step epoxidation-isomerization
sequence for temperature and Lewis acid sensitive substrates.[! Rh complexes with
the neutral, macrocyclic CnHcNaryCnrc ligands from the Chaplin group were found to
be active in the selective en-yne dimerization.!®! (CnncCaryiCnre)-pincer complexes of
iridium are well studied by Chianese and coworkers and are active in the
acceptorless alkane dehydrogenation and in the alkene isomerization.”]

To continue our interest in low-valent, nucleophilic transition-metal catalysts, we
report herein the synthesis and characterization of both [Co(bimcaH°™)] (2) and
[Ir(bimca™m°)] (4), and their catalytic activity together with the earlier reported Rh-

complex [Rh(bimcat°m)] (3)P! in the nucleophilic epoxide isomerization is discussed.
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Results and Discussion

Our studies commenced with the preparation of complex 2 (Scheme 1). One
challenge associated with the synthesis of cobalt(l) complexes is their extreme air
and moisture sensitivity. The ligand precursor Hbimca™m-2HBr and its lithium
complex were generated according to previously reported methods.P!l The
transmetallation of [Li(bimcat°™)] was initially explored with the addition of 1.0 equiv
of CoCI(PPhs)s in THF at room temperature. A color change from light yellow to red
was observed immediately and the single signal set in the '"H NMR spectrum of the in
situ generated compound 2 confirmed a symmetric coordination mode of the ligand.
However, the complex obtained by this method always contained residual PPhs, even

after chromatography on silica in the glovebox.

Bu 'Bu
Method (a)

1 eq Co(PPh3);Cl

THF, t, 12, [)>_C°_<(j

=

N 2
3eqLiHMDS N N

H N 1
+>> <] w’ [>>—u—<<] ] Bu Bu . .
< j -2LiBr < 5 Method (b)

1eq CoCl, [ )>_CO_< j _1eqKCs [ >>7C0_<( j

THF, rt, 12 h THF t, 12 h

R S

2

HbimcaHome-2HBr [Li(bimca)Homo]

Scheme 1. Synthesis of [Co(bimca°™°)] by two methods.

An alternative route was inspired by the work of Braunstein® and Nishibayashi®®, who
demonstrated that addition of alkali-metal complexes to a solution of the Co(ll)
precursor resulted in the formation of four-coordinate cobalt halogen complexes.
Reduction with KCg at room temperature afforded the corresponding diamagnetic
Co(l) complexes. To explore the analogous chemistry with our own ligand,
paramagnetic [Co(bimca™™°)Br] (1) was prepared by treatment of freshly generated
[Li(bimca®™)] in THF with solid CoCl.. We suppose that [Co(bimca™™)Cl] is
generated firstly, but instant halogen exchange occurs with the bromide anion still
present in the solution from the ligand precursor Hbimca°™-2HBr. Brown single

crystals of 1 suitable for X-ray diffraction were grown by slow evaporation from
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benzene at room temperature. Crystallographic characterization of the complex (Fig.
1) reveals a distorted trigonal bipyramidal geometry at the cobalt center with one
coordinated homoallyl moiety, the bromide ligand and the carbazole nitrogen atom in
the equatorial positions (Br1-Co-c(C16,C17) = 129.0° c: mid-point of bond). The
NHC moieties take in the apical positions with a C2’-Co-C7' angle of 174.0(2)°. Both
Co-Cnhe bond lengths are within the range reported for Co(ll)-Cnue bonds of 1.791-
2.152 A0

Figure 1. Solid-state molecular structure of 1. Atoms are shown with anisotropic atomic displacement parameters at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (deg): Co-N9 = 1.915(3), Co-C2'
= 1.917(4), Co-C7' = 1.978(4), Co-c(C16,C17) = 1.950, Co-Br = 2.515(1), C16-C17 = 1.384(6) C20-C21 = 1.274(10);
N9-Co-c(C16,C17) = 119.3, N9-Co-Br = 111.45(9); C2'-Co1-C7' = 173.95(15), Br-Co—c(C16,C17) = 129.0 (c: mid-point of
bond).

Due to the coordinating homoallyl substituent, one Co—Cnnc bond (Co-C2' = 1.917(4)
A) is shorter than the other (Co—-C7' = 1.978(4) A). Danopoulos!'! reported an
intermediate bond length for the symmetric complex Co(CnHcNCnhe)Br2 (CNC = 2,6-
bis(arylimidazolin-2-ylidene)pyridine) of 1.942(6) A. In the coordinated homoallyl
moiety, the C=C bond is elongated (C16-C17 = 1.384(6) A) due to a good TI-
backbonding ability of cobalt center. This is the first structural report of a cobalt(ll)
NHC complex with a coordinated olefin.

DFT optimized structures fit very well with a low-spin state (S = 1/2) at the cobalt
center, which is reasonable as the five donor atoms require at least one empty d-
orbital for this d” electron configuration. Attempts to calculate a high spin complex (S

= 3/2) resulted in dissociation of the olefin moiety and larger deviations from the
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experimentally determined bond lengths of the obtained structure (see Supporting
Information).

In addition, single crystals of the cobalt(lll) complex [Co(bimcaH°™°),]Br with two
coordinated bimcat°™ ligands in an octahedral fashion were generated as a side
product in one of the experiments (see Supporting Information, p. S39 for further
description). Only very few cobalt complexes bearing two bis(NHC)pincer ligands are
known, all of them in the oxidation state +lII.['? Starting from Co(ll) they are

presumably formed with traces of oxygen.

Figure 2. Solid-state molecular structure of 2. Atoms are shown with anisotropic atomic displacement parameters at the 50%
probability level. One co-crystallized toluene and the hydrogen atoms are omitted for clarity. Selected bond lengths (A) and
angles (deg) (mean of the two independent enantiomers in the unit cell): Co-N9 = 1.947(4), Co-C2' = 1.911(5), Co-C2a' =
1.913(5), Co-C15 = 2.043(5), Co-C14 = 2.092(5), Co-C15a = 2.037(5), Co-C14a = 2.084(5), C14-C15 = 1.401(8),
C14a-C15a = 1.400(7); N9-Co-c(C15,C14) = 110.0, N9-Co-c(C15a,C14a) = 110.8(5), c(C15,C14)-Co-c(C15a,C14a) = 139.2,
C2'-Co—-C2a’' = 179.0(3) (c: mid-point of bond).

Complex 1 was successfully reduced with KCg in THF at room temperature and a red
solution was obtained after completion. The raw product was purified by
chromatography to yield the desired complex 2 as a red solid. Complex 2 is
extremely air sensitive and an obvious color change would be observed with traces
of oxygen. The 'H NMR spectrum of 2 in THF-ds is consistent with a C.-symmetric
ligand environment with both N-homoallyl substituents coordinated to the cobalt(l)
center. The signals of the olefinic protons are strongly shifted up-field (4.09—4.02 (H-
14), 3.21 (H-15cis), 2.54 ppm (H-15¢ans)). The *C NMR signal of the carbene carbon
atoms at 191.1 ppm lie about 26 ppm at higher field than the signal of a comparable
unsaturated free NHC (217.1 ppm('®). About the same difference (A ~ 22 ppm) is

found when the reported Co(CnHcCaryiCnrc)N2 complex!' is compared.
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Single crystals of 2 suitable for X-ray diffraction were grown from a concentrated
solution of toluene and pentane at -30 °C. The molecular structure confirms the
structure derived from the NMR spectra in solution (Figure 2). The coordination
geometry at the Co(l) center is trigonal bipyramidal with both olefin moieties and the
carbazole nitrogen taking in the equatorial and both NHC moieties the axial positions
(C2'-Co-C2a’' = 179.0(3)°), ¢(C15,C14)-Co—-c(C15',C14') = 139.2° (c: mid-point of
bond)). The Co—Cnrc bond lengths (Co-C2' = 1.911(5) A, Co—-C2a’' = 1.913(5) A) are
comparable to reported (CnicNCnhc)-pincer cobalt(l) complexes,?9 while the Co-N
bond (1.947(4) A) in 2 is substantially longer than the pyridine Co-N bond (e.g.
1.839(4) A®)), possibly due to steric reasons. The bond lengths of C14-C15 (1.401(8)
A) and C14-C15' (1.400(7) A) are pronouncedly elongated compared to the non-
coordinated olefinic bond in the Co(ll) complex 1 or in the respective imidazolium
saltl'® (1.28 - 1.32 A), which confirms a certain amount of metallacyclopropane
character in 2.

In situ generation of the iridium complex 4-* was achieved applying the same route
as for [Rh(bimca™m)] (3),°°1 which is deprotonation of Hbimcat°me-2HBr with
LIHMDS and subsequent transmetallation with [Ir(u-CI)(COD)]2 (Scheme 2). To
obtain the pure complex 4, the transmetallation step was conducted at low
temperature using the potassium complex [K(bimcat°™)] generated in situ by
deprotonation of HbimcaM°m-2HBr with KHMDS at —-60 °C. In contrast to lithium

halides, the potassium halides formed could be readily removed by filtration.

Bu Bu
O Q a) 3 eq LiIHMDS O O
b) 0.5 eq [Ir(u-CI)(COD)] + 2LiBr
H

THF, rt + LiCl
+>> <(+ [ )>—Ir —( j
a) 3 eq KHMDS N N
b) 0. 5 eq [Ir(u-CI)(COD)] N
THF, -60 °C =/ N
-2 KBr, - KCl =

Hbimcatomo.2HBr N 4 Y

N

4LiX

Scheme 2. Synthesis of both in situ generated 4-* and Isolated [Ir(bimcatom)] (4).

The molecular structure of 4 is isostructural to 2 as revealed by NMR spectroscopy
showing a symmetric coordination mode of the ligand. All signals could be assigned

by means of 2D and NOE experiments. The coordination of both double bonds and
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both carbene moieties to the Ir-center is confirmed by the up-field shift of the
respective signals in the '"H NMR spectrum (3.77-3.69 (H-14), 1.63 (H-15.s), 0.78
ppm (H-15¢ans)) as well as in the '*C NMR spectrum, 39.7 (C15) and 27.7 ppm (C14).
The carbene signal is found at typical 164.5 ppm. In comparison with the '"H NMR
spectra of the complexes 2 (Co) and 3 (Rh) (Figure 3) the stronger
metallacyclopropane character of complex 4 can be derived from the stronger high-
field shift of the olefinic proton signals from 2 to 4 as well as the decreasing 3J
coupling constant of the olefinic protons from 8.0 (cis) and 11.3 Hz (frans) in 2 to only
7.6 (cis) and 8.0 Hz (trans) in 4 due to the reduced s-character of the olefinic carbon
atoms (from sp? to partial sp® hybridization). This reflects the tendency of 5d metals
to form stronger metal-C bonds and the increased stability of the higher oxidation

state.

3 =8.0Hz J=11.3Hz

H_15\’.|;; lesf fffff
H-14 [l I I
2 .
H-12,, H12,, * H-13,, + H-13,,
J=8.0Hz /= 9.9 Hz
H-lsfjb H'15|"Jf||!|
H-14 ' Il |
3
3 =7.6Hz Y=8.0Hz
Hisfls Hlsf!b‘ﬂ‘s
H-14 | |
a ,I. 1‘.[ J o

Figure 3. "H NMR spectra (section) of the N-homoallyl signals of of 2 (Co), 3 (Rh) and 4 (Ir), and the 3Ju+ coupling constants in
comparison (* THF-d7).

DFT calculations of the complexes 2 - 4 confirm the experimental results of the bond
lengths and angles from the X-ray structure analysis of 2. The increasing
metallacyclopropane character from the cobalt to the iridium complex is also
displayed in the increasing C=C bond lengths of the coordinated homoallyl moieties
from 1.413 (2) to 1.446 A (4) (Figure 4).
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Figure 4. Calculated structure (DFT-D3) of 2 with tert-Bu groups depicted in wireframe for clarity. The geometry optimized
structures of 3 and 4 are isostructural. The olefinic bond length C14-C15 (mean) is increasing from 2 (1.413 A) over 3 (1.424 A)
to 4 (1.446 A).

As the rhodium complex 3 was found to be a highly reactive nucleophilic catalyst for
rearrangement of terminal epoxides into methyl ketones already at room temperature,
we were eager to test the catalytic reactivity of its analogs 2 and 4 in the same
reaction. The general mechanism for the nucleophilic isomerization of terminal
epoxides catalyzed by 3 requires the dissociation of one homoallyl moiety from the
rhodium center to generate the nucleophilic, catalytically active species (Scheme
3).55%1 This is followed by nucleophilic ring opening of the epoxide preactivated by the
Lewis acid co-catalyst to generate the Rh(lll) intermediate Int-1.I After B-hydride
elimination to Int-2,1%8 the desired methyl ketone is obtained by a formal reductive
elimination and release of the catalytic active species, which can be stabilized by

recoordination of the N-homoallyl moiety.

N Li Br
o ‘ c é 0]
C— .
AR N L\>/Rh K AN ~LiBr, AN
methylketone é R epoxids
+ LiBr
N - N
o Ll 7
N \\\>/ | \ NE\/\\ N@/ \\?E\/\\
O—Li Oo—Li
Int-2 v Int-1

Scheme 3. Mechanism of the nucleophilic epoxide isomerization with catalyst [Rh(bimcato™)] (3).
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As initial catalytic attempts with complexes 2 and 4 and 1,2-epoxyhexane (5a) at
room temperature did not lead to any conversion after 6 days, further catalytic
experiments were conducted at 80 °C with 5 mol% catalyst and 10 mol% LiBr in CeDs.
The results of the epoxide isomerizations with catalysts 2 and 4 are summarized in
Table 1. When 2 was applied using 1,2-epoxyhexane (5a) as the substrate, the
isomerization was surprisingly slow and only 18% yield was obtained after 6 days
(entry 1). No conversion was obtained with the more challenging styrene oxide 5b,
which contains a less electrophilic f-C atom and can be easily isomerized by Lewis
acids to the aldehyde (entry 6). Under identical conditions (80 °C), the reactions with
catalyst 3 were completed already within 30 min (entries 2 and 7) and high yields of
2-hexanone (6a) and acetophenone (6b) were obtained.['®] We suppose that the low
reactivity of the Co(l) complex 2 results from a higher energy barrier of 2 in the
nucleophilic ring opening to form the Co(lll) intermediate. In reports from Eisenman
and Coates on the nucleophilic epoxide isomerization, the active species is
[Co(CO)4]~ (Co(-I)), which explains the higher reactivity apart from using a stronger
Lewis acid.'"1 Iridium(l) complexes, who have a considerable lower redox potential,
should react much easier, as the oxidative addition of the epoxide (e.g. by a
nucleophilic ring opening mechanism) is the rate limiting step in the Rh catalysis.
Therefore, we tested 4 in the isomerization of 5a to yield 2-hexanone in 92% yield
(entry 3), but surprisingly, the reaction proceeded much slower (6 days) than with 3
(< 30 min). With substrate 5b, only 26 % yield was achieved despite full conversion
(entry 8). This can be explained with a higher degree of side reactions: a
polymerization might arise from more stable Ir(lll) intermediates analogous to Int-1 or
Int-2 (Scheme 3) that in addition slow down the g-hydride elimination step. The lower
activity of complex 4 (6 d for full conversion) can be rationalized with the higher
stability of the coordinated N-homoallyl moieties (stronger metallacyclopropane
character), of which one has to dissociate to form the nucleophilic active species.
Therefore, we tried to run the reactions in presence of 1 bar of hydrogen, so that the
homoallyl moieties get hydrogenated in situ and a highly reactive nucleophilic metal
complex could form. On the other hand, the formation of hydrido complexes could
reduce the activity or lead to side reactions. Indeed, when the reactions with 2 or 4
were conducted in presence of 1 bar of hydrogen, we observed an enhanced
reactivity at the beginning with 11% and 52% vyield for substrate 5a (entries 4 and 5)
and 5% and 38% for the less electrophilic substrate 5b (entries 9 and 10) after 24 h.
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However, the reaction stops and cannot be completed by extending the reaction time.
The higher conversion with catalyst 4 can be attributed to formation of 2-
phenylethanol (confirmed by 'H NMR spectroscopy) as well as some degree of
polymerization. Unfortunately, neither complex 2 nor 4 were able to compete with our

previously reported rhodium catalyst 3.5°°I

Table 1. Regioelective Isomerization of Terminal Epoxides with [M(bimcatomo)]ial

5 mol% [Cat.]
O 10 mol% LiBr

o)
SR CgDe 80°C AR

Entry Epoxide [Cat.] (:z:r) Time Conversion (%) Yield (%)
1 2 - 6 days 32 18
2 3 - 30 min 100 92

O
3 L\/\/ 4 - 6 days 100 92
5a
4 2 1 24 h 19 11
5 4 1 24 h 81 52
6 2 - 6 days 0 0
7 0 3 - 30 min 100 88
8 ©/A 4 - 6 days 100 26
9 Sb 2 1 24 h 11 5
10 4 1 24 h 75 38

[a] Reactions were carried out in J. Young NMR tubes with 10 pL THF-ds and yield of the products was
calibrated to 1,3,5-trimethoxybenzene (internal standard).

To elucidate whether the N-homoallyl moieties of the complexes 2 — 4 can indeed be
hydrogenated in the presence of hydrogen under the catalytic conditions, we
exposed a solution of 4 in benzene-de to 1 bar H2> at 80 °C (Scheme 4), which
resulted in a color change from yellow to dark red after 24 h and the formation of red

crystals upon cooling to ambient temperature.
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tbarH, NVN\R ”
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/\j J\\H R\Nf\N
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M = Co (2), Rh (3), Ir (4) ="Bu; M = Ir (7), Rh (8)

Scheme 4. Hydrogenation of [M(bimcafom)].

The X-ray structure analysis reveals a dimeric structure in which the former N-
homoallyl moieties are fully hydrogenated and residual electron density at the metal
indicates the formation of the iridium(lll) hydrido complex 7 (Figure 5). As it can be
expected that the hydrido ligands cannot be identified with certainty from X-ray data,
the Ir-H bond lengths were fixed at the value obtained from DFT calculations based
on the X-ray structure (with all bonds and angles fixed, except of those of the hydrido
ligands, see Supporting Information). The structural motif [Ir(H)(u-H)]2 has been
found before e.g. in phosphine complexes!'®' and the Ir-Ir distance of 2.784 A in 7
is comparable to those complexes (2.73 A and 2.77 A), but in contrast, the hydride
atoms in 7 are less symmetrically bridged, possibly for steric reasons. It is also
noteworthy that the more flexible bis(phosphinomethyl)carbazolide ligand (PNP) in an
analogous complex by Yamashita and coworkers lead to a bridging instead of a
pincer-type ligand coordination.['® The hydrogen bridges in 7 measure 2.50 A (Ir1-
H2b) and 2.53 (Ir2-H2a), which was also confirmed by DFT geometry optimizations
without constraints. In addition, London dispersion?®l seems to play an important role
for the dimer formation, as the energy difference between the monomers and the
dimer strongly favors the dimer (see Supporting Information). The intramolecular
distances of the carbazolide planes at Ir1 and Ir2 are between 3.71 and 4.15 A
(measured from the respective pyrrolide centers). However, intermolecular London
dispersion is pronounced in the crystal. The distance between the co-planar
carbazolide planes at Ir2 and Ir2# measures only 2.63 A. The metal carbene bond
lengths Ir-Cnhe (2.03 A, mean) are comparable with those of a CnicCCnrc-Ir complex

from Braunstein.[?1]
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Figure 5. Solid-state molecular structure of 7. Atoms are shown with anisotropic atomic displacement parameters at the 50%
probability level. The co-crystallized benzene molecule and the hydrogen atoms (except for the hydrido ligands) are omitted for
clarity. Selected bond lengths (A) and angles (deg): Ir1-N9 = 2.059(3), Ir1—-C2' = 2.035(4), Ir1-C7' = 2.027(4), Ir2-N59 =
2.059(3), Ir2—-C52' = 2.035(4), Ir2—C57' = 2.027(4), Ir1-Ir2 = 2.7836(2); N9-Ir1-Ir2 = 115.21(9), N59-Ir2—Ir1 = 114.10(9); the
metal-hydrogen bond lengths and angles were fixed (Ir1-H1a = 1.58, Ir1-H2a = 1.63, Ir2-H1b = 1.58, Ir2-H2b = 1.63) based on
DFT calculations; (hydrogen bridges) 2.50 A (Ir1-H2b) and 2.53 (Ir2-H2a).

Also with bis(NHC)Rh(I) complexes, the formation of hydrido Rh(lll) complexes is to
be expected.??l Under analogous conditions, the reaction with rhodium complex 3
leads to the formation of red single crystals as well. The X-ray structure analysis
confirms the successful hydrogenation of the N-homoallyl moieties and formation of
the dimer 8 that is isostructural with complex 7 (Figure 6). All intra- (3.64 and 4.10 A)
and intermolecular (2.63 A) distances of the carbazolide planes are comparable with
those of the iridium complex 7. The only striking differences to complex 7 is the
longer metal-metal distance of 2.934 A that also comes with the 6° more acute N-Rh-
Rh angles of 107.5° (N9-Rh1-Rh2) and 109.0° (N59-Rh2-Rh1). As already performed
in X-ray data refinement of complex 7, the Rh-H bond lengths and angles were
calculated by DFT methods by fixing all bonds and angles based on the X-ray
structure analysis except for the hydrido ligands. At Rh1, a square pyramidal
arrangement and at Rh2 a Y-shaped distorted trigonal bipyramidal coordination
geometry was found (the latter is also obtained by DFT calculations for a monomeric
species). Thus only one intramolecular hydrogen bridge is found (Rh1-H2b = 2.54 A;
Rh2-H2a = 2.79 A, which explains the longer Rh1-Rh2 distance compared to

complex 7.
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Figure 6. Solid-state molecular structure of 8. Atoms are shown with anisotropic atomic displacement parameters at the 50%
probability level. The co-crystallized benzene molecule and the hydrogen atoms (except for the hydrido ligands) are omitted for
clarity. The crystal structures of 7 and 8 are isomorphous. Selected bond lengths (A) and angles (deg): Rh1-N9 = 2.062(2),
Rh1-C2' = 2.037(2), Rh1-C7' = 2.029(2), Rh2-N59 = 2.035(2), Rh2-C52' = 2.036(2), Rh2-C57' = 2.029(2), Rh1-Rh2 =
2.9335(3); N9-Rh1-Rh2 = 107.53(5), N59-Rh2-Rh1 = 108.97(5); The metal-hydrogen bond lengths and angles were fixed at
Rh1-H1a = 1.54, Rh1-H2a = 1.58, Rh2-H1b = 1.54, Rh2-H2b = 1.58 based on DFT calculations; (hydrogen bridges) 2.54 A
(Rh1-H2b) and 2.79 (Rh2-H2a).

Hydrogenation of the cobalt complex 2 under identical conditions led to formation of a
dark green solution whose 'H NMR spectrum shows broad peaks between 16 and -9
ppm possibly due to a paramagnetic influence. More detailed analyses would lead

beyond the scope of this investigation.

Conclusions

Based on the pentadentate pincer bis-NHC ligand bimcat°™, the corresponding
cobalt complex 2 was successfully synthesized by a deprotonation-transmetallation-
reduction sequence starting from CoCl, which involves [Co(bimca°™)Br] (1) in which
the bimcah°m ligand shows a tetradentate coordination mode. The iridium catalyst 4
was synthesized straightforwardly by transmetallation of [Li(bimca™m)] with [Ir(u-
CI)(COD)]2. In contrast to the highly reactive rhodium analogue 3, complexes 2 and 4
were much less active in the nucleophilic epoxide isomerization. This can be
ascribed to the lower oxidation potential of 2 compared to 3 and in the case of 4 to
the higher oxidation potential, which is also displayed in the increasing
metallacyclopropane character of the coordinated N-homoallyl moieties. When the
reaction was carried out in presence of 1 bar H2 an increased activity was observed,

however, on the cost of side reactions. The successful hydrogenation of the N-
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homoallyl to N-n-butyl substituents and the formation of hydrido pincer complexes
under these conditions was confirmed with the X-ray structure analyses of 7 (Ir) and
8 (Rh). Further investigations of these interesting complexes will be the subject of

future work in our group.

Experimental procedure

General Information. Unless otherwise noted, all reactions were carried out under
an argon atmosphere in dried and degassed solvents using Schlenk technique. All
glassware was stored in a preheated oven prior to use. Toluene, pentane, benzene
and tetrahydrofuran were purchased from Sigma Aldrich and dried using an MBraun
SPS-800 solvent purification system. The lithium and potassium bases used were
obtained from commercial suppliers, dried in vacuum and used without further
purification. KCgl?®l and Rh(bimcaf°m°)ibl were synthesized, and [Li(bimcar°m°)]|* and
[K(bimcaHome)]itl were generated in situ according to the literature. Liquid Chemicals
from commercial suppliers were degassed through freeze-pump-thaw cycles prior to
use. "H and C NMR spectra were recorded using a Bruker AVANCE I+ 400
spectrometer. Chemical shifts & (ppm) are given relative to the solvent’s residual
proton and carbon signal respectively: THF-ds: 3.58 ppm ("H NMR) and 67.57 ppm
("3C NMR); C¢De: 7.16 ppm ("H NMR) and 128.39 ppm ('*C NMR). '"H NMR data for
diamagnetic compounds are reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, g = quartet, br = broad, m = multiplet), coupling
constants (Hz), integration, assignment. The assignment of peaks is based on 2D

NMR correlation and NOE spectra.

X-ray Data Collection and Structure Analysis. Suitable crystals for the X-ray
analysis were obtained as described below. Data collection (except for
[Co(bimcat°™°),]Br) was carried out on a Bruker APEX Duo CCD with an Incoatec
IuS Microsource with a Quazar MX mirror using Mo K radiation (A = 0.71073 A) and
a graphite monochromator. Corrections for absorption effects were applied using
SADABS.[?4al All structures were solved by direct methods using SHELXS and refined
using SHELXL.?4 In the case of structure 1 and [Co(bimcaH°™°),]Br the SQEEZE

routine!?® was applied for disordered solvent.
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Synthesis of [Co(bimca"°™°)Br] (1). CoCl2 (9.5 mg, 73 umol, 1 eq) was added to
the previous prepared solution of [Li(bimca™™)] (73.4 umol) at room temperature.
The solution was shaken for 2 min. After 12 h, brown crystals appeared a were
filtered, washed with THF (0.5 mL x 3) and dried in vacuo. Single crystals suitable for
X-ray diffraction were obtained (39.1 mg). Although C,H,N analysis reveals residual
impurity, most probably LiBr and THF, the material can be used directly in the next
step. Anal. Calcd for C3sH40BrCoNs-0.25 LiBr-1.25 C4HgO: C: 60.88, H:6.55, N: 9.10;
found: C: 61.02, H: 6.30, N: 8.95.

Synthesis of [Co(bimcah°™°)] (2) from [Co(bimca"°™°)Br] (1). To a suspension of
[Co(bimcaf®™)Br] (1) (39.1 mg from the material obtained above) in THF (2.0 mL)
was added KCsg (8.0 mg, 59 umol). The suspension was stirred at room temperature
for 12 h in an argon-filled glovebox. After completion, the mixture was filtered with a
syringe filter and purified by column chromatography using THF as eluent in the
glovebox. [Co(bimcat™)] (2) containing 0.75 mol THF (13.0 mg, 21 umol, 28% vyield
over two steps) was obtained as a red solid after removal of the solvent. Single
crystals suitable for X-ray diffraction were grown from a concentrated solution of 2 in
toluene and pentane at -30 °C. '"H NMR (400 MHz, THF-ds) & 8.00 (d, *Jun = 1.3 Hz,
2H, H-4/5), 7.79 (d, 3Jun = 1.0 Hz, 2H, H-5"), 7.37 (d, *Jun = 1.3 Hz, 2H, H-2/7), 6.91
(d, 3Jun = 1.0 Hz, 2H, H-4’), 4.38 (br ps t,?2Jun = 12.6 Hz, 2H, H-124), 4.11-4.02 (m,
2H, H-14), 3.72 (br d, 2Jun = 12.3 Hz, 2H, H-12¢4), 3.21 (d, 3Jnn = 8.0 Hz, 2H, H-155),
2.86-2.80 (m, 2H, H-13e¢q), 2.54 (br d, 3Jun = 11.3 Hz, 2H, H-15¢ans), 1.59-1.50 (m,
2H, H-134), 1.50 (s, 18H, H-11). 3C NMR (101 MHz, THF-ds) & 191.1 (C2’), 138.6
(C3/6), 136.5 (C1a/8a), 128.5 (C4a/5a), 125.4 (C1/8), 122.4 (C4’), 115.9 (C5’), 115.0
(C4/5), 107.6 (C2/7), 66.1 (C15), 57.5 (C14), 50.8 (C12), 35.6 (C13 and C10), 33.0
(C11). Anal. Calcd for C34H40N5C0-0.75 C4HsO: C:70.35, H: 7.34, N: 11.09; found: C:
70.49, H: 7.47, 11.08.

Synthesis of [Co(bimca’°™)] (2) from [Co(PPhs)sCl]. To a freshly generated
solution of [Li(bimca™m)] (29.3 umol) in THF (0.6 mL) was added [Co(PPhs)sClI]
(25.6 mg, 29.3 ymol). The mixture was shaken until the cobalt precursor was fully
dissolved. After completion, the mixture was purified by column chromatography
using THF as eluent in an argon-filled glovebox. [Co(bimcat°™)] (2) was obtained as
red solid after removal of the solvent, however, containing residual PPhs. The NMR

data correspond to the results obtained from starting with 1.
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In situ generation of LiX containing [Ir(bimcatom°)] (4-X). [Ir(u-Cl)(COD)]2 (9.7 mg,
15 pmol) was added to the previous prepared solution of [Li(bimca™°™)] (29 umol) in
THF (0.6 mL) at room temperature. The solution was stirred for 30 min. In situ
generated [Ir(bimcat°m™)] (4“X) was obtained as an orange solution in quantitative
yield as determined by NMR spectroscopy. '"H NMR (400 MHz, THF-ds) & 8.02 (d,
4Jun = 1.5 Hz, 2H, H-4/5), 7.94 (d, 3Jnn = 2.3 Hz, 2H, H-5’), 7.53 (d, *Jnn = 1.5 Hz, 2H,
H-2/7), 7.11 (d, 3Jnn = 2.3 Hz, 2H, H-4’), 4.26 (dt,?Jnn = 12.6 Hz, 3Jun = 2.7 Hz, 2H, H-
12ax), 3.80 (dt, 2Jnn = 12.6 Hz, 3Jun = 3.2 Hz, 2H, H-12¢), 3.77-3.69 (m, 2H, H-14),
2.82-2.75 (m, 2H, H-13¢q), 1.63 (d, 3Jun = 7.6 Hz, 2H, H-15;), 1.49 (s, 18H, H-11),
1.33-1.24 (m, 2H, H-134), 0.78 (br d, 3Jun = 8.0 Hz, 2H, H-154ans). '*C NMR (101
MHz, THF-ds) 6 164.5 (C2’), 137.3 (C1a/8a), 136.1 (C3/6), 128.1 (C4a/5a), 126.4
(C1/8), 121.1 (C4’), 115.7 (C5’), 115.2 (C4/5), 109.6 (C2/7), 53.8 (C12), 39.7 (C15),
35.6 (C10), 35.3 (C13), 32.9 (C11), 27.7 (C14).

Synthesis of salt-free [Ir(bimcaf°™°)] (4). [Ir(u-Cl)(COD)]2 (9.8 mg, 15 ymol) was
added to an in situ generated solution of [K(bimca™™m)] (29.3 umol) at -60 °C. The
solution was stirred for 30 min. The potassium salts formed were filtered off and the
filtrate was dried in vacuo. The residue was washed with pentane (2 mL x 3) and
dried again in vacuo to yield complex 4 as a yellow solid (5.7 mg, 8.1 pymol, 55%
yield). The NMR data correspond to the results obtained from using [Li(bimcatomo)].
Anal. Calcd for CasHaolrNs-0.85 C4HgO: C: 58.17, H: 6.11, N: 9.07; found: C: 58.04, H:
6.75, N: 9.24.

General procedure for epoxide isomerization with [M(bimcaQ°™°)]. In a argon-
filled glovebox a J. Young NMR tube was charged with a solution of the epoxide (40
pumol), LiBr (4.0 ymol with 10 pyL THF-ds), [M(bimca"°™)] (2.0 umol) and a certain
amount of 1,3,5 trimethoxybenzene as internal standard in CeDs (0.4 mL). The
reaction was heated at 80 °C for the given reaction time and analyzed by 'H NMR

spectroscopy.

General procedure for epoxide isomerization with [M(bimca"°™°)] in presence of
1 bar H.. In an argon-filled glovebox a J. Young NMR tube was charged with a
solution of the epoxide (40 ymol), LiBr (4.0 ymol with 10 uL THF-ds), [M(bimcaH°m°)]
(2.0 ymol) and a certain amount of the internal standard (1,3,5 trimethoxybenzene) in

CsDe (0.4 mL). The tube was sealed, brought outside of the glovebox, and attached

79



Chapter 3

to a Schlenk line. After a freeze-pump-thaw cycle with liquid nitrogen, the tube was
charged with 1 bar of H2 at room temperature. The reaction mixture was heated at 80

°C for 24 h and analyzed by 'H NMR spectroscopy.

Formation of [Ir(bimca™B")(H)2]2 (7). In a argon-filled glovebox a J. Young NMR
tube was charged with a solution of [Ir(bimca™™)] (5.7 mg, 8.0 umol) in CeDs (0.5
mL). The tube was sealed, brought outside of the glovebox, and attached to a
Schlenk line. After a freeze-pump-thaw cycle with liquid nitrogen, the tube was
charged with 1 bar of H2 at room temperature and heated at 80 °C for 24 h. Red
single crystals suitable for X-ray diffraction were obtained upon cooling to room
temperature that confirm full hydrogenation of the homoallyl chain under the reaction
conditions of the epoxide isomerization as a preliminary result. Further

characterization was hampered by their slow solubility.

Formation of [Rh(bimca"B¥)(H):]2 (8). In an argon-filled glovebox a J. Young NMR
tube was charged with a solution of [Rh(bimcaH°™°)] (5.0 mg, 8.0 umol) in CsDs (0.5
mL). The tube was sealed, brought outside of the glovebox, and attached to a
Schlenk line. After a freeze-pump-thaw cycle with liquid nitrogen, the tube was
charged with 1 bar of H> at room temperature and heated at 80 °C for 24 h. Red
single crystals suitable for X-ray diffraction were obtained upon cooling to room
temperature that confirm full hydrogenation of the homoallyl chain under the reaction
conditions of the epoxide isomerization as a preliminary result. Further

characterization was hampered by their slow solubility.

The identical procedure using the cobalt complex (2) resulted in a green solution,
whose 'H NMR spectrum showed broad peaks between 16 and -9 ppm indicating

paramagnetic character.

DFT calculations Performed based on density functional theory at the BP86/def2-
SVP and/or BP86/def2-TZVP®8 level implemented in Turbomole’l. The RI-
approximation?®l was used all over and the Grimme dispersion correction D3-BJ[?°l
where indicated. Minimum structures (except for the dimeric structures) were verified
at the BP86/def2-SVP level by calculating the Hessian matrix and ensuring that it has

no imaginary frequency.
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Nucleophilic Rh! Catalyzed Selective Isomerization of
Terminal Aziridines to Enamides
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Morgenstelle 18, 72076 Tubingen, Germany

Abstract

The selective isomerization of various terminal N-Boc protected aziridines to
enamides was realized using the highly reactive nucleophilic rhodium catalyst C with
the Lewis acid LiNTf. as co-catalyst under moderate conditions. The reaction
proceeds smoothly with only 1 mol% catalyst loading and excellent yields were
achieved. An intermediate containing an enamide with a non-conjugated terminal
C=C double bond was detected during the course of the reaction, which isomerizes
to form the thermodynamically favored 2-amido styrene. Mechanistic insight is gained

based on these observations.

Tian, Y.; Kunz, D. ChemCatChem 2020, DOI: 10.1002/cctc.202000597.
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Introduction

Catalytic isomerizations of small molecules are of great importance for synthetic
chemistry due to the ready availability of the substrates and the ideal atom economy
of the transformation. The isomerization of epoxides, known as the Meinwald
rearrangement, is an efficient method for the conversion of epoxides to carbonyl
compounds, such as aldehydes and methyl ketones, which is catalyzed by Lewis
acids to obtain aldehydes!"l and promoted by Lewis acids with nucleophilic catalysts
to yield methyl ketones.”! Recently, our group has realized the chemo- and
regioselective isomerization of a diverse range of epoxides including the challenging
a-aryl oxiranes, with the highly nucleophilic rhodium bis(NHC) pincer catalysts A-C to
obtain almost exclusively methyl ketones in excellent yields under very mild
conditions.?®-¢l Aziridines, the analogue of epoxides, are quite useful building blocks
in both organic and pharmaceutical chemistry.®! The most popular reaction for an
aziridine transformation is the generation of gB-lactams catalyzed by transition-metal
complexes under the exposure of carbon monoxide. Most recently, the ring opening
of aziridines was well-studied and it behaves as an effective pathway to gain 3-
functionalized amines which can easily be transformed further.?!

However, the isomerization of aziridines has been rarely investigated. In 2002, the
Nakayama group reported a Lewis acid catalyzed aza-pinacol rearrangement of
various N-tosyl aziridines to N-tosyl imines with BFs.! One year later, the Wolfe
group introduced the palladium-catalyzed isomerization of terminal N-tosyl aziridines
to sulfonyl ketimines (Scheme 1, (a)).! Recently, Lledds, Riera and coworkers
described an iridium-catalyzed isomerization of geminal disubstituted N-sulfonyl
aziridines to allyl amines (Scheme 1, (b)).E!

The potential products of the aziridine isomerization are manifold, such as the
mentioned N-tosyl imines and allyl amines. Another kind of products expected are
enamides which are valuable substrates for the asymmetric hydrogenation to gain
access to optically pure amides.®® Common methods to generate enamides usually
include reacting ketones with amides!' or applying its derivatives such as vinyl
halides, triflates and tosylates with amides through transition-metal catalyzed cross-
coupling reactions.l'" Recently, the Beller group described the Pd-catalyzed
carbonylation reaction of imines to enamides.['?l Herein, we provide an alternative

synthetic strategy for the preparation of various enamides via the selective
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isomerization of terminal aziridines catalyzed by highly nucleophilic rhodium catalysts
(Scheme 1, (c)).

(a) Wolfe group

Ts Ts
N 2-4 mol% Pd(PCysz), N
R” toluene, 70 °C R
(b) Lledds and Riera group _| BArF4

CySP\I /| .
=N’ r\i‘ \
@ R! —

R~ SO,R? . ? p
N 1 mol % HN—SO,R?
CH,Cly, 2-48 h, rt

(c) This work 1 mol% C
X 10 mol% LiNTf, TN
R—=— N, R
= PG CsDg, 4h,80°C ¥z HN\PG

Scheme 1. Isomerization of terminal aziridines with transition-metal complexes.

Results and Discussion

The synthesis of the aziridine candidates usually started from commercially available
phenylalanine derivatives. They were reduced firstly with NaBHs as the reducing
agent and |2 as the catalyst to obtain the corresponding amino alcohols in almost
quantitative yields.['3l Afterward, the amino substituent of the amino alcohols was
protected with the respective protecting group.l'¥ The last step was a one pot
reaction that consisted of converting the hydroxyl group into a better leaving group by
tosylation and the ring closure with the strong base KOH in refluxing THF.['SI All
desired terminal aziridines were generated in moderate to good yields.

With the successfully prepared terminal aziridines, different protecting groups on the
nitrogen atom were tested at the beginning (Scheme 2). The initial reaction
conditions were 5 mol% in situ generated B-X [?d and aziridines in CsDs at 60 °C for
24 h. Non-protected aziridine 1a was not reactive under these conditions. N-Acetyl
aziridine 1b was isomerized, but the desired product 2b was only formed in 40%
yield along with 28% of dihydrooxazole. The latter is formed in a Lewis acid catalyzed
side reaction with LiBr, as confirmed in a blank reaction. When the N-tosyl protected

substrate 1¢ was applied, the reaction went quite fast even at room temperature and
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full conversion was achieved after 2 h. However, the desired enamides were not
obtained due to polymerization as a side reaction. At 60 °C, 1d possessing the N-
Cbz group was converted smoothly to obtain the desired 2d in 77% yield. To our
delight, the N-Boc aziridine 1e can be rearranged at room temperature to yield the
corresponding enamides in 75% yield. Therefore, the N-Boc protecting group was

chosen for all further aziridines.

| By Bu
©/\(’L 5 mol% BiX X :
2B : N
\PG CgDs, 60 °C HN\PG ! N | N
1 i
| N ,’I \\\ N
H 0 | B+2LiBr+LiCl
1a 1b i -
NR 40%!P! ! gLiX
\ \ \
Ts Cbz Boc
1c 1d 1e
0%le-dl 7% 75%!cl

Scheme 2. Isomerization of terminal aziridines with different protecting groups (PG).?! (&l The yield of 2 was determined by 'H
NMR calibrated to 1,3,5-trimethoxybenzene (internal standard). ! Along with 28% of dihydrooxazole. [l rt. [ 2 h.

We tested the isomerization of N-Boc-2-benzylaziridine (1e) as the model substrate.
A series of isolated rhodium catalysts efficient for epoxide rearrangement was
applied. With the CO-containing catalyst A, only traces of the desired enamide were
detected after 24 h (Table 1, entry 1). Under the identical conditions, a better yield
(28%) was obtained with the more nucleophilic CO-free catalyst B and the best result
was achieved using catalyst C to yield enamide 2e in 57% yield (Table 1, entries 2
and 3). This can be rationalized with the enhanced nucleophilicity of the 16 e~
complex C with a high-lying HOMO, while the 18 e~ catalyst B requires the
dissociation of one olefin moiety to react as a nucleophile. A stronger Lewis acid,
necessary for the pre-activation of the aziridine was beneficial for the catalytic
reaction and the yield was increased to 66% when LiNTf, was used as the co-
catalyst (Table 1, entry 4). Furthermore, the reaction proceeds considerably fast

when it is carried out at elevated temperatures and the desired product 2e is
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Table 1. Rh-catalyzed isomerization of 1e: Optimization of the reaction conditions.!

[Cat.]
m Additive m
Boc  Solvent, T (°C) NHBoc
1e 2e
By By By By
'S
N N

A B C
Entry  Catalyst [mol%] "E‘r‘:]‘;ilti):f TCO)  Time o Yield 5
1 5 (A) 10 (LiBr) rt 24h <5 -
2 5 (B) 10 (LiBr) rt 24 h 28 50:50
3 5(C) 10 (LiBr) rt 24 h 57 50:50
4 5(C) 10 (LINTF) rt 24 h 66 47:53
5 5(C) 10 (LINTF) 40 4h 87 47:53
6 5(C) 10 (LINTF) 60 4n 87 45:55
7 5(C) 10 (LiNTF2) 80 4h 96 41:59
8 5(C) - 80 4h 0 ;
9l 5(C) 10 (LiNTf) rt 24 h <5 ;
10 5(C) 10 (LINTF) rt 24 h <5 ;
11 3(C) 10 (LINTF) 80 4n 91 40:60
4h 90 54:46
12 1(C) 10 (LiNTF,) 80
24 h 90 33:67
13 1(C) 20 (LiNTf2) 80 4h 93 45:55
14 1(C) 5 (LiNTF.) 80 7h 86 28:72
15 1(C) 70 (B(CsFs)s) rt 2h 236l 57:43
1610 1(C) 10 (LINTF) 80 4n 88 35:65
17 1(C) 10 (LINTF) 80 4h 88 36:64
18 - 10 (LiNTf2) 80 4h 0 ;

[a] All the reactions were carried out in J. Young NMR tubes and the additive was pre-activated with 10 yL THF-ds. [b]
The yield ("H NMR) of 2e was determined using 1,3,5-trimethoxybenzene as internal standard. [c] THF-ds as the
solvent. [d] CD3sCN as the solvent. [e] along with 40 % N-Boc deprotected product; full conversion of 1e. [f] 0.2 M of 1e.
[9] 0.4 M of 1e.
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obtained in 96% after 4 h at 80 °C (Table 1, entries 5, 6 and 7). To check the role of
the additive, LiINTf. was omitted and no reaction was observed after 4 h at 80 °C,
which shows that the Lewis acid is essential for the catalytic reaction (Table 1, entry
8). This also explains why the reaction almost stands still when the solvent CeDs is
replaced by THF-ds or CD3CN, which indicates competitive binding between THF-ds
or CD3CN and the substrate to the Lewis acid co-catalyst (Table 1, entries 9 and 10).
Surprisingly, full conversions were also obtained with lower catalyst loadings and 1
mol% catalyst C proved sufficient for a fast and selective isomerization (Table 1,
entries 11 and 12). Interestingly, the Z/E ratio was reversed when extending the
reaction time from 4 h to 24 h (with the Z/E ratio 54:46 and 33:67, respectively)
without influencing the reaction yield, which indicates the transformation of the
dynamically favored Z-(2e) isomer into the thermodynamically favored E-(2e) isomer.
The loadings of the Lewis acid co-catalyst were examined as well. The yield of
enamide 2e improved slightly with 20 mol% LiNTf. and a longer reaction time was
needed when only 5 mol% Lewis acid were used (Table 1, entries 13 and 14).
Usually strong Lewis acids are not compatible with carbamate protecting groups.
Nevertheless, we used 70 mol% of B(CsFs)s and found full conversion after 2 h room
temperature, but besides 23 % of the product, also 40 % of the deprotected product
was obtained (entry 15). Higher aziridine concentrations (0.2 mol/L and 0.4 mol/L,
respectively) rarely influence the reaction rate and the desired enamide was obtained
in comparable yields (Table 1, entries 16 and 17). Finally, a blank test without
rhodium catalyst C showed no conversion (Table 1, entry 18). The geometrical
selectivity was not so high (Z/E), which varied between 54:46 and 28:72. Thus, the
optimized reaction conditions (1 mol% C, 0.1 M aziridine, CeDs, 80 °C) were applied
to explore the generality of this protocol.

With the optimized conditions in hand, various N-Boc terminal aziridines were
converted successfully into the desired enamides (Scheme 3). The terminal
aziridines 1f and 1g, possessing weak electron-withdrawing chloro and bromo
substituents on the phenyl ring, were isomerized smoothly to yield the corresponding
enamides in excellent yield (94% and 93%, respectively). Interestingly, aziridine 1h
bearing a moderate electron-withdrawing fluoro group was rearranged much slower
and full conversion was obtained after 24 h in 95% vyield. To confirm this tendency,
substrate 1i bearing a strong electron-withdrawing nitro group was tested. Harsher

reaction conditions were required and the reaction can only be completed with 5
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mol% catalyst C in 24 h (86% yield for 1i). Notably, an intermediate bearing a
terminal C=C double bond was observed, which is fully rearranged to the desired
product. In comparison, aziridine 1j with a strong electron-donating substituent
(methoxy) was converted considerably fast and the reaction was finished in 3 h. The
corresponding enamides 2j were obtained in 95% yield. A closer look at the 'TH NMR
spectra monitoring the reaction of the other substrates 1e and 1h revealed the
formation of the respective intermediates as well. While the isomerization is fast for
the substrate with an electron donating substituent (1j), it becomes even rate limiting
in the case of 1h (14% left after 18 h) and 1i bearing electron-withdrawing
substituents. To check the feasibility of this novel method for synthetic chemistry, a
scaled-up reaction using 1e (1.3 mmol) and 1 mol% catalyst C was prepared and the
desired enamide 2e was isolated by column chromatography in 72% yield with the
Z/E ratio of 54:46.

1 mol% C

10 mol% LiNTf, X
R N ————————> R
\ Boc C6D5 80 °C, 4h NHBoc

(|

Intermediate

miBoc mBoc mljBoc

2e, 90% (72%,[1 54:46) 2f, 94% (28:72) 29, 93% (33:67)
NHBoc NHBoc NHBoc
2h, 95% (24 h, 41:59) 2i, 86% (24 h, 34:66)! 2j, 95% (3 h, 42:58)

Scheme 3. Substrate scope of the rhodium-catalyzed isomerization of N-Boc terminal aziridines.? @ The vyield of 2 was
determined by 'H NMR against the internal standard 1,3,5-trimethoxybenzene and Z:E ratios are given in brackets. ©10.3 g of 1e

(1.3 mmol) and 1 mol% catalyst C used; isolated yield of 2e in brackets. [/ 5 mol% catalyst C.

A nucleophilic mechanism for the aziridine isomerization by a palladium(0) catalyst
was suggested by the Wolfe group.l’l Together with the nucleophilic dual-activation
mechanism (substrate pre-activation by a Lewis acid) we have reported for the
epoxide isomerization, an analogous mechanism for the aziridines was proposed.[?®¢l
The fact that the Lewis acid additive and non-coordinating solvents are required

indicates a pre-activation of the terminal aziridines (Scheme 4, step (i)). This is
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followed by a nucleophilic attack of the 16 e~ Rh! catalyst C at the most electrophilic
side of the aziridine, which is also the least hindered position in this case (ii) and
formation of intermediate i-1 which is likely stabilized by the Lewis acid as well.
Subsequent B-hydride elimination (iii) could lead to the Rh"' hydrido complex i-2
which can either release the Intermediate by reductive elimination (iv) under
regeneration of complex C as observed for substrates containing electron
withdrawing groups, or isomerize directly to intermediate i-3 (v) from which the
thermodynamically favored product is released by reductive elimination under
recovery of catalyst C (vi). The isomerization of the Intermediate to the product 2
can either occur by re-coordination to the catalyst C under formation of the Rh'"!
hydrido complex i-2, or directly by, e.g. a Lewis acid catalyzed isomerization (vii). As
the isomerization rate of step vii is substrate depending and slows down in case of
more electron-withdrawing substituents, we assume that this step is Lewis-acid
catalyzed. [1,3]-H shifts are thermally forbidden and a resting state that requires the
oxidative addition of the Intermediate to the nucleophilic catalyst C under
reformation of the Rh"" hydrido complex i-2 would require the breaking of a strong NH

bond and thus seems less likely.

Boc Y Boc
ii I-X e
(i) N XY ]
L (i L
CH,R CH,R
1

Scheme 4. Proposed mechanism for the isomerization of terminal aziridines with transition-metal complexes.
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Conclusions

We have presented the selective isomerization of a series of terminal aziridines to
yield the desired enamides using the highly reactive nucleophilic rhodium catalyst C
under moderate conditions. Most of the tested aziridines were converted smoothly
with only 1 mol% catalyst loading and excellent yields were obtained. Intermediates
containing the terminal C=C double bond were detected during the course of the
reaction with substrates containing an electron poor group. The double bond
migrates to the internal C=C double bond to complete the reaction. Based on these
observations, a dual-activation mechanism including the activation of the substrate
by the Lewis acid and the nucleophilic opening by Rh catalyst is proposed. This novel

transformation provides an alternative strategy for the synthesis of enamides.
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Semihydrogenation of Alkynes
(Unpublished results)

Introduction

C=C double bonds are among the most valuable functional groups in organic
chemistry and the semihydrogenation of alkynes represents the most straightforward
strategy to form alkenes.!"! Since the reduction of C=C triple bonds to alkenes may
potentially lead to the formation of (E)- or (Z)-alkenes as well as saturated
hydrocarbons via over-reduction, it remains a great challenge to control the chemo-
and stereoselectivity of this reaction.’l’ Concerning the stereoselectivity of the
reaction, recent examples showed that (E)-alkenes were mainly delivered due to
secondary isomerization processesl®, except in some cases.*! Therefore, the
development of new and selective homogeneous semihydrogenation catalysts that

are able to produce (Z)-alkenes exclusively would still be of great advantages.

K [ BArT, ] H H

I I
[N NN Y
CyP——Co—PCy; 'PrP—Co—P'Pr, X N—Co—PBu;,
L /N /\
SiMe; Cl Cl Cl  Cl
Zhang, 2016 Luo and Liu, 2016 Luo and Liu, 2016
Bu Bu
- @ O Ll
X N
N N N N N
C | |
T Jr—ca—x(| [D>—de—
) N N
Mes / \ Mes O\( Br Br LO \
PhsP  Nj &
Fout, 2016 Madhu and Balaraman, 2018 = =
This work

Figure 1. The semihydrogenation of alkynes with well-defined cobalt complexes.

The semihydrogenation of alkynes based on transition-metals has experienced a
great development in the last decade. The major investigations have focused on
noble metals such as Pd,b Ru,® Rh,[l Au,® and Ir®], however, the number of well-

defined catalysts that apply Hz as the hydrogen source directly is surprisingly low.!'%

95



Chapter 5

Although several cobalt complexes have been confirmed to be efficient catalysts for
this reaction, only one report from the Fout group studied the semihydrogenation of
internal alkynes using bis(NHC) cobalt catalyst (Figure 1).['"% To continue our interest
in homogeneous catalysis with an array of the successfully generated [M(bimca)Hom°]
complexes,!'"l we decided to investigate the semihydrogenation of alkynes with the

novel CnncNCrne-pincer Co(l)-complex (1).

Semihydrogenation of Internal Alkynes

We tested the semihydrogenation of internal alkynes with 1,2-diphenylethyne (2) as
the model substrate. An initial test applying 10 mol% of 1 with 4 bar Hz in CeDs only
yielded over-reduced product 3 at 80 °C (Table 1, entry 1). The reaction was
improved with lower hydrogen pressures and the desired product 4 was obtained
exclusively with 1 bar Hx (Table 1, entries 2 and 3). Extending the reaction time to 72
h increased the conversion slightly (Table 1, entry 4). A lower temperature would
lead to the generation of 4 and a better result was obtained at 50 °C with a ratio of
26 : 74 (3 : 4) (Table 1, entries 5 and 6). Afterward, different solvents were tested.
Interestingly, almost the reverse ratio of 3 : 4 was gained when the coordinated
solvent THF-ds was used instead of CeDs, and no reactions were observed with
CD3OD or CD3CN as the solvent (Table 1, entries 7-9). Reasonably, lower
conversion was obtained when the reaction took place at 40 °C (Table 1, entry 10).
Increasing the hydrogen pressure from 4 bar to 8 bar at 40 °C resulted in the
formation of the (Z)-alkene (4), however over-reduced product was mainly formed
with 10 bar H> (Table 1, entries 11-13). The over-reduction may result from the
transformation of the desired product 4 to the alkane 3, thus the reaction mixture was
analyzed after 16 h at 10 bar H.. To our delight, the ratio of 3 and 4 was reversed
and 4 was obtained as the main product (Table 1, entry 14). To prohibit over-
reduction, a lower catalyst loading was applied. Surprisingly, the desired (Z)-1,2-
diphenylethene (4) was obtained exclusively in 75% vyield (Table 1, entry 15). For
comparison, the '"H NMR spectra of substrate 2, the generated alkane 3 and the (2)-
alkene 4 are presented in Figure 2. Further modification of the reaction conditions

was not undertaken because of time reasons.
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Table 1. The semihydrogenation of 1,2-diphenylethyne (2): Optimization of the reaction conditions.[!

catalyst 12/ Hy
. . solvent, T ‘/_\‘

2

Entry [Co] H2 Solvent T (°C) Time 3:4:5 Conv.
1 10 mol% 4 bar CeDs 80 °C 24 h 100:-:- 100%
2 10 mol% 2 bar CeDs 80 °C 24 h 91:9:- 94%
3 10 mol% 1 bar CeDs 80 °C 24 h -:100: - 40%
4 10 mol% 1 bar CeDs 80 °C 72 h -:100: - 45%
5 10 mol% 4 bar CeDs 60 °C 24 h 100:-:- 93%
6 10 mol% 4 bar CeDs 50 °C 24 h 26:74 : - 67%
7 10 mol% 4 bar THF-ds 50 °C 24 h 72:28 :- 73%
8 10 mol% 4 bar CDsOD 50 °C 24 h - NR
9 10 mol% 4 bar CDsCN 50 °C 24 h - NR
10 10 mol% 4 bar CeDs 40 °C 24 h -:100: - 25%
11 10 mol% 6 bar CeDs 40 °C 24 h -:100: - 54%
12 10 mol% 8 bar CeDs 40 °C 24 h -:100: - 58%
13 10 mol% 10 bar CeDs 40 °C 24 h 87:13:- 100%
14 10 mol% 10 bar CeDs 40 °C 16 h 29:71:- 67%
15 5 mol% 10 bar CeDs 40 °C 24 h -:100: - 76% (75%)™!

[a] All the reactions were carried out in high pressure J. Young NMR tubes. [b] In the brackets was the yield of 4

calibrated to 1,3,5-trimethoxybenzene (internal standard) with "H NMR.
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Figure 2. a) Substrate 2 (*) in CeDe (CsHDs: #). b) The generated alkane 3 (A) with the reaction conditions of entry 1 in table 1.
c) The generated (Z)-alkane 4 (§) with the reaction conditions of entry 15 in table 1 with 1,3,5-trimethoxybenzene (O) as the
internal standard.

Semihydrogenation of Terminal Alkynes

Similarly, the semihydrogenation of terminal alkynes with ethynylbenzene (6) as the
model substrate was explored. An initial test applying 10 mol% of cobalt catalyst 1
with 4 bar H2 in CeéDe was tested and the desired product styrene 8 was obtained
without over-reduction with the conversion of 32% (Table 2, entry 1). To increase the
conversion, the reaction time was extended to 7 days. To our delight, the reaction
was completed with a ratio of 1 to 99 (7 and 8) (Table 2, entry 2). We supposed that
the reaction rate would be even faster if it was rotated. Thus the NMR tube was
rotated with an evaporator rotary. Unfortunately, no improvement was made (Table 2,
entry 3). Increasing the hydrogen pressure from 4 bar to 10 bar resulted in the
formation of more over-reduced alkane product. (Table 2, entries 4-6). Surprisingly, a
much better result was obtained with 5 mol% catalyst loading and the desired styrene
8 was generated in 73% yield (Table 2, entry 7). For comparison, the 'H NMR
spectra of substrate 6 and the generated styrene 8 are presented in Figure 3. Further

modification of the reaction conditions was not undertaken because of time reasons.
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Table 2. The semihydrogenation of ethynylbenzene (6): Optimization of the reaction conditions. 8!

C catalyst1/H, AN
T solvent, 80 °C "

6 7 8
Entry [Co] H> Time 38:39 Conv.
1 10 mol% 4 bar 24 h -:100 32%
2 10 mol% 4 bar 7d 1:99 100%
30! 10 mol% 4 bar 7d 1:99 100%
4 10 mol% 6 bar 24 h 13:87 69%
5 10 mol% 8 bar 24 h 13:87 62%
6 10 mol% 10 bar 24 h 35:65 100%
7 5 mol% 10 bar 24 h 7:93 89% (73%)

[a] All the reactions were carried out in high pressure J. Young NMR tubes. [b] The reaction was rotated
with an evaporator rotary. [c] In the brackets was the yield of 8 calibrated to 1,3,5-trimethoxybenzene
(internal standard) with '"H NMR.

O
O
A

a) Alkene 8 h A A

iy, | ll ﬂ i\ - e A

#
*
*

*
b) Substrate 6

L s L e l
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Figure 3. a) Substrate 6 (*) in CeDs (CeHDs: #). b) The generation of styrene 8 (A) with the reaction conditions of entry 7 in table
2 with 1,3,5-trimethoxybenzene (O) as the internal standard.
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Conclusions

With the novel cobalt complex 1, the semihydrogenation of both internal and terminal
alkynes using 2 and 6 as the model substrates was studied. Excellent selectivity was
achieved from 2 to generate exclusively (Z)-alkene 4 under very mild conditions in
75% yield. In the case of terminal alkyne 6, elevated temperature was needed and
the desired product 8 was obtained in 73% yield with very good selectivity as well.

The results are extremely promising.

Experimental procedure

In an argon-filled glovebox a J. Young NMR tube was charged with a solution of the
alkyne (40 pmol), catalyst 1 (x mol%) and a certain amount of the internal standard
(1,3,5-trimethoxybenzene) in CsDe (0.4 mL). The tube was sealed, brought outside of
the glovebox, and attached to a Schlenk line. After a freeze-pump-thaw cycle with
liquid nitrogen, the tube was charged with H> (x bar) at room temperature. The
reaction mixture was heated at the given temperature and analyzed by 'H NMR

spectroscopy.
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Summary

The novel CnHcNCnHe-pincer rhodium complexes (A and B), bearing two homoallyl
moieties and one homoallyl moiety, were generated successfully. Afterward, the
regio- and chemoselective isomerization of various epoxides was tested. A wide
array of functionalized epoxides was tolerant with the Rh-catalyst systems and the
desired methyl ketones were generated almost exclusively from terminal epoxides
with excellent yields under very mild conditions, especially for a-aryl oxiranes. D/H
exchange experiments provide strong evidence for a B-hydride elimination/reductive
elimination pathway via a hydrido-Rh intermediate for the Rh-catalyzed nucleophilic
Meinwald reaction. Moreover, combining the Johnson-Corey-Chaykovsky
epoxidation with the isomerization would provide a very mild and oxidation-free

transformation of aldehydes into methyl ketones (Scheme 1).

(1-5 mol%) e Bu
° Bu By
B (1 mol%) O O
o LiBr (10 mol%) 0 N
1

RVL\\R2 CeDe, 1t, 1-2h R\)J\RZ [N>>;th 4<<Nﬂ \ T 3
N NN [ »—rn—( ]
\\ / N\ \| N

R' or RZ = H, alkyl, aryl

er N N W ’ \‘\
no additional Lewis acid L j
== o

excellent FG tolerance ] i
high regio- and chemoselectivity ‘ + 2 LiBr + LiCl
up to >99% vyield

Scheme 1. Catalytic isomerization of epoxides with Rh-catalysts.

The air and moisture sensitive cobalt(l) complex (C), based on the pentadentate
pincer bis-NHC ligand bimcat°m™, was successfully synthesized by two different
pathways and characterized with X-ray analysis and NMR spectroscopy. In addition,
the corresponding iridium complex (D) was generated as well. In contrast to the
highly reactive rhodium analogue (A), complexes C and D were much less active in
the nucleophilic epoxide isomerization. When the reaction was carried out in
presence of 1 bar H2 an increased activity was observed, however, on the cost of
side reactions. Furthermore, the hydrogenation of the N-homoallyl to N-n-butyl

substituents in complexes A and D, and the formation of hydrido pincer complexes (E
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and F) under these conditions were confirmed with X-ray structure analyses (Figure
1).

Bu Bu

D ’NTN tBu

N N
o el
N N R~
H NN
\ O N//LN’R \—/ Bu
-/ By \—/
=Co (C), Ir (D) M = Rh (E), Ir (F)

Figure 1. Left: Cobalt and iridium complexes (C and D) with the bimcafo™ ligand. Right: The products (E and F) from the
hydrogenation of complexes (A and D).

The selective isomerization of aziridines, which is analogous to epoxides, was
studied with the highly active Rh-catalyst B. The reaction proceeds smoothly with
only 1 mol% catalyst loading and excellent yields of enamides were achieved. An
intermediate containing an enamide with a non-conjugated terminal C=C double
bond was detected during the course of the reaction, which isomerizes to form the
thermodynamically favored 2-amido styrene. A plausible mechanism was proposed

based on these observations (Scheme 2).

Intermediate

Scheme 2. Catalytic isomerization of various terminal aziridines into enamides.

With the novel cobalt(l) complex C, the semihydrogenation of both internal and

terminal alkynes using 1,2-diphenylethyne and ethynylbenzene as the model
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substrates was studied. Excellent selectivity was achieved with 1,2-diphenylethyne to
generate exclusively (2)-1,2-diphenylethene under very mild conditions in 75% yield.
In the case of ethynylbenzene, elevated temperature was needed and the desired
styrene was obtained in 73% yield with excellent selectivity as well. The results are

extremely promising (Scheme 3).

O . O 5 mol% C /10 bar H,
o CeDe, 40 °C, 24 h O Q

Yield: 75%

N | N
D57
N\ N
/C\ _ 5mol% C /10 bar H, N j
— CgDg, 80 °C, 24 h == =
Yield: 73% c

Scheme 3. Selective semihydrogenation of both terminal and internal alkynes into olefins.
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Outlook

Considering the successful utilities of group 9 transition-metal complexes based on
the substituted bimca ligand in homogeneous catalysis, there is still a great potential

for further studies.

First of all, the results for the semihydrogenation of alkynes with the novel
[Co(bimcaHto™)] complex are extremely promising, thus more efforts should be taken
to screen the reaction conditions, broaden the substrate scope and study the

mechanism of the reaction.

Next, the hydrogenated complexes [Rh(bimca™B")(H).]. and [Ir(bimca™8")(H).]. should
be isolated. As the generation of alcohols was observed in the Meinwald
rearrangement when 1 bar H> was present, the hydrogenated complexes should be
tested on the hydrogenation of ketones, aldehydes and other compounds containing

unsaturated bonds.

Moreover, the reported [Rh(bimcat°™)] and [Rh(bimcaVeHomo)] complexes are very
nucleophilic and they should be tested in other catalytic reactions as well that need a

nucleophile to initiate the reaction such as ring opening and ring expansion reactions.

Furthermore, well-defined chiral transition metal complexes are quite rare and
attractive. The modification of the bimca ligand should be studied with some chiral
substituents to obtain chiral ligands. They can coordinate with transition metals and

may be able to catalyze reactions in an asymmetric manner.
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The development of the highly active pincer-type rhodium catalyst
2 for the nucleophilic Meinwald rearrangement of functionalised
terminal epoxides into methyl ketones under mild conditions is
presented. An excellent regio- and chemoselectivity is obtained for
the first time for aryl oxiranes,

Epoxides are important intermediates in organic synthesis as
they undergo various useful transformations." Among those,
the isomerisation to carbonyl compounds (Meinwald reaction)
has gained increased attention, and various kinds of catalysts
have been reported so far.** Most abundant is the Lewis acid
catalysed isomerisation in which the selectivity is determined
by formation of the most stable carbenium intermediate followed
by an H-shift that leads to aldehydes as the major product in the
case of terminal epoxides (Scheme 1a).*® The inverse selectivity
is obtained with nucleophilic catalysts that attack the more
electrophilic site (usually the less substituted one) of the epoxide.
After rearrangement vig a formal H-shift, methyl ketones are
formed from terminal epoxides (Scheme 1b).” This selectivity is
very attractive, as it could substitute the Wacker oxidation by a
two-step epoxidation-isomerisation sequence for temperature
andfor Lewis acid-sensitive olefins.”? Moreover, combining the
Johnson-Corey-Chaykovsky epoxidation with the isomerisation
would provide a very mild and oxidation-free transformation of
aldehydes into methyl ketones, which is usually carried out by

a) Lewis acid catalysed pathway b) Nucieophile catalysed pathway
g M
a H-shit| o ) 0 Co| Henin
s [Nu]
LM -M‘ﬁ?&“ - o g P
aldehyde ] methyl
ketone

Scheme 1 Catalytic isomerisation pathways of terminal epoxides: formation
of aldehydes versus methyl ketones **
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Morg lle 18, 72076 Tibingen, Germany. E-mail: Doris. Kunz@uni-tuebingen.de
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Regio- and chemoselective rearrangement of
terminal epoxides into methyl alkyl and aryl
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addition of a methyl-Grignard reagent to the aldehyde, followed
by alcohol oxidation.

So far all nucleophilic Meinwald reactions require a pre-
activation of the epoxide by Lewis acids. In the first report in
1962 by Eisenmann,” the Co(i)-Lewis acid co-catalyst and the
nucleophilic [Co(CO),]  catalyst are formed in situ by dispro-
portionation of [Co,(CO);] in methanol. A similar principle is
likely applicable to the case of Pd-catalysis, in which the Pd(0)
catalyst is formed in situ from Pd(u).”® The presence of the latter
can explain the Lewis acid catalysed selectivity in favour of
aldehydes in the case of aryl oxiranes. Nucleophiles like iodide
and bromide can also serve as catalysts in combination with
Lewis acids like Li" 7™ or sm®".”/ Recently, we have shown that
the combination of the nucleophilic Rh-pincer complex 1*
(Fig. 1) and LiNTY, is suitable for the regioselective isomerisation
of terminal alkyl epoxides to methyl ketones” and soon after
Coates reported the highly active complex [Al(porphyrin)]’
[Co(CO),]"."# In both cases, the isomerisation of phenyl oxirane
led only to mixtures of phenyl ethanal and phenyl methyl
ketone (2:3 (Rh), 3:2 (Co)), which indicates a competition
between the Lewis acidic and the nucleophilic pathway. Therefore,
enhancing the selectivity for phenyl oxiranes as well as increasing
the activity of the catalyst was the primary goal of our investigations,
whose results are reported in the following.

Catalyst 1 requires elevated temperature (60 “C) and a co-catalyst
(20 mol% LiNTf,) to achieve full conversion within 2 h in the

Ar [Co(CO)

= =

1 Ar=pCIPh, S = THF 2

Kunz, 2015 Coates, 2015 this work

Fig. 1 Examples of nucleophilic epoxide isomerisation catalysts.
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case of terminal alkyl oxiranes.” An additional substrate scope
(see ESIT) revealed a high functional group tolerance for many
substrates, but a substantial drop in conversion and/or yield was
recognised. To overcome these drawbacks we supposed that a
CO-free Rh-catalyst would further increase the nucleophilicity
of the metal centre and thus reduce the need for a Lewis acid
co-catalyst. However, all attempts to synthesise a CO-free version
of 1 by using [Rh(u-C1)(COD)], or [Rh(u-CI)(C,H,).], as starting
material failed and revealed a complex product mixture in the
NMR spectra. Increasing the steric bulk at the carbene by N-iPr
groups lead only to a bridged dinuclear complex.'’ Therefore,
we tried to reversibly coordinate olefin moieties intramolecularly,
which could also stabilise the complex during catalysis and
increase its lifetime.

We found the earlier reported N-homoallyl substituted
ligand bimea™™°'* to fulfil these criteria (Scheme 2). Prepara-
tion of 2 was achieved by deprotonation of Hbimea"*™®-2HBr
with LIHMDS and subsequent addition of [Rh(p-CI)(COD)],.
Removal of COD in vacuo yielded 2 along with LiBr and LiCl
quantitatively. As the lithium salts turned out to be necessary
for the catalytic activity of 2 (vide infra), we did not remove
them, but used this mixture 2" for catalysis. To obtain the pure
complex 2, we transmetalated from the potassium complex
[K(bimea"™")] generated in situ by deprotonation of Hbimea'™™-
2HBr with KHMDS." The potassium halides formed were readily
removed by filtration.

The molecular structure of 2 (Fig. 2] is revealed by NMR
spectroscopic analysis and DFT calculations. The single signal
set confirms a symmetric coordination mode of the ligand.
Coordination of both double bonds and both earbene moieties
to the Rh-centre is confirmed not only by the up-field shift of
the respective signals in the '*C NMR spectrum to 185.5 ppm
(carbene), 55.9 (C15) and 51.1 ppm (C14), but also by the "Jyne

Bu Bu
O O 1. 3 eq LIHMDS
2.0.5 eq [Rh{u-CI)(COD]J
N
H

v iBr + LiCl
i & THE 1t 2+ 2LiBr
Ly = «J 2t
N° g N7 1.3eqKHMDS
2. 0.5 eq [Rh{p-CI)(COD)}
= i THF, -30 *C £
-2 KBr, - KCI

Hbimca'e™e-2HBr

Scheme 2 Synthesis of the rhodium pincer complex 2.

“H

trans

Fig. 2 Calculated structure of 2 with tert-Bu groups depicted in wire-
frame for clarity.
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coupling of 33.9 (carbene), 6.7 (C15) and 11.3 Hz (C14). DFT
calculations also predict a pentacoordinating ligand with
both olefin moieties contributing to the trigonal bipyramidal
coordination mode at the Rh centre and an orientation in line
with the trigonal base.'" The four 'H NMR signals for the
methylene protons (H-12, H-13) of the homoallyl moiety were
assigned according to their coupling constants and NOE to the
axial and equatorial protons of the six membered metallacycles.
The signals of the olefinic protons are strongly shielded
(4.18-4.10 (H-14), 2.41 (H-15.4), 1.67 ppm (H-15,,,)) and the
reduced coupling constants of only 8.0 (cis) and 9.9 Hz (trans)
can be explained by the reduced s-character due to the coordination
with the Rh-centre.

Wwith the rhodium complex 2 in hand, we tested the iso-
merisation of 1,2-epoxyhexane (3b) as the model substrate. An
initial test applying 5 mol% of complex 2"* in THF-d revealed
only low conversion at room temperature (Table 1, entry 1),
which improved by raising the reaction temperature to 60 "C
and adding LiNTf{, as co-catalyst (Table 1, entry 2). Interestingly,
full regioselectivity and quantitative yields were obtained in
short reaction times at room temperature when toluene-dy
(3 h) or CsDg (2 h) were used as solvent (Table 1, entries 3 and 4).
We suppose that the poor conversion in THF-dy derives from
competitive binding between THF and the substrate to the
Lewis acid co-catalyst.'”” To test whether the residual lithium
halides are still necessary as a Lewis acid co-catalyst we applied
the isolated catalyst 2 in CsDg. No catalytic activity was found
under these conditions (Table 1, entry 5). Surprisingly, addition
of 10 mol% of LiBr achieved no improvement, but small
amounts of THF (20 pL) restored the catalytic activity fully,

Table 1 Rh-Catalyzed isomerisation of 1.2-epoxyhexane (3b): optimisa-
tion of the reaction conditions”

Q 2 ar 24X =}
A\/\/ e T )I\/‘\/
solvent, it
3b 4b
Catalyst [mol%] + Conc. 3b Yield”

Entry  additive [mol%) Solvent [mol L™*]  Time [%]

1 5 (2" THF-dy 0.1 2h <5
25 5 (2% THF-dy 0.1 55d 88
3 5 (2" Toluene-d; 0.1 ih =99
4 5 (2% CeDg 0.1 2h =99
5 5(2) CeDe 0.1 2h 0
6 5 (2) + 10 (LiBr) CsDy 0.1 1h 0
77 5(2) + 10 (LiBr) CeDg 0.1 3h =99
8 10 (LiBr) CeDg 0.1 24 h 0
97 10 (LiBr) CeDe 0.1 24 h 0
10 4 (2" CeDg 0.1 3h =99
11 3 (2" CeDy, 0.1 8h =99
12 2 (2" CeDg 0.1 9h >99
13 1 (24 CeDg 0.1 7d =99
14° 1 (2"%) CeDg 0.1 ad 87
15 1(2'%) Celg 0.1 ad 93
16 1(2'%) CeDs 0.2 24h  >99
17 1 (2% CeDg 0.4 14h  >99
18 1 (2'%) Celg 1.0 ih 98

“ Carried out in J. Young NMR tubes. ” Yield ("H NMR) of 4b calibrated
to 1,3,5-trimethoxybenzene (internal standard); conversion = yield.
“ with 20 mol% LITNFf,. * With 20 L THF. © At 40 "C./ At 60 °C.
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which can be explained by the enhanced solubility of LiBr'®
(entries 6 and 7). As lithium halides are known catalysts for the
Meinwald reaction, albeit at elevated temperau:ure,”"d we tested
them under our conditions at room temperature. Neither
lithium bromide nor solubilised lithium bromide (by 20 uL
THF) were able to catalyse this reaction (entries 8 and 9). These
results clearly show that catalyst 2 is much more active than
catalyst 1 and thart at least a weak Lewis acid co-catalyst is still
necessary.

Lowering the catalyst loading from 5 mol% to 1 mol% at
constant concentration of the substrate did not affect the
regioselectivity but required a longer reaction time (Table 1,
entries 10-13). A higher temperature accelerated the reaction,
but it still needed several days for completion using 1 mol% of
catalyst (Table 1, entries 14 and 15). Epoxide concentrations of
0.4 mol L™" and 1.0 mol L ™" (Table 1, entries 16-18) shortened
the reaction time substantially and the reaction is about
10 times faster compared to literature.” Even though 1 mol%
of catalyst loading was sufficient for the model reaction at high
concentrations, further experiments showed that it may lead to
polymerisation of functionalised epoxides (especially with ester
groups). Thus, the optimised reaction conditions (5 mol% 25X
0.1 M epoxide, C¢gDjg, room temperature) were applied to explore
the generality of this protocol.

Using complex 2" as the catalyst, 13 functionalised terminal
epoxides were converted successfully into the desired methyl
ketones (Scheme 3). The alkyl substituted epoxides 3a-d and the
methoxy epoxide 3e were transformed into the desired products
4a-e almost quantitatively with full regioselectivity. The only
exception was tert-butyloxirane (3c¢), which could be obtained in
only 11% yield after 10 days, possibly due to steric effects. In the
case of hydroxyl (3f) and sulfonamide groups (3g) the isomerisation
progressed slowly, which might reveal a competing influence of the

2 5morey 9
&R CeDs. 1t )I\R
3a-n

4a-n

o]

o] o j\ Lo} Q
I
)\ )knﬂu 1B )I\Cy )I\/o\ )K/DH
4a Go% 4b 99% 4c 1% 4d 99% 4e 99% 4f 99%
(1h) (2 h) (10d) (5h) {1h) (24 h)
Lo Sorn Firnder Ao
)J\,NHTs */\cozeq G)K/ COsEL
4g 97% 4h 99% 41 90% 4j 81%2
(24 h) 2h) {8h) 2h
Hoon S 2™ 2 Q
1 ~er,
4k B1% 41 99% (82%)" 4m 55% 4n 99%
2h) 2h @h) 2h)

Scheme 3 Rh-Catalyzed regio- and chemoselective isomerisation of
terminal epoxides. Standard reaction conditions: substrate (50.0 pmol),
2% (5 mol%), CeDg (0.5 mL), rt. at the given time. Carried out in J. Young
NMR tubes, Yield (*H NMR) calibrated to 1,3,5-trimethoxybenzene (internal
standard). 14% of unreacted epoxide left. ®Isolated yield after column
chromatography of a 1 mmaol scale experiment,
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acidic protons, nonetheless 4f and 4g were formed in 99% and 97%
yields. Notably, catalyst 2™ is well suited for the isomerisation of
terminal epoxides 3h-k with ester groups and afforded 4h-k with
high regio- and chemoselectivity. 3j reacts a bit slower than 3h,
which might be due to its s-acidity. Furthermore, 2-benzyloxirane
(31) and its methoxy (3m) and trifluoromethyl (3n) congeners were
isomerised to the methyl ketones 4b-n quantitatively. Internal
epoxides react considerably slower.§

The selective rearrangement of aryl oxiranes to methyl ketones
has not been achieved so far due to the Lewis acid catalysed side
reaction.”**” Therefore, we applied our new catalyst 2" also in
the isomerisation of aryl oxiranes (Table 2). With styrene oxide
(5a) we found an unprecedented good ratio between aceto-
phenone (6a) and 2-phenylacetaldehyde (7a) of 40: 1. To our delight,
acetophenones 6b-d bearing the strong electron-withdrawing
trifluoromethyl substituent were obtained regioselectively in
excellent yield. This counts also for the terminal epoxides 5e-j
possessing fluoro, chloro and bromo substituents (>99:1). Aryl
oxiranes containing electron-donating groups (methyl or methoxy)
were converted into 6k and 6l with still very good regioselectivities
of 21:1 and 10:1 favouring the methyl ketones (6k, 6l) over the
aldehydes (7k, 71) in good to moderate yields. Notably, epoxide 5l is
extremely sensitive towards Lewis acids in CgD; at room
temperature. In two control experiments without catalyst 2,
10 mol% of LiBr and 5 mol% of LiCl as well as 10 mol% Lil were
added to the aryl oxirane 51 in CgDg. After few days (LiBr/Cl) or

Table 2 Regio- and chemoselective isomerisation of aryl oxiranes 5a-m?

2
2L (5 it
T B
CgDg, 2 b, 1t

Sa-m Ba-m Ta-m
Entry  Epoxide 5 6 yield” [%]  Ratio (6:7)
o
1 5a ©/L\ 6a, 95 40:1
2 5h o] m- 6b, 98 >59:1
3° 5¢ el o- 6c, 91 =>99:1
4 5d L o 6d, 99 =99:1
5 5e ] F- 6€, 99 >99:1
6 5f % cl-  6f, 99 >99:1
7 5g Br-  6g, 99 >99:1
8 5h o F- 6h, 85 91:1
9 5i )@/"‘ Ck 6,92 ~99:1
10 5 i Br- &), 82 >99:1
N
11 5k 6k, 77 21:1
Q
12 5l /©/L\ 6l, 57 10:1
MeQ
[+
13¢ 5m S 6m, 75 7:1
=

“ Standard reaction conditions: epoxide (50.0 pmol), 2"% (5 mol%),
CgDyg (0.5 mL), r.t. Carried out in J. Young NMR tubes. * Yields ('H NMR)
calibrated to 1,3,5-trimethoxybenzene (internal standard). © At 80 "C for
2 days. ¥ 22 h.
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23 h (LiI), only formation ot the aldehyde 71 and other, possibly
polymerisation products (Fig. S5, ESIT), was observed. The oxirane
5m bearing a +I substituent in ortho position can be transformed
into 6m with still good regioselectivity and in good yield after 22 h.

In conclusion, the new CO-free rhodium complex 2 led to
significant improvement of the nucleophilic Meinwald reaction
with respect to lower reaction temperature, catalyst loading and
the absence of additional Lewis acids. It also shows a high
functional group tolerance. The stronger nucleophilicity of
complex 2 is crucial for the excellent regioselectivity achieved
in the case of aryl oxiranes, which can get isomerised for the
first time almost exclusively to the methyl ketones. Thus, we
have broadened the scope of this reaction, which should be very
valuable for organic synthesis, especially in combination with
the Johnson-Corey-Chaykovsky reaction.
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1. General information

Unless otherwise noted, all reactions were carried out under an argon atmosphere in dried and
degassed solvents using Schlenk technique. Toluene, Pentane, dichloromethane and tetrahydrofuran
were purchased from Sigma Aldrich and dried using an MBraun SPS-800 solvent purification system.
All lithium salts used were obtained from commercial suppliers, dried in vacuum and used without
further purification. Epoxides obtained from commercial suppliers and synthesised epoxides were
degassed through freeze-pump-thaw cycles prior to use. Hbimeca"®™-2HBr " and rhodium complex
1P were synthesised according to the literature procedures. 'H and "C NMR spectra were recorded
using a Bruker ARX 250 and AVANCE lI+ 400 spectrometer. Chemical shifts & (ppm) are given relative
to the solvent’s residual proton and carbon signal respectively: THF-ds: 3.58 ppm ('H NMR) and 67.57
ppm ("*C NMR); C¢Dg: 7.16 ppm ('H NMR) and 128.39 ppm ("°C NMR); CDCly: 7.27 ppm ('H NMR)
and 77.00 ppm ("°C NMR); DMSO-ds: 2.50 ppm ('H NMR) and 39.51 ppm (°C NMR). Coupling
constants (J) are expressed in Hz. Multiplets were assigned as br s (broad singlet), d (doublet), dd
(doublet of doublets), ddd (doublet of doublet of doublets), dt (doublet of triplets), m (multiplet), q
(quartet), qd (quartet of doublets) s (singlet), t (triplet) and tt (triplet of triplets). Assignment of peaks

was made using 2D NMR correlation and NOE spectra.
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2. Synthesis of terminal epoxides

2-Cyclohexyloxirane (3d)*
0]

= mCPBA / DCM
0°C to rt, overnight

3d

To a solution of vinylcyclohexane (1.10 g, 10.0 mmol) in DCM (30 mL), meta-chloroperoxybenzoic acid
(2.72 g, <77 % purity, 11.0 mmol) was added at 0 °C and the resulting mixture was stirred overnight at
room temperature. The reaction mixture was filtered and the solvent was removed under reduced
pressure. The residue was dissolved in ethyl acetate (50 mL) and washed with 10% Na,SO; (3 x 25
mL), 10% NaHCO; (4 x 25 mL), water (25 mL) and brine (25 mL). The organic phase was dried over
Na,SO., filtered and evaporated in vacuo to obtain 3d (59%) as a colorless liquid.

"H NMR (400 MHz, CDCl3) 8 = 2.72-2.70 (m, 2H), 2.53-2.51 (m, 1H), 1.89-1.86 (m, 1H), 1.76-1.63 (m,

4H), 1.30-1.05 (m, 6H). *C NMR (101 MHz, CDCls) 5 = 56.6, 46.0, 40.4, 29.7, 28.8, 26.3, 25.7, 25.5.

4-Methyl-N-(oxiran-2-yImethyl)benzenesulfonamide (3g)”

TsCl/ DCM mCPBA/DCM O
agetitly SO, e oM e TR DR NHTs
0°Ctort,3h 7 0°Ctort, 2d L>\3/
9

To a solution of 4-toluenesulfonyl chloride (1.90 g, 10.0 mmol) in anhydrous dichloromethane (50 mL),
allylamine (1.20 g, 21.0 mmol) was added dropwise at 0 °C and the resulting mixture was stirred for 3 h
at room temperature. The reaction mixture was washed with 10% citric acid (2 x 25 mL), water (25 mL)
and brine (25 mL). The organic phase was dried over Na,SO;, filtered and evaporated in vacuo to
obtain N-allyl-4-methylbenzenesulfonamide. The compound obtained was used directly without
purification. To a solution of N-allyl-4-methylbenzenesulfonamide in DCM (30 mL), meta-
chloroperoxybenzoic acid (2.72 g, <77% purity, 11.0 mmol) was added at 0 °C and the resulting
mixture was stirred for 48 h at room temperature. The reaction mixture was filtered and the solvent was
removed under reduced pressure. The residue was dissolved in ethyl acetate (50 mL) and washed with
10% Na,S0O; (3 x 25 mL), 10% NaHCO; (4 x 25 mL), water (25 mL) and brine (25 mL). The organic

phase was dried over Na,SO,, filtered and evaporated in vacuo to obtain 3g (87%) as a white solid.
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'H NMR (400 MHz, CDCls) & = 7.77-7.74 (m, 2H), 7.33-7.31 (m, 2H), 4.76-4.74 (m, 1H), 3.38-3.32 (m,
1H), 3.09-3.01 (m, 2H), 2.77-2.75 (m, 1H), 2.64 (dd, J = 4.7, 2.3 Hz, 1H), 2.44 (s, 3H). °C NMR (101

MHz, CDCl;) 6 = 143.7, 136.8, 129.8, 127.0, 50.2, 45.1, 44.3, 21.5.

Ethyl 3-(oxiran-2-yl)propanoate (3h)“

OEt mCPBA/DCM 0O
= e e
_/\/Y [}\\/\ CO,Et
3h

o reflux, 18 h

Ethyl pent-4-encate (3.00 g, 23.4 mmol) and meta-chloroperoxybenzoic acid (5.77 g, <77% purity, 23.4
mmol) were dissolved in CHzCl. (90 mL) and stirred for 18 h in an oil bath at 50 °C. The white solid
was filtered off and the filtrate was washed with 10% NaHSO; (100 mL), 10% NaHCO; (3 x 50 mL) and
H,O (2 x 50 mL). The crude product was dried over Na,SO, then carefully concentrated without
external heating. The desired product 3h (59%) was obtained as a colorless liquid by distillation, b.p.
30-33 °C (9.0 x 10 mbar).

'H NMR (400 MHz, DMSO-ds) 8 = 4.06 (q, J = 7.1 Hz, 2H), 2.93-2.90 (m, 1H), 2.68-2.66 (m, 1H),
246 (dd, J = 5.1, 2.7 Hz, 1H), 2.39 (t, J = 7.4 Hz, 2H), 1.82—1.64 (m, 2H), 1.18 (t, J = 7.1 Hz, 3H). *C

NMR (101 MHz, CDCl;) 8 = 172.8, 60.5, 51.2, 47.1, 30.4, 27.6, 14.2.

2-(Oxiran-2-yl)ethyl propionate (3i)®®

o [0}
EtCOC|/ TEA J_L mCPBA/DCM O
T, —_— . J_J\
= OH toluene, R 0°Ctort, 1h l>\’/‘\‘0 Et
0 °C to rt, overnight 3i

To a mixture of 3-buten-1-ol (3.00 g, 41.6 mmol) and triethylamine (5.06 g, 50.0 mmol) in toluene (30
mL), propionyl chloride (4.04 g, 43.7 mmol) was added dropwise with vigorous stirring at 0 °C. The
reaction was allowed to warm to room temperature and stirred overnight. The solution was washed
with cold water (3 x 20 mL) and brine (100 mL). After drying over Na,SQ,, the solvent was removed
under reduced pressure to yield but-3-en-1-yl propionate as a crude oil. To a stirred solution of crude
but-3-en-1-yl propionate (2.75 g, 21.5 mmol) in CH.Cl. (20 mL) at 0 °C, meta-chloroperoxybenzoic acid
(5.55 g, <77% purity, 23.2 mmol) was added and the reaction was allowed to warm to room

temperature. After stirred for 1 h, excess peroxide was quenched by the slow addition of 10% NaHSO;
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(50 mL) at 0 °C, followed by slow addition of NaHCO; until bubbling ceased. The product was
extracted with CH,Cl, (3 x 30 mL) and washed with brine (50 mL). The organic phase was dried over
Na,SO, and the solvent was removed under reduced pressure. The crude product was purified by
distillation and the desired product 3i (26%) was obtained as a colorless liquid, b.p. 27-33 °C (9.0 x 10
% mbar).

'H NMR (400 MHz, CDCl;) 5 = 4.24 (t, J = 6.2, 2H), 3.04-2.99 (m, 1H), 2.80-2.78 (m, 1H), 2.51 (dd, J
=5.0, 2.7 Hz, 1H), 2.35 (q, J = 7.6 Hz, 2H), 1.97-1.78 (m, 2H), 1.15 (t, J = 7.6 Hz, 3H). >C NMR (101

MHz, CDCl;) 8 = 174.3, 61.2, 49.5, 46.8, 31.9, 27.5,9.1.
Ethyl 2-(oxiran-2-yl)acetate (3j)"

9] o]
EtOH / TEA mCPBA /DCM O
it il e 0 e i R CO5Et
A‘)LC| f\)LOEt I}\/ 2

0°Ctort, 3h i, 6h
3j

To the cooled mixture of triethylamine (4.84 g, 47.8 mmol) and ethanol (3.31 g, 71.7 mmol), crotonoyl
chloride (4.50 g, 47.8 mmol) was added dropwise at 0 °C and the reaction was allowed to warm to
room temperature. After stirring for 3 h, 10% NaHCO; (10 mL) was added to the reaction mixture,
followed by water (20 mL). The reaction mixture was extracted with diethyl ether and pentane (70 mL).
The organic layers were combined and washed with brine. The crude product was dried over Na,SO,
then carefully concentrated without external heating. The compound obtained was used directly without
further purification. To a stirred solution of crude ethyl but-3-enocate (3.54 g, 31.0 mmol) in CH,CI (20
mL), meta-chloroperoxybenzoic acid (7.64 g, <77% purity, 31.0 mmol) was added and the solution was
stirred for 6 h. The reaction mixture was washed with 10% NaHSO; (30 mL), NaHCO; (sat., 30 mL)
and brine (3 x 30 mL). The organic phase was dried over Na,S0O, and the solvent was removed under
reduced pressure. The crude product was purified by distillation and the desired product 3j (32%) was
obtained as a colorless liquid, b.p. 25-27 °C (3.1 x 102 mbar).

"H NMR (400 MHz, C¢D¢) 5 = 3.89 (q, J = 7.1 Hz, 2H), 3.03-2.99 (m, 1H), 2.30-2.26 (m, 1H), 2.09-
2.21 (m, 2H), 2.00 (dd, J = 5.1, 2.5 Hz, 1H), 0.90 (t, J =7.1 Hz, 3H). *C NMR (101 MHz, CDCl;) 8 =

170.4,60.9, 48.0, 46.7, 38.1, 14.2.
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Oxiran-2-ylmethyl propionate (3k)*

0
L&\/OH EtCOCI/ TEA L\\’O\H’Et

toluene
D°Ctort, 1h 3k ©

Propionyl chloride (6.24 g, 67.5 mmol) was added dropwise with vigorous stirring to a mixture of
glycidol (5.00 g, 67.5 mmol) and triethylamine (8.26 g, 81.0 mmol) in toluene (30 mL) at 0 °C. After 1 h,
the mixture was allowed to warm to room temperature. The solution was rapidly washed with cold
water (3 x 20 mL) and brine (20 mL). The organic phase was collected, dried over Na,S0O,4 and distilled
twice to obtain the desired product 3k (53%) as a colorless liquid, b.p. 82-85 °C (12.0 mbar).

'H NMR (400 MHz, CDCl3) & = 4.42 (dd, J = 12.3, 3.1 Hz, 1H), 3.93 (dd, J = 12.3, 6.3 Hz, 1H), 3.23—
3.19 (m, 1H), 2.85 (t, J = 4.5 Hz, 1H), 2.65 (dd, J = 4.9, 2.6 Hz, 1H), 2.39 (q, J = 7.6 Hz, 2H), 1.18-1.14

(t, J = 7.8 Hz, 3H). ®C NMR (101 MHz, CDCl;) 8 = 174.2, 64.8, 49.4, 44.6, 27.3, 9.0.

2-(4-Methoxybenzyl)oxirane (3m)®

o
/©/\/ mCPBA / DCM /©/\<é)
MeO MeOQ

0°Ctort,3h
Im

A solution of 1-allyl-4-methoxybenzene (3.00 g, 20.3 mmol) in CH,Cl, (75 mL) was cooled to 0 °C with
an ice bath and meta-chloroperoxybenzoic acid (3.50 g, <77% purity; 20.3 mmol) was added portion
wise. The mixture was allowed to warm to room temperature and then stirred until TLC indicated
complete consumption of the starting material. After completion, NaHCO; (sat., 75 mL) was slowly
added and the mixture was stirred vigorously until bubbling ceased. The organic layer was separated
and washed with 10% NaHSO; (100 mL) and brine (70 mL), and then dried over Na,S0,. After removal
of the solvent by rotary evaporation, the crude product was purified by chromatography on silica gel
(EtOAc/hexane, gradient 5:95 to 20:80) to afford the desired product 3m (87%) as a colorless liquid.

'H NMR (400 MHz, CDCl;) 8 = 7.20-7.16 (m, 2H), 6.89-6.85 (m, 2H), 3.81 (s, 3H), 3.16-3.13 (m, 1H),
2.91-2.75 (m, 3H), 2.55-2.53 (m, 1H). °C NMR (101 MHz, CDCl;) d = 158.4, 130.0, 129.1, 113.9,

55.2, 52.6, 46.8, 37.8.
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2-(3-(Trifluoromethyl)benzyl)oxirane (3n)"**!

Br e =
1) Mg/ LiCl/ THF, i, 2h | mCPBA / DCM ©/\(é
o _—
2) Fe{acac)s / allyl acetate 0°Ctort T
CF3 D°Ctort,1h CFy overnight CFs
3n

Freshly distilled THF (40 mL) and 1-bromo-3-(trifluoromethyl)benzene (6.14 g, 27.3 mmol) were added
dropwise to a mixture of magnesium ribbons (822 mg, 33.8 mmol), dry LiCl (1.45 g, 33.8 mmol) and
THF under argon protection. The mixture was stirred at room temperature for 2 h and then cooled to
0 °C in an ice bath. A solution of Fe(acac); (473 mg, 1.30 mmol, 5 mol %) in dry THF (20 mL) was
added, the solution stirred for 5 min, and allyl acetate (2.63 g, 26.0 mmol) was added. After stirring for
45 min at 0 °C, the reaction was quenched with saturated aqueous NaHCO; (5 mL) and extracted with
ethyl acetate (3 x 10 mL). The combined organic phases were dried over Na,SQy, concentrated in
vacuo and the crude product was purified by vacuum distillation. A solution of 1-allyl-3-
(trifluoromethyl)benzene (7.41 g, 50.0 mmol) in CH.Cl, (75 mL) was cooled to 0 °C with an ice bath.
Meta-chloroperoxybenzoic acid (12.1 g, <77% purity, 50.0 mmol) was added portion wise. The mixture
was allowed to warm to room temperature and then stirred until TLC indicated complete consumption
of the starting material. After completion, NaHCO; (sat., 75 mL) was slowly added and the mixture was
stirred vigorously until bubbling ceased. The organic layer was separated and washed with 10%
NaHSO; (100 mL), brine (70 mL), and then dried over Na,SQ,. After removal of the solvent by rotary
evaporation, the crude product was purified by chromatography on silica gel (EtOAc/hexane, gradient
5:95 to 20:80) to afford the desired product 3n (36%) as a colorless liquid.

'H NMR (400 MHz, CDCl;) & = 7.53-7.51 (m, 2H), 7.48-7.44 (m, 2H), 3.21-3.16 (m, 1H), 3.00-2.89 (m,
2H), 2.85-2.82 (m, 1H), 2.56 (dd, J = 4.9, 2.6 Hz, 1H). °C NMR (101 MHz, CDCl;) 5 = 138.1, 132.4,
130.9 (q, 2Jer = 32.0 Hz), 128.9, 125.7 (q, *Jer = 3.8 Hz), 124.1 (q, "Jer = 272.3 Hz), 123.6 (q, *Jor =
3.8 Hz), 51.9, 46.7, 38.4. "°F NMR (376 MHz, CDCl;) 5 = -62.62.

a-Aryl oxiranes (5b-1)""”!

o}
@8
@zCHU (CH3)3S! / NaH @/A
R T T O
DMSO,0°Ctort
5b-1
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Trimethylsulfonium iodide (20.0 mmol) and sodium hydride (60% in oil, 20.0 mmol) were dissolved in
DMSO (15 mL) at 0 °C under an argon atmosphere. After stirring for 20 minutes, the corresponding
aldehyde (12.0 mmol) dissolved in DMSO (20 mL) was added dropwise. The reaction was then stirred
at room temperature overnight. The mixture was poured into cold water (60 mL), and extracted with
ethyl acetate (3 x 30 mL). The combined organic layers were washed with water (30 mL) and brine (30

mL x 2), and dried over Na,SQ4. The crude epoxide was purified using flash chromatography.

The desired product 2-(3-(trifluoromethyl)phenyl)oxirane (5b) was obtained as a colorless liquid (73%).

'H NMR (400 MHz, CDCly) 8 = 7.59-7.55 (m, 2H), 7.49-7.48 (m, 2H), 3.94-3.93 (m, 1H), 3.21-3.18 (m,
1H), 2.81-2.79 (m, 1H). "*C NMR (101 MHz, CDCl5) & = 138.8, 131.1 (q, “Jer = 32.5 Hz), 129.0, 128.8,
125.0 (q, *Jor = 3.8 Hz), 124.0 (q, 'Jer = 270.0 Hz), 122.3 (q, °Jer = 3.8 Hz), 51.8, 51.3. °F NMR (376

MHz, CDCl;) 6 = -62.79.

The desired product 2-(2-(trifluoromethyl)phenyl)oxirane (5¢) was obtained as a colorless liquid (58%).
"H NMR (400 MHz, CDCl3) & = 7.66 (dd, J = 7.8, 0.6 Hz, 1H), 7.57-7.53 (m, 1H), 7.49-7.46 (m, 1H),
7.43-7.39 (m, 1H), 4.24—4.22 (m, 1H), 3.21-3.18 (m, 1H), 2.67-2.65 (m, 1H). °C NMR (101 MHz,
CDCly) & = 136.6, 132.3, 128.3 (q, 2Jer = 31.1 Hz), 127.7, 125.5 (q, *Jer = 5.7 Hz), 125.3, 124.3 (q, "Jor

= 273.6 Hz), 51.1, 49.2 (q, “Jor = 3.1 Hz). "°F NMR (376 MHz, CDCl;) & = -59.92.

The desired product 2-(4-(trifluoromethyl)phenyl)oxirane (5d) was obtained as a colorless liquid (80%).
"H NMR (400 MHz, CDCl3) 8 = 7.62 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 3.93 (dd, J = 4.1, 2.5
Hz, 1H), 3.20 (dd, J = 5.5, 4.1 Hz, 1H), 2.78 (dd, J = 5.5, 2.5 Hz, 1H). °C NMR (101 MHz, CDCl;) 5 =
141.8, 130.4 (q, °Jer = 32.5 Hz), 125.7, 125.4 (q, *Jor = 3.8 Hz), 124.0 (q, 'Jor = 272.2 Hz ), 51.7, 51.4.

'*F NMR (376 MHz, CDCl,) d = -62.62.

The desired product 2-(3-fluorophenyl)oxirane (5e) was obtained as a colorless liquid (80%).
'H NMR (400 MHz, CDCl;) 8 = 7.35-7.29 (m, 1H), 7.10 (dt, J = 7.7, 1.0 Hz, 1H), 7.03-6.96 (m, 2H),
3.87 (dd, J=4.0, 2.8 1H), 3.16 (dd, J = 5.6, 4.0 Hz, 1H), 2.77 (dd, J = 5.6, 2.8 Hz, 1H). *C NMR (101

MHz, CDCl3) & = 163.1 (d, "Jor = 246.3 Hz), 140.4 (d, *Jer = 7.5 Hz), 130.1 (d, *Jer = 8.0 Hz), 121.3 (d,
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YJer = 2.8 Hz), 115.2 (d, 2Jcr = 21.2 Hz), 112.2 (d, %Jer = 22.6 Hz), 51.8 (d, ‘Jor = 2.4 Hz), 51.2. °F

NMR (376 MHz, CDCl3) 6 =-112.93.

The desired product 2-(3-chlorophenyl)oxirane (5f) was obtained as a colorless liquid (76%).
'H NMR (400 MHz, CDCl,) & = 7.30-7.27 (m, 3H), 7.21-7.16 (m, 1H), 3.85 (dd, J = 4.0, 2.5 Hz, 1H),
3.16 (dd, J = 5.5, 4.0 Hz, 1H), 2.77 (dd, J = 5.5, 2.5 Hz, 1H). °C NMR (101 MHz, CDCl;) & = 139.8,

134.6, 129.8, 128.3, 125.5, 123.7, 51.7, 51.2.

The desired product 2-(3-bromophenyl)oxirane (5g) was obtained as a colorless liquid (82%).
"H NMR (400 MHz, CDCl;) 8 = 7.46-7.42 (m, 2H), 7.24-7.21 (m, 2H), 3.83 (dd, J = 4.0, 2.5 Hz, 1H),
3.15(dd, J = 5.5, 4.0 Hz, 1H), 2.76 (dd, J = 5.5, 2.5 Hz, 1H). °C NMR (101 MHz, CDCl;) & = 140.1,

131.2, 130.0, 128.4, 124.2, 122.7, 51.6, 51.2.

The desired product 2-(4-fluorophenyl)oxirane (5h) was obtained as a colorless liquid (71%).

"H NMR (400 MHz, CDCl3) & = 7.28-7.23 (m, 2H), 7.07-7.02 (m, 2H), 3.86 (dd, J = 4.0, 2.6 Hz, 1H),
3.15 (dd, J = 5.4, 4.0, 1H), 2.78 (dd, J = 5.4, 26 Hz, 1H). °C NMR (101 MHz, CDCl;) & = 162.7 (d,
"Jer = 246.3 Hz), 133.3 (d, “Jer = 2.8 Hz), 127.2 (d, *Jer = 8.5 Hz), 115.5 (d, 2Jer = 21.7 Hz), 51.8, 51.2.

'*F NMR (376 MHz, CDCl;) 8 =-113.94.

The desired product 2-(4-chlorophenyl)oxirane (5i) was obtained as a colorless liquid (48%).
'H NMR (400 MHz, CDCls) & = 7.36-7.30 (m, 2H), 7.26-7.20 (m, 2H), 3.90-3.82 (m, 1H), 3.19-3.13 (m,
1H), 2.76 (dd, J = 5.5, 2.5 Hz, 1H). °C NMR (101 MHz, CDCl;) & = 136.2, 133.9, 128.7, 126.8, 51.8,

51.2.

The desired product 2-(4-bromophenyl)oxirane (5j) was obtained as a colorless liquid (71%).
'H NMR (400 MHz, CDCl,) 8 = 7.51-7.46 (m, 2H), 7.18-7.15 (m, 2H), 3.84 (dd, J = 4.0, 2.5 Hz, 1H),
3.16 (dd, J = 5.5, 4.0 Hz, 1H), 2.76 (dd, J = 5.5, 2.5 Hz, 1H). °C NMR (101 MHz, CDCl;) & = 136.7,

131.6, 127.1, 122.0, 51.8, 51.2.
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The desired product 2-(p-tolyl)oxirane (5k) was obtained as a colorless liquid (39%) and stored in
fridge.

'H NMR (400 MHz, CDCl;) & = 7.21-7.15 (m, 4H), 3.84 (dd, J = 4.1, 2.6 Hz, 1H), 3.14 (dd, J= 5.4, 4.1,
1H), 2.81 (dd, J = 5.4, 2.6 Hz, 1H), 2.36 (s, 3H). "®°C NMR (101 MHz, CDCI;) 5 = 138.0, 134.5, 129.2,

125.5, 52.3, 51.1, 21.2.

The desired product 2-(4-methoxyphenyl)oxirane (51) was obtained as a colorless liquid (78%) and
stored in fridge.

'H NMR (400 MHz, DMSO-ds) & = 7.23-7.20 (m, 2H), 6.93-6.90 (m, 2H), 3.86 (dd, J = 4.1, 2.6 Hz, 1H),
3.74 (s, 3H), 3.07 (dd, J = 5.3, 4.1 Hz, 1H), 2.84 (dd, J = 5.3, 2.6 Hz, 1H). °C NMR (101 MHz, CDCl5)

0 =159.7,129.4, 126.8, 114.0, 55.3, 562.2, 51.0.

2-(o-Tolyl)oxirane (5m)""
0
mCPBA / NaHCO,
""'-\“ ——eri
@A DCM, 0 °Ctort EJ:[/u
overnight
5m
To a solution of 1-methyl-2-vinylbenzene (2.00 g, 16.9 mmol) in CH.Cl, (75 mL) was added solid
NaHCO; (2.80 g, 33.8 mmol). The reaction was cooled to 0 °C with an ice bath and meta-
chloroperoxybenzoic acid (4.60 g, <77% purity; 18.6 mmol) dissolved in CH,Cl; (70 mL) was added
dropwise. The mixture was allowed to warm to room temperature and then stirred until TLC indicated
complete consumption of the starting material. After completion, the mixture was washed with aqueous
NaHCO; solution (sat., 75 mL), aqueous Na,S,0; solution (sat., 100 mL) and then dried over Na,S0O,.
After removal of the solvent by rotary evaporation, the crude product was purified by distillation to
afford the desired product 5m (82%) as a light yellow liquid.
'H NMR (400 MHz, CDCl;) 8 = 7.25-7.16 (m, 4H), 4.02 (dd, J = 4.1, 2.7 Hz, 1H), 3.18 (dd, J= 5.7, 4.1,
1H), 2.71 (dd, J = 5.7, 2.7 Hz, 1H), 2.44 (s, 3H). °C NMR (101 MHz, CDCl;) & = 136.1, 135.8, 129.8,

127.6, 126.1, 124.1, 50.4, 50.1, 18.7.
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3. Preparation of the rhodium complexes 2 and 2%

3.1. Deprotonation of Hbimca"®™-2HBr with different bases

:Bu Bu "

8a N 1a 1
H LIHMDS or MeLi
*)> <(*j THF, rt [ )>_"'_2<(
Hbimcat°m°-2HBr [Ll[blmca”“"‘")]

Lithium bis(trimethylsilyl)amide (7.4 mg, 44 ymol) or methyl lithium (1.0 mg, 44 umol) was added to the
suspension of Hbimca"®™-2HBr (10.0 mg, 14.7 pymol) in 0.5 mL of THF-ds at room temperature and a
light yellow solution with blue fluorescence was formed. After 30 min, the quantitative formation of
[Li(bimca"™)] was confirmed by '"H NMR spectroscopy.!"!

'H NMR (400 MHz, THF-dg) 0 = 8.00 (s, 2H, H-4/5), 7.73 (s, 2H, H-5'), 7.40 (s, 2H, H-2/7), 7.21 (s, 2H,
H-4), 5.98-5.88 (m, 2H, H-14), 5.15 (d, *Jiy = 17.1 Hz, 2H, H-15,.,5), 5.04 (d, *Jus = 10.1 Hz, 2H, H-
150s), 4.29 (t, *Juw = 7.2 Hz, 4H, H-12), 2.72 (q, *Jun = 6.3 Hz, 4H, H-13), 1.50 (s, 18H, H-11). °C NMR
(101 MHz, THF-dg) & = 205.3 (C2'), 143.8 (C1a/8a), 136.4 (C14), 135.8 (C3/6), 128.6 (C4a/5a), 128.4
(C1/8), 119.6 (C5), 119.4 (C15), 117.3 (C4"), 114.3 (C4/5), 111.8 (C2/7), 51.9 (C12), 37.0 (C13), 35.4

(C10), 33.1 (C11).

1

8 33N1a 1

M
> " €1 eee O——=C T

THF,-30 °C

o Qﬁ

HbimcaHeme-2HBr [K[blmcaHomu}]
Potassium bis(trimethylsilyl)amide (10.4 mg, 52.0 pmol) was added to the suspension of
Hbimca"°™-2HBr (10.0 mg, 14.7 ymol) in 0.5 mL of THF-dsat —30 °C and a yellow solution formed.
After 10 min, the formation of [K(bimca"°™°)] was checked by low temperature '"H NMR spectroscopy

at -30 °C.
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'H NMR (400 MHz, THF-ds) & = 8.02 (s, 2H, H-4/5), 7.50 (br s, 2H, H-5), 7.24 (s, 2H, H-2/7), 7.12 (s,
2H, H-4"), 5.91-5.83 (m, 2H, H-14), 5.12 (d, *Juy = 17.2 Hz, 2H, H-15,,,5), 5.03 (d, *Jin = 10.3 Hz, 2H,
H-15), 4.13 (t, *Jun = 7.6 Hz, 4H, H-12), 2.57 (ps q, *Ju = 7.0 Hz, 4H, H-13), 1.46 (s, 18H, H-11). °C
NMR (101 MHz, THF-ds) 5 = 146.5 (C1a/8a), 136.7 (C14), 134.3 (C3/6), 130.0 (C4a/5a), 128.5 (C1/8),
122.6 (C5'), 118.5 (C15), 117.0 (C4’), 116.3 (C4/5), 114.6 (C2/7), 51.2 (C12), 37.6 (C13), 35.3 (C10),

33.1 (C11). The signal of C2’ is not observed.

:Bu Bu

KHMDS

+) 13
> THF, it g T ol R
[p =T
N N4
Hblmca""m ‘2HBr [K(imi),carb]

Potassium bis(trimethylsilyl)amide (8.8 mg, 44 pmol) was added to the suspension of
Hbimca"*™-2HBr (10.0 mg, 14.7 umol) in 0.5 mL of THF-ds at room temperature and a yellow solution
was formed. After 10 min, the formation of [K(imi).carb)] and 1,3-butadiene was confirmed by 'H NMR
spectroscopy.

"H NMR (400 MHz, THF-dg) & = 8.93 (s, 2H, H-2'), 8.03 (d, *Juy = 1.9 Hz, 2H, H-4/5), 7.72 (t, *Jun = 1.2
Hz, 2H, H-5), 7.28 (d, *Juns = 1.9 Hz, 2H, H-2/7), 7.04 (d, *Jus = 1.2 Hz, 2H, H-4), 6.42-6.25 (m, 2H, H-
13), 5.21-5.14 (M, 2H, H-12ans), 5.10-5.02 (m, 2H, H-12,), 1.47 (s, 18H, H-11). °C NMR (101 MHz,
THF-ds) 6 = 145.9 (C1a/8a), 139.9 (C2’), 138.9 (C13), 135.4 (C3/6), 128.7 (C4’), 128.6 and 124.9,

(C1/8 and C4a/5a), 119.9 (C5'), 117.9 (C12), 115.2 (C4/5), 113.5 (2/7), 35.3 (C10), 33.1 (C11).

3.2.  Preparation of catalysts 2 and 2"*

By '‘Bu 1
[Rh(u-C1)(COD)]»
—_— 7 b | i
THF, -30°C [ »—k—( ]
N N

THF, rt
>—_Li_<( j -2 KBr, - KCI

N | N— 5
N oSy N
::’ ! I (T
S0 I
b m“‘; i = =

[Li(bimcafeme)] 2 [K(bimcateme)]
2% (incl. 2 LiBr, LiCl)

'Bu 'Bu
oo, et
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From [Li(bimca™™)]:

[Rh(u-Cl1)(COD)], (0.5 eq) was added to the previous prepared solution of [Li(bimca"™°™)] (1.0 eq) at
the given temperature. The solution was stirred for 1 h. Catalyst 2 was obtained as an orange solution
in quantitative yield as determined by NMR spectroscopy.

'H NMR (400 MHz, THF-ds) 8 = 8.02 (d, “Juy = 1.5 Hz, 2H, H-4/5), 7.92 (d, *Juy = 2.2 Hz, 2H, H-5),
7.52 (d, “Jun = 1.5 Hz, 2H, H-2/7), 7.11 (d, *Ju = 2.2 Hz, 2H, H-4"), 4.21 (br ps t,*°J = 12.0 Hz, 2H, H-
12.,), 4.14-4.06 (m, 2H, H-14), 3.77 (br d, 2J = 12.7 Hz, 2H, H-12,,), 2.74-2.65 (m, 2H, H-13,,), 2.38
(dd, *Jup = 8.0, *Juy = 1.3 Hz, 2H, H-15,;), 1.64 (br d, *Juy = 9.9 Hz, 2H, H-15.,¢), 1.48 (s, 18H, H-11),
1.41-1.32 (m, 2H, H-13,). ®C NMR (101 MHz, THF-dg) & = 185.5 (d, "Jrnc = 33.9 Hz, C2'), 137.8
(C3/6), 136.6 (C1a/8a), 128.4 (C4a/5a), 126.2 (C1/8), 121.7 (C4'), 116.3 (C5’), 115.0 (C4/5), 109.1
(C2/7), 55.9 (d, "Jrhe = 6.7 Hz, C15), 52.6 (C12), 51.1 (d, "Jrwec = 11.3 Hz, C14), 36.0 (C13), 35.5 (C10),
33.0 (C11).

From [K(bimca"°™)]:

[Rh(u-Cl)(COD)], (0.5 eq) was added to the previous prepared solution of [K(bimca"*™)] (1.0 eq) at —
30 °C. The solution was stirred for 1 h. After completion, the solvent was removed in vacuo. The
residue was washed with pentane (3 x 1 mL) and redissolved in THF (1 mL). The solution was dried in
vacuo to obtain catalyst 2 as a yellow solid. The NMR data correspond to the results obtained from
using [Li(bimca"*™)].

CasHsoNsRh (621.62): caled C 65.69, H 6.49, N 11.27; found C 65.19, H 6.36, N 11.03. m.p.: 183-

187 °C (dec). (From [K(bimca"*™)])
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4. Reactivity comparison between catalyst 1 and catalyst 2

0 5 mol% cat. 2 @)

%\/ CGDEI rt )'I\/\/

To a solution of catalyst 2 (2.0 yumol) and 1,3,5-trimethoxybenzene (certain amount) as the internal
standard in C¢Ds (0.4 mL), 1,2-epoxyhexane (4.1 mg, 40 ymol) was added. The reaction at room

temperature was followed by 'H NMR spectroscopy every 30 min.

a)

@
o

40 5

Conversion (%)

20 4
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Figure S1. Monitoring the conversion of 1,2-epoxyhexane with catalyst 2.
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Figure S2. Monitoring the rearrangement of 1,2-epoxyhexane (*) into hexan-2-one (#) with catalyst 2 by 'H NMR spectroscopy.
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5 mol% cat. 1
0 20 mol% LiNTf, O

%\/ CSDS' 60 °C )’I\/\/

1,2-Epoxyhexane (4.1 mg, 40 ymol), catalyst 1 (1.1 mg, 2.0 ymol) and LiNTf; (2.3 mg, 8.0 ymol) were

added into a J. Young NMR tube. 1,3 5-trimethoxybenzene (certain amount) was added as the internal
standard and CgDs was used as the solvent. The reaction was carried out at 60 °C and monitored by

"H NMR spectroscopy every 30 min.

Conversion (%)

1] 30 &0 80 120 150 180 210 240
Time (min)

Figure S3. Monitoring the conversion of 1,2-epoxyhexane with catalyst 1.
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2% 328 27 6 E5 I4 23 22 21 20 1% 18 LT LA A5 14 13 12 L1 40 08 08 O0F b6 05 04 03 02 ot
{ppm}

Figure S4. Monitoring the rearrangement of 1,2-epoxyhexane (*) into hexan-2-one (#) with catalyst 1 by 'H NMR spectroscopy.
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5. Additional substrate scope for catalyst 1 in the Meinwald reaction

o 5 mol% cat. 1 (o]
20 mol% LiNTf
AN 2 )LR
CgDs, 60°C
Epoxide Methyl ketone Time Yield [%]®"
3a O 4a 9 3h 95
3 M
3b O 4 O 3h 95
LW /I'K/\/
3c O 4c 0o 97d 50
“tBu )\rﬁu
3d A 4d 24h 92
32 0O 4e 0 3h 98
L\\/o“‘\ )J\/O\.
3fF © af o 2h 50
£ _OH )K/OH
3g o o 24 h 20
g LA _NHTs 49 )J\/NHTS
3h o 4h o 24 h 67
L\/\H/ox/ A/\I(O\/
8] (o]
3i o 0 4i © 0 24 h 37
L\/\O)j\/ .)J\/\O)J\/
Q o o] (8]

3j 4j 24 h 330
L b PLNSL W
3k O a 9 24 h 170
o M o
3l 2\/@ 41 w 24 h 99
5a 6a 24 h 26 (Ketone)
L\© ©)\ 44 (Aldehyde)

[a] Standard reaction conditions: Substrates (40 pmol), Cat. 1 (2.0 pmol), CeD: (0.4 mL), 60 °C. All reactions were carried out using a J. Young NMR tube. [b]
Yield of methyl ketones was determined by 'H NMR using 1,3,5-trimethoxybenzene as the internal standard. [c] at 80 *C.
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6. Stability of 2-(4-methoxyphenyl)oxirane (5l) against lithium halides and catalyst 2

a)

b)

-7

-6

c)

-5

8]

—
a5 990 85 B0

S

Figure S5. a) 51 ("} in CgDs;, b) 51 in CgDs after B days; c) 51 in CsDs with 10 mol® LiBr and 5 mol% LICl after 4 days; d) 51 in CsDs with
10 mol% LiBr and 5 mal% LiCl after 18 days; e) 5l in C¢Dg with 10 mol% Lil after 23 h; f) 51 in CsDg with 5 mol% catalyst 2 after 2 h; g)

51 in CsDgwith 5 mol% catalyst 2 after 48 h.
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7. Experimental procedures for the Meinwald reaction of terminal epoxides with catalyst 2"*

0 5 mol% cat. 2 o

AR Cst, rt )I\R

Method 1

A defined amount of an in situ prepared solution containing catalyst 2“* (2.5 umol) was injected into a
J. Young NMR tube containing a defined amount of the internal standard 1,3,5-trimethoxybenzene and
THF was removed under vacuum. C¢Ds (0.5 mL) and the respective epoxide (50 pmol) were added
successively. The reaction at room temperature was monitored by 'H NMR spectroscopy. All yields
were determined by 1,3 5-trimethoxybenzene (certain amount) as the internal standard. The NMR
signals of the obtained ketones were confirmed with literature data.

The up-scaling of this method was tested with 31 (1.0 mmol). Lithium bis(trimethylsilyl)amide (25.1 mg,
150.0 ymol) was added to a suspension of Hbimca"*™®-2HBr (34.1 mg, 50.0 pmol) in 0.7 mL of THF-
d8 at room temperature. After 10 min, [Rh(u-CI)(COD)]. (12.3 mg, 25.0 ymol) was added and the
solution was stirred for another 10 min. The successful formation of the catalyst was checked by 'H
NMR. After the THF-d8 was removed in the oil-pump vacuum, the catalyst was transferred to a dry
round flask with toluene (10 mL) and the epoxide 31 (134.2 mg, 1.0 mmol) was added. The reaction
was stirred for 2 h. After removal of the solvent by rotary evaporation, the crude product was purified
by column chromatography on silica gel (EtOAc/hexane, 1:8) to afford the desired product 41 (82%) as

a colourless liquid.

o 5 mol% cat. 1 (o)
20 mol% LiNTf,
N .
CgDg, 60°C

Method 2

Catalyst 1 (1.1 mg, 2.0 ymol), lithium bis(trifluoromethanesulfonimide) (2.3 mg, 8.0 ymol) and 1,3,5-
trimethoxybenzene (certain amount) were added into a J. Young NMR tube. CsDg (0.4 mL) was added
as the solvent. The solution was then mixed with the respective epoxide (40 pmol) and heated at 60 °C
for a defined period of time. The reaction was monitored by 'H NMR spectroscopy and the yields were
determined by 1,3,5-trimethoxybenzene as the internal standard. The NMR signals of the obtained

ketones were compared with literature values.
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o]

P

4a

Propan-2-one (4a). 'H NMR (400 MHz, C¢Ds) & = 1.57 (s, 3H).

(o]

)I\/\/

ab
Hexan-2-one (4b). 'H NMR (400 MHz, CeDs) 8 = 1.89 (t, J = 7.4 Hz, 2H), 1.64 (s, 3H), 1.44—1.37 (m,

2H), 1.17-1.07 (m, 2H), 0.78 (t, J = 7.4 Hz, 3H).

o
)L!Bu
4c

3,3-Dimethylbutan-2-one (4¢). 'H NMR (400 MHz, CsDs) 8 = 1.73 (s, 3H), 0.89 (s, 9H).

o~

ad”

1-Cyclohexylethan-1-one (4d). 'H NMR (400 MHz, CsDs) & = 1.88 (tt, J = 11.4, 3.5 Hz, 1H), 1.71 (s,

3H), 1.64-1.42 (m, 5H), 1.26-1.16 (m, 2H), 1.07-0.96 (m, 3H).

)K/Ox

4e

1-Methoxypropan-2-one (4e). "H NMR (400 MHz, CsDs) 8 = 3.43 (s, 2H), 2.96 (s, 3H), 1.71 (s, 3H).

(8]

sk

4f

1-Hydroxypropan-2-one (4f). '"H NMR (400 MHz, CDs) 8 = 3.57 (s, 2H), 2.97 (br s, 1H), 1.27 (s, 3H).
o}

P
49

4-Methyl-N-(2-oxopropyl)benzenesulfonamide (4g). '"H NMR (400 MHz, CsDs) 8 = 7.79 (d, J = 8.1 Hz,

2H), 6.81 (d, J = 8.1 Hz, 2H), 5.71 (s, 1H), 3.38 (s, 2H), 1.87 (s, 3H), 1.32 (s, 3H).
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o~
4h O

Ethyl-4-oxopentanoate (4h). "H NMR (400 MHz, C<D¢) 8 = 3.93 (g, J = 7.1 Hz, 2H), 2.34 (t, J = 6.4 Hz,

2H), 2.16 (t, J= 6.4 Hz, 2H), 1.62 (s, 3H), 0.94 (t, J= 7.1 Hz, 3H).

4i
3-Oxobutyl-propionate (4i). 'H NMR (400 MHz, CsD¢) 8 = 4.18 (t, J = 6.3 Hz, 2H), 2.07 (t, J = 6.3 Hz,
2H), 1.98 (q, J = 7.6 Hz, 2H), 1.55 (s, 3H), 0.93 (t, J=7.6 Hz, 3H).
I~
4j
Ethyl-3-oxobutanoate (4j). '"H NMR (400 MHz, CsDe) 6 = 3.88 (g, J = 7.1 Hz, 2H), 2.90 (s, 2H), 1.66 (s,

3H), 0.89 (t, J = 7.1 Hz, 3H).

o}
S o
wl
2-Oxopropylpropionate (4k). '"H NMR (400 MHz, Ce¢Ds) & = 4.11 (s, 2H), 2.12 (g, J = 7.6 Hz, 2H), 1.42

(s, 3H), 0.96 (t, J = 7.6 Hz, 3H).

20

4
1-Phenylpropan-2-one (41). '"H NMR (400 MHz, C¢D¢) & = 7.11-7.01 (m, 3H), 6.98-6.96 (m, 2H), 3.20
(s, 2H), 1.63 (s, 3H). Up-scaling result: 82% isolated yield. '"H NMR (400 MHz, CDCl,) 6 = 7.37-7.33 (m,

2H), 7.30-7.26 (m, 1H), 7.23-7.21 (m, 2H), 3.71 (s, 2H), 2.16 (s, 3H). °C NMR (101 MHz, CDCl;) 5 =

206.4, 134.2, 129.4,128.7, 127.0, 51.0, 29.2.

M

4m
1-(4-Methoxyphenyl)propan-2-one (4m). 'H NMR (400 MHz, C¢Ds) & = 6.91 (dt, J = 8.0, 4.0 Hz, 2H),

6.73 (dt, J= 8.0, 4.0 Hz, 2H), 3.29 (s, 3H), 3.21 (s, 2H), 1.68 (s, 3H).
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j\/@
4n CFa

1-(3-(Trifluoromethyl)phenyl)propan-2-one (4n). 'H NMR (400 MHz, C¢Ds) & = 7.23-7.23 (m, 2H),

6.92-6.85 (m, 2H), 2.97 (s, 2H), 1.54 (s, 3H).

o]

e

Acetophenone (6a). '"H NMR (400 MHz, CsDs) 8 = 7.77-7.74 (m, 2H), 7.13-7.09 (m, 1H), 7.06-7.00 (m,

2H), 2.09 (s, 3H).

8]

CF,
6b

1-(3-(Triflucromethyl)phenyl)ethan-1-one (6b). 'H NMR (400 MHz, C¢Dg) 8 = 8.00 (s, 1H), 7.64 (d, J =

7.8 Hz, 1H), 7.29 (d, J = 7.8 Hz, 1H), 6.80 (t, J = 7.8 Hz, 1H), 1.90 (s, 3H).
9  CF;
)
1-(2-(Trifluoromethyl)phenyl)ethan-1-one (6c). '"H NMR (400 MHz, CsDg) & = 7.26 (d, J = 7.7 Hz, 1H),

6.85-6.76 (m, 3H), 2.06 (s, 3H).

“ QL
CF

1-(4-(Trifluoromethyl)phenyl)ethan-1-one (6d). 'H NMR (400 MHz, CsDs) & = 7.48 (d, J = 8.0 Hz, 2H),

3

7.22 (d, J = 8.0 Hz, 2H), 1.95 (s, 3H).
o]
F
Ge
1-(3-Fluorophenyl)ethan-1-one (6e). 'H NMR (400 MHz, C¢Ds) & = 7.47-7.44 (m, 1H), 7.38-7.34 (m,

1H), 6.79-6.76 (m, 2H), 1.94 (s, 3H).
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Cl
6f

1-(3-Chlorophenyl)ethan-1-one (6f). 'H NMR (400 MHz, CsDs) 8 = 7.75 (1, J = 1.7 Hz, 1H), 7.45-7.43 (m,

1H), 7.08-7.06 (m, 1H), 6.71 (t, J = 7.9, 1H), 1.91 (s, 3H).

Br

Ei:o

1-(3-Bromophenyl)ethan-1-one (6g). '"H NMR (400 MHz, C¢Dg) & = 7.92-7.91 (m, 1H), 7.49-7.46 (dt, J =

7.6, 1.0Hz, 1H), 7.24-7.21 (m, 1H), 6.64 (t, J=7.9, 1H), 1.89 (s, 3H).

5

6h
F

1-(4-Fluorophenyl)ethan-1-one (6h). 'H NMR (400 MHz, C¢D¢) & = 7.56-7.51 (m, 2H), 6.66-6.60 (m,

2H), 1.99 (s, 3H).

(9]
Cl

1-(4-Chlorophenyl)ethan-1-one (6i). 'H NMR (400 MHz, CsDs) 8 = 7.43 (dt, J = 8.7, 2.3 Hz, 2H), 6.98

(dt, J=8.7, 2.3 Hz, 2H), 1.95 (s, 3H).

o]
0ol
Br

1-(4-Bromophenyl)ethan-1-one (6j). 'H NMR (400 MHz, CsDs) 8 = 7.34 (dt, J = 8.8, 2.3 Hz, 2H), 7.15

(dt, J = 8.8, 2.3 Hz, 2H), 1.94 (s, 3H).

-

1-(p-Tolyl)ethan-1-one (6k). 'H NMR (400 MHz, CeDs) & = 7.76-7.73 (m, 2H), 6.89-6.86 (m, 2H), 2.13

(s, 3H), 1.99 (s, 3H).
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o

0
OMe

1-(4-Methoxyphenyl)ethan-1-one (61). 'H NMR (400 MHz, CsDs) & = 7.80 (dt, J = 8.9, 2.9 Hz, 2H), 6.62

(dt, J = 8.9, 2.9 Hz, 2H), 3.18 (s, 3H), 2.14 (s, 3H).

o]

om
1-(o-Tolyl)ethan-1-one (6m). "H NMR (400 MHz, CsDs) 5 = 7.26 (d, J = 7.5 Hz, 1H), 7.05-7.01 (m, 1H),

6.93-6.91 (m, 2H), 2.53 (s, 3H), 2.1 (s, 3H).
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8. NMR spectra
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Figure S7. ™C NMR (THF-ds, 101 MHz) spectrum: deprotonation of Hbimea"*™-2HBr with LIHMDS.
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Figure S9. C NMR (THF-ds, 101 MHz) spectrum: deprotonation of Hbimca"™™-2HBr with KHMDS at room temperature.
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Figure $10. 'H,'H -HSQC (THF-ds, 400 MHz) spectrum: deprotonation of Hbimea"*™-2HBr with KHMDS at room temperature.
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Figure $11. 'H NMR (THF-ds, 400 MHz) spectrum: deprotonation of Hbimca"*™-2HBr with KHMDS at ~30 °C.
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Figure $12. "°C NMR (THF-ds, 101 MHz) spectrum: deprotonation of Hbimea"*™-2HBr with KHMDS at —30 °C.
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Figure $13. 'H NMR (THF-ds, 400 MHz) spectrum: transmetalation of [Li{bimea™™)] with [Rh(u-Cl)(COD)]..
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Figure S14. "*C NMR (THF-ds, 101 MHz) spectrum: transmetalation of [Li(bimea"™)] with [Rh(u-Cl)(COD)..
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Figure $15. 'H,'*C-COSY NMR (THF-ds, 400 MHz) spectrum: transmetalation of [Li(bimea™™)] with [Rh(y-Cl)(COD)}..
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Figure S16. 'H,*C-HSQC NMR (THF-ds, 400 MHz) spectrum: transmetalation of [Li{bimca""™)] with [Rh(u-CI)(COD)].
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Figure $17. 'H,"*C-HMBC NMR (THF-ds, 400 MHz) spectrum: transmetalation of [Li(bimea"™)] with [Rh(1-CI)(COD)k.
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Figure S18. 'H,'H-NOE NMR (THF-d, 400 MHz) spectrum at 0 °C: transmetalation of [Li{bimea'™®™)] with [Rh(u-CI)(COD)]..
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Figure $20. °C NMR (CDCls, 101 MHz) spectrum: compound 3d.
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Figure $22. °C NMR (CDCls, 101 MHz) spectrum: compound 3g.
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Figure $24. *C NMR (CDCls, 101 MHz) spectrum: compound 3h.
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Figure $26. *C NMR (CDCls, 101 MHz) spectrum: compound 3i.
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Figure S28. '°C NMR (CDCls, 101 MHz) spectrum: compound 3j.
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Figure $30. "°C NMR (CDCls, 101 MHz) spectrum: compound 3K.
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Figure $31. 'H NMR (CDCls, 400 MHz) spectrum: compound 3m.
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Figure $32. "°C NMR (CDCls, 101 MHz) spectrum: compound 3m.
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Figure $33. 'H NMR (CDClz, 400 MHz) spectrum: compound 3n.
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Figure $34. °C NMR (CDCls, 101 MHz) spectrum: compound 3n.
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Figure S35. '“F NMR (CDCls, 376 MHz) spectrum: compound 3n.

541



Publications: Part 1

FRARRARRARGHRARARFEREE R
LE T r L DI L L T

|

ws 100 s 0 a5 an

2 a8
g )
o]
F:gc\©/u
Sb
|
{
T T T r T T T T T T T T
160 150 140 130 120 110 1 = L ™ & s o » x n o
o)

Figure $37. "*C NMR (CDCls, 101 MHz) spectrum: compound 5b.
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Figure $38. '“F NMR (CDCls, 376 MHz) spectrum: compound 5b.
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Figure $39. 'H NMR (CDCl;, 400 MHz) spectrum: compound 5c¢.
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Figure S40. "°C NMR (CDCls, 101 MHz) spectrum: compound 5c.
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Figure S41. "F NMR (CDCls, 376 MHz) spectrum: compound 5¢.
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Figure S42. 'H NMR (CDCl3, 400 MHz) spectrum: compound 5d.
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Figure $43. °C NMR (CDCls, 101 MHz) spectrum: compound 5d.
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Figure S44. "°F NMR (CDCls, 376 MHz) spectrum: compound 5d.
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Figure $S45. 'H NMR (CDCl3, 400 MHz) spectrum: compound Se.
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Figure S46. °C NMR (CDCl;, 101 MHz) spectrum: compound 5e.
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Figure S47. "°F NMR (CDCls, 376 MHz) spectrum: compound Se.
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Figure S48. 'H NMR (CDCls, 400 MHz) spectrum: compound 5f.
B % RREE e
B 3 ARAR 33
T 1 T TI
o]}
Ci\©/1—\
5f
! | 1 1
]
1
i | |
T T T T T T T T T T T T T T T T
150 140 130 120 1o 100 0 “[jwm'r L7 % 40 M 2 10

Figure $49. *C NMR (CDCl;, 101 MHz) spectrum: compound 5f.

550



Publications: Part 1

o
LT
-1
o
-

T T T T T T T T T T T
a0 BS 80 75 7.0 &5 60 55 50 45 40 s 0 5 20 L5 Lo 05 (-1}
(ppm)

Figure $50. 'H NMR (CDCls, 400 MHz) spectrum: compound 5g.
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Figure S51. °C NMR (CDCls, 101 MHz) spectrum: compound 5g.
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Figure S$52. 'H NMR (CDCl3, 400 MHz) spectrum: compound 5h.
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Figure $53. "°C NMR (CDCls, 101 MHz) spectrum: compound 5h.
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Figure S$54. '“F NMR (CDCl3, 376 MHz) spectrum: compound 5h.
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Figure S55. 'H NMR (CDCls, 400 MHz) spectrum: compound 5i.
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Figure S56. *C NMR (CDCls, 101 MHz) spectrum: compound 5i.
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Figure S57. 'H NMR (CDCls, 400 MHz) spectrum: compound 5j.
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Figure $58. *C NMR (CDCls, 101 MHz) spectrum: compound 5j.
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Figure $59. 'H NMR (CDCl5, 400 MHz) spectrum: compound 5k.
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Figure S60. "°C NMR (CDCls, 101 MHz) spectrum: compound 5K.
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Figure S61. 'H NMR (CDCls, 400 MHz) spectrum: compound 5I.
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Figure S62. *C NMR (CDCls, 101 MHz) spectrum: compound 51,
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Figure $63. 'H NMR (CDCl5, 400 MHz) spectrum: compound 5m.
g R =28 o
A 7 63 i3 £
* i ¥ I
i o]
i sm
Wmm
15 4o 135 13 1 oo 1s 11 105 100 w 90 BS ] e ) 65 & = 50 45 0 35 E ] F-1 20 15 13 5 o

L]

Figure S64. °C NMR (CDCl;, 101 MHz) spectrum: compound 5m.
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Figure $65. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 3a into 4a with Method 1 including the internal standard (*).
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Figure S66. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 3b into 4b with Method 1 including the internal standard (*).
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Figure $68. 'H NMR (CsDs (#), 400 MHz) spectrum:
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isomerisation of 3d into 4d with Method 1 including the internal standard (*).
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Figure S69. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 3e into 4e with Method 1 including the internal standard (*).
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Figure S70. "H NMR (CsDe (#), 400 MHz) spectrum: isomerisation of 3f into 4f with Method 1 including the internal standard (*).
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Figure S71. "H NMR (C;sDg (#), 400 MHz) spectrum: isomerisation of 3g into 4g with Method 1 including the internal standard (*).
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Figure $72. "H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 3h into 4h with Method 1 including the internal standard (*).
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Figure $73. "H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 3i into 4i with Method 1 including the internal standard (*).
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Figure S74. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 3j into 4j with Method 1 including the internal standard (*).
Motably, this reaction should be quenched with a drop of water otherwise there were all broad peaks in the spectrum.
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Figure 875. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 3k into 4k with Method 1 including the internal standard (*).
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Figure S$76. 'H NMR (C:sDs (#), 400 MHz) spectrum: isomerisation of 31 into 41 with Method 1 including the internal standard (*).
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Figure $77. 'H NMR (CDCls, 400 MHz) spectrum: isolated 4l from the up-scaling experiment.
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Figure $78. *C NMR (CDCls, 101 MHz) spectrum: isolated 41 from the up-scaling experiment.
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Figure $80. 'H NMR (C:Ds (#), 400 MHz) spectrum: isomerisation of 3n into 4n with Method 1 including the internal standard (*).
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Figure S81. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 5a into 6a with Method 1 including the internal standard (*).

8 92 REE2 wBR % o 8
| vV ONT N I | |
&b

|
* |

[ .II / |

| f A

o] (o]

I

N
'nr___

g e
|
-
‘;

-
L]
2.

T T T T T T T T T T T T T T T T T T
as Bo 15 70 65 &0 55 50 45 o) 40 s 0 25 20 15 10 as a8

Figure $82. "H NMR (CzDs (#), 400 MHz) spectrum: isomerisation of 5b into 6b with Method 1 including the internal standard (*).
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Figure $83. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 5¢ into 6¢ with Method 1 including the internal standard (*).
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Figure S$84. "H NMR (C:sDs (#), 400 MHz) spectrum: isomerisation of 5d into 6d with Method 1 including the internal standard (*).
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Figure $85. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of Se into 6e with Method 1 including the internal standard (*).
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Figure S86. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 5f into 6f with Method 1 including the internal standard (*).
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Figure S88. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 5h into 6h with Method 1 including the internal standard (*).
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Figure S89. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 5i into 8i with Method 1 including the internal standard (*).

RARMARY auxon & o} &
e LA - - -
Sy e | | |
]
6j
* |
|
|
1 1
0 e}

*
#
6 i
} ﬁl i
|
1
' u
| M.
o i
g8 5 é_ l.r ;
&Is s!n :I'._'i !Iﬂ 6!5 bl.n 5:5 s!n tl.I X I I I y : I I I

5 a0 s 30 28 20 15 10 05 oo
{ppm)

Figure S90. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 5] into 6] with Method 1 including the internal standard (*).
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Figure S93. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerisation of 5m into 6m with Method 1 including the internal standard (*).

573



Publications: Part 1

9. DFT calculations

General information. Calculations were performed based on density functional theory at the
BP86/def2-SVP and/or BP86/def2-TZVP!"*' |evel implemented in Turbomole™? The RI-
approximation”*? was used all over and the Grimme dispersion correction D3-BJ®**!. Several
structures were optimised differing in the conformation of the rings formed by the coordination of the
double bonds. The two conformers 2 and 2-mono were verified to be minimum structures at the
BP86/def2-SVP level by calculating the Hessian matrix and ensuring that it has no imaginary frequency.

The Cartesian coordinates are provided as a separate xyz-file.

Thermodynamics of the two conformers of 2

No. in Manuscript 2 2-mono

SCF -1705,0810914 -1705,0601104
SCF+E,,0 -1704,4236066 -1704,4052447
H (298K, 1 bar) 0,6950860 0,6941540
SCF+H (298K, 1 bar) -1704,3860054 -1704,3659564
G (298K, 1 bar) 0,5922243 0,5838385
SCF+G (298K, 1 bar) -1704,4888671 -1704,4762719
A (SCF) a.u. 0,0209810 55,09 kJ/mol

A (SCF+E,x0) a.u. 0,0183619 48,21 kJ/mol

Aqugs K, 1 bar} a.u, 0,0200490 52,64 kJ/moi

AGip08 ¢, 1 bar) s, 0,0125952 33,07 kJ/mol

The unsymmetric complex 2-mono is about 53 kJ/mol higher in energy (AH®) (AG® = 33 kJ/mol) than
complex 2 and is also not supported by the experimental NMR data for symmetry reasons.
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Nucleophilic Isomerization of Epoxides by Pincer-Rhodium

Catalysts: Activity Increase and Mechanistic Insights

Yingying Tian,”” Eva Jirgens,™ Katharina Mill,” Ronja Jordan,”” Theo Maulbetsch,” and

Doris Kunz*®

Herein, we present the efficient isomerization of epoxides into
methyl ketones with a novel pincer-rhodium complex under
very mild conditions. The catalyst system has an excellent
functional group tolerance and a wide array of epoxides was
tested. The corresponding methyl ketones were obtained in
very high yields with excellent chemo- and regioselectivity. In

Introduction

In contrast to the common Lewis acid catalyzed isomerization
of terminal epoxides (Meinwald reaction),'" which leads to the
formation of aldehydes via generation of the more stable
carbenium intermediate,” the isomerization by nucleophilic
catalysts is rare and results in the formation of methyl ketones
(Scheme 1)1 This pathway is very attractive because, in
combination with the Corey-Chaykovsky reaction, it provides an
oxidation-free route for the synthesis of methyl ketones from
aldehydes or, together with the epoxidation of olefins, an
alternative to the Wacker oxidation. Since the discovery of this
opposite regioselectivity in 1962 by Eisenmann,™ it was
evident that the catalysis is not only achieved by a nucleophilic
catalyst on its own, but typically requires a Lewis acid co-
catalyst [LA™] which pre-activates the epoxide by coordination,
but does not lead to ring opening under carbocation formation.

In case of the results of Eisenmann, the catalytic system A
(Figure 1) most likely consists of the [Co(CO),]” nucleophile and
the Lewis acid [Co(CH,OH)I** formed in situ by disproportiona-

Lewis acid catalyzed Mucleophile catalyzed (LA co-cat)

_ : (LL,AFi 5
0 ~ L0 | Hoshit [
I i M T3 —_—— i
HJ\_,R. i [Nl EH!'[NH /k,q
L 1-1A7
aldehyde methyl
ketone

Scheme 1. Lewis acid- (left) and nucleophile- (right) catalysed Meinwald
reaction of terminal epoxides: formation of aldehydes versus methyl
ketones.

[al Y. Tian, £ Mirgens, K. Mill, R. Jordan, T. Maulbetsch, Frof, Dr. D. Kunz
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addition, we investigated mechanistic details like the isomer-
ization of the catalyst, and we obtained evidence that the
catalytic cycle follows a fi-hydride elimination-reductive elimi-
nation pathway after the nucleophilic ring opening of the
epoxide.

tion of [Co,(CO),] in methanol that is required as a solvent. In
2015 we have reported on a selective ring opening using the
nucleophilic Rh-catalyst B (5 mol%) along with 20 mol% of the
Lewis acid co-catalyst LINTf, at 60°C."™ A more active system
was reported by Coates using [Al(salen)][Co(CO),].*" While both
systerns were highly selective with terminal alkyl epoxides, the
isomerization of phenyl oxirane led to a mixture of the
aldehyde and the ketone in almost equal amounts. This
prompted us to develop the more nucleophilic CO-free rhodium
catalyst D, in which the highly reactive metal center is
intramolecularly stabilized by coordination of both N-hemoallyl
substituents of the so-called bimca™™ (1,8-bis(imidazolin-2-
ylidene)-3,6-di(tert-butyl)carbazolide) ~ carbene-pincer-ligand.™
Due to its higher nucleophilicity, a mixture of the weak Lewis
acids LiBr and LiCl (2:1), which are present from the synthesis
of D in THF, is sufficient to act as a co-catalyst in benzene. With

fBu , *Bu

Co{CO)s] / N N Co{CO] /
e [N»_ “|“_<(N] ek
yvocoo
A B c
+ LiNT#;

Eisenmann, 1962 Kunz, 2016 Coates, 2015

By ‘Bu 'Bu ‘Bu
dib i

D 4
+ 2 LiBr + LiCl + LiBr
Kunz, 2018 this work

Figure 1. Rhodium pincer complexes and suitable Lewis acid co-catalysts for
the nucleophilic Meinwald rearrangement,

© 2019 Wiley-ViCH Verlag GmbH & Co. KGaA, Weinheim
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this system it was not only possible to achieve a selectivity of
methyl ketone vs. aldehyde of 40:1 and 95% yield in the
isomerization of phenyl oxirane after 2 h at room temperature
(5mol% D), but also to isomerize the highly sensitive p-
methoxyphenyl oxirane to the corresponding ketone with a
ratio of 10:1 and in 57 % yield.

The functional group tolerance of catalyst D is very high,
but sterically demanding substrates such as tert-butyloxirane,
—NH,, or —OH containing substrates, some ortho-substituted
aryl oxiranes or internal epoxides required very long reaction
times and/or elevated temperatures, which in some cases still
led to low yields. Therefore, we were interested in developing
our catalyst system further along with gaining more insight into
the reaction mechanism.

As the 18 e” rhodium complex D requires the dissociation of
one olefin moiety to react as a nucleophile, we envisaged the
16e complex 4 being an interesting target to fulfill our
purpose: The complex would still be stabilized intramolecularly
by one olefin moiety during catalysis but in addition exhibit a
higher nucleophilicity and thus catalytic activity. However, an
unsymmetrically N-substituted bimca ligand or related systems
have hitherto not yet been reported. In the following, we will
report on the synthesis of the unsymmetrical bimca ligand
bimca™“"™ and jts Rh complex 4 as well as the catalytic
activity of 4 in the regioselective epoxide isomerization. In
addition, more insight into the reaction mechanism and
deactivation pathways will be provided.

Results and Discussion

The synthesis of an unsymmetrically substituted bimca ligand
requires the selective monoalkylation of bisimidazol 1. Based on
the observation that the monoalkylated product 2 was formed
as a byproduct when reacting bisimidazol 1 with an excess
methyl iodide in THF,* we investigated the monoalkylation
further. In acetonitrile the reaction of equimolar amounts of
bisimidazol 1 and methyl iodide or Meerwein’s salt (Me,OBF,)
leads to a 1:1 mixture of the dialkylated product and the
starting material 1. However, if the reaction is carried out with
even a twofold excess of methyl iodide in THF at room
temperature the desired product 2 is formed due to its
precipitation under these conditions, which prevents further
alkylation (Scheme 2). After workup by filtration, the imidazo-
lium salt 2 was obtained in 90% vyield as a yellow solid. The
reduced symmetry leads to four signals for the carbazole
moiety and six signals for the imidazolium moieties. The
presence of only one NH signal with the same integral as the
other aromatic peaks excludes a potential 1:1 mixture of 1 and
the dimethylated product. The introduction of the N-homoallyl
substituent was carried out with a twofold excess of 4-bromo-1-
butene at 110°C in dimethylformamide and the desired
bisimidazolium salt 3 was isolated after workup in 95% vyield.
The 10 signals for the aromatic imidazolium and carbazole
protons can be clearly assigned with the help of 2D NMR
experiments including an NOE experiment to assign the peaks
to the relative sides of the carbazole backbone.
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Scheme 2. Synthesis of the unsymmetrical rhodium catalyst 4.

The preparation of 4'* was achieved by deprotonation of 3
with LIHMDS and subsequent addition of [Rh{u-Cl)(COD)l,.
However, the generated COD and HMDS during the reaction
cannot be removed in vacuo without decomposition of the
complex, possibly due to the presence of the lithium salts. To
obtain the pure complex 4, we transmetalated the ligand from
the potassium complex [K(bimca"*'™*™)] generated in situ by
deprotonation of 3 with KHMDS. The potassium halides formed
could be readily removed by filtration and complex 4 isolated
by removal of all volatiles in vacuo.

The structure of complex 4 could be identified by NMR
experiments. Bonding of the terminal double bond to the
rhodium centre is proven by the Uy, coupling constants of
13.2 Hz (C16) and 13.7 Hz (C17) in the "C NMR spectrum and
the 4 signals for the diastereotopic hydrogen atoms at the two
methylene groups of the homoallyl substituent. The cis/trans
assignment of the olefinic signals at 3.50 ppm (*J=7.7 Hz, H-
17, and 2.94 ppm (*J=11.5 Hz, H-17,,,,) is based on the vicinal
coupling constants, which are smaller than those typically
observed in non-coordinated olefins (e.g. in compound 3: J, =
17.2 Hz (trans) and 10.3 Hz (cis)), and can be explained with the
lower s-character due to a rehybridization upon coordination of
the metal ion. The relative assignment of axial and equatorial
methylene signals is based on the Karplus equation. Finally,
information on the relative conformation of the metallacycle
were obtained with an NOE experiment, which confirmed the
aforementioned assignments, Out of several minimum confor-
mations of similar energy obtained by DFT-calculations, the
NOE data is in accordance with the structure that is second
lowest in energy (A=1.5kJ/mol; Figure 2 and Supporting
Information).

With the new rhodium complex 4 in hand, we were able to
investigate the isomerization of phenyl oxirane (5a) as the
model substrate. To our satisfaction, an initial test using 5 mol%
of complex 4 together with 10 mol% LiBr (pre-activated with
5 uL THF-d,) in C,D; revealed full conversion at room tempera-
ture in a short time and demonstrated that the catalyst was
more active than the previous catalyst D (Table 1, entry 1).

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Minimum conformation of complex 4 based on DFT-D3 calcu-
lations (Turbomole: BP86/def2-TZVP) and observed NOE cross peaks
(indicated with arrows). For clarity reasons, part of the carbazole backbone is
depicted in wireframe style.

Table 1. Optimization of the reaction conditions for the isomerization of
phenyl oxirane in presence of rhodium catalyst 4."

@” @*@”

[R hliadditive
CeDg, 1t

Entry Catalyst [mol  Conc5a[mol/ ¢ Yield Ratln
%] L [46]"  (6a:7a)
1 5 01 40 min 84 =99:1
2 3 0.1 70min 89 >89:1
3 1 0.1 120min  >99 =99:1
44 0.1 24 h 7 5:1
51 1 01 24 h 6 10:1
6 1 0.2 60 min 99 =>99:1
7 1 04 50min 95 =>99:1
8 1 08 40 min 92 =>99:1
9 - 08 60min - <5 -

[a] Carried out in /. Young NMR tubes and with 10 mol% LiBr and 5 L THF-
d.. [b] Yield ("H NMR) of 6a calibrated to 1,3,5-trimethoxybenzene (internal
standard). [c] Without LiBr, [d] THF-d; as the solvent.

Encouraged by this result, we tried to reduce the catalyst
loading: 1 mol% of the catalyst was sufficient for a fast and
quantitative rearrangement without influencing the excellent
regioselectivity (Table 1, entries2 and 3). To test whether
lithium bromide was still necessary as a co-catalyst we applied
the isolated catalyst 4 without adding any Lewis acids. The
catalytic activity was reduced dramatically under these con-
ditions (Table 1, entry 4). This indicates that a Lewis acid is
essential for the pre-activation of the substrates. Low con-
version was also obtained using THF-d; as the solvent which
most likely stems from competitive binding between THF and
the substrate to the Lewis acid co-catalyst (Table 1, entry 5).
Afterward, the concentration of phenyl oxirane was studied.
Epoxide concentrations of 0.2 mol/L (Table 1, entry 6) shortened
the reaction time substantially and the reaction was 10 times
faster compared to catalyst D. Further increase of the concen-
tration led to a reduced reaction time whereas the yields
decreased slightly (Table 1, entries 7 and 8). In addition, the
need for catalyst 4 was also tested. Without rhodium catalyst 4
the yield remained below 5% (Table 1, entry9). Thus, the
optimized reaction conditions (1 mol% catalyst 4, 0.2 M epox-
ide, C;D,, room temperature) were applied to investigate the
generality of this protocol.
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Using complex 4 as the catalyst, various functionalized
epoxides were converted successfully into the desired methyl
ketones (Table 2). Phenyl oxirane (5a) and aryl oxirane 5b
bearing the strong electron-withdrawing trifluoromethyl sub-
stituent were transformed regioselectively in excellent yield. To
our delight, epoxides 5c and 5d possessing electron-donating
groups (methyl or methoxy) were converted into 6c and 6d
with still very good regioselectivities of 50:1 and 22:1 favoring
the methyl ketones (6¢, 6d) over the aldehydes (7¢, 7d) in
good to moderate yields. Even the ortho-substituted methyl
ketone 6e was obtained from 5e in high yield and with
excellent regioselectivity. Besides aryl ketones, epoxides bearing
NH or OH groups like sulfonamide (5f) and hydroxyl groups
(5g) were rearranged to the desired methyl ketones with
1 mol% catalyst loading in 83% (6f) and 90% (64g) yield, albeit
at longer reaction time (24 h). The high nucleophilicity of
complex 4 is also compatible with an ester group. The isomer-
ization of epoxide 5h afforded 6h in moderate yield after 24 h
at 60 °C and 5 mol% catalyst loading. As the extended reaction
times may derive from competing coordination of LiBr at the
Lewis basic centers of functional groups, we have increased the
amount of LiBr to 50 mol% and achieved full conversion already
after 1 h reaction time at moderate to excellent yield {entries 6-
8) at room temperature. In the case of 5g, the moderate yield
resulted from unknown side products which will be studied
further. Furthermore, the sterically demanding 2-(tert-butyl)
oxirane (5i) can be also converted to the desired product 6i,
albeit with higher catalyst loading (5 mol%) and reaction
temperature.

The internal epoxides 5j-l react considerably faster com-
pared with rhodium catalyst D. At 80°C, 7-oxabicyclo[4.1.0]
heptane (5j) was isomerized into cyclohexanone in almost
quantitative yield. Furthermore, cis-2,3-epoxybutane (5k) was
also compatible with the catalyst system and yielded 99%
butan-2-one. In contrast, the conversion of trans-2,3-epoxybu-
tane (51) under otherwise identical conditions yielded only 7%
of butan-2-one. This outcome is of considerable interest as it is
contrary to the results from Coates and coworkers, who
obtained less than 40% conversion with cis-2-hexene oxide but
989% yield with trans-2-hexene oxide applying [(salcy)AI(THF),]"'
[Co(CO),]™ as the catalyst.”

Mechanistic considerations. When we tried to isolate
catalyst 4 by chromatography at silica gel under argon, we
isolated the isomerized complex 8 (Figure 3, top) as indicated
by the characteristic substitution pattern in the NMR spectra.
The signal at 1.17 ppm with an integral of 3H shows a *J (6.3 Hz)
and a *J coupling to the olefinic signals at 4.56 (H-15) and
4,09 ppm (H-16). The cis-conformation of the double bond is
nat only confirmed by the J coupling constant of 6.3 Hz, but
also by the NOE between methyl signal H-17 and the signal H-
14b of the methylene group. In addition, an NOE cross-peak is
observed between the signals of both olefinic protons and the
N-methyl signal. The assignment of the peaks of the imidazole
moieties and carbazole backbone are based on the observed
NOE cross peaks (Figure 3, bottom).

Complex 8 is of importance as it is also formed under the
conditions applied for the catalysis. While the in situ prepared

© 2019 Wiley-VCH Verlag GmbH & Co, KGaA, Weinheim
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Table 2. Substrate scope in the isor of epoxide catalysed by rhodium complex 4.
o 1 mol% 4 o
/ 10 molt LiBr
R R CqDs, 1t RJI\/R
Entry Substrate Product £ Yield [9]"™ Ratio
(6:7)
5a 6a
o]
1 ©/& ©)1\ 1h 99 >99:1
5b 6b
o) o]
2 Fsc\©/—\ FgC\O)\ 1h 98 =991
5c 6¢C
o] o]
3 /@/ﬂ /©)\ 1h 77 50:1
5d 6d
o]
4 /@/IS O/‘K 1h 42 22:1
Mel MeD
5e 6e
Q (o]
5 qﬂ EIK 24h 92 3311
5f &f 24h 83
[ 1h ggleal _
NHTs NHTs
5g &g 24h 90
7 o] 1h 42l _
&/OH /U\/OH
5h 6h 24h 674
o} a o 1h goi=d
8 0, -
A A~ A
5i 6i
81 0 o] _
9 N 24h 99
Bu 'Bu
5 6j
i " o
1080 O ij 24h 29 =
5k 6k
7780 /8\ /ﬁ\/ 24h 99 -
51 6k
1241 O, * 24h 7 -
[a] Carried out in J. Young NMR tubes and with 10 mol% LiBr and 5 4L THF-d, 0.2 M concentration of epoxides. [b] Yield ('"H NMR) of 6a calibrated to 13,5
trimethoxybenzene (internal standard), [c] At 60°C. [d] 20 mol% LINTF, instead of LiBr. [e] 5 mol% catalyst 4. [f] At 80°C. [g] 50 mol% LiBr,

complex 4% s stable in THF-d, isomerization takes place within
one hour at room temperature when 2 eq of LiBr are added to
a solution of the isolated complex 4 in benzene-d, without the
presence of any amount of epoxide. Obviously, the Lewis
acidity of the lithium cation in benzene is enhanced to such an
extent that the isomerization of the double bond can occur.

To prove that complex 8 is an active catalyst itself, we have
cartied out the Meinwald reaction of phenyl oxirane with the
isolated complex 8 under the general conditions {1 mol% 8,

Chem(atChemn 20189, 11, 4028-4035 www.chemcatchem.org
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10 mol% LiBr, 5 uL THF-d;, room temperature). The reaction rate
is comparable to that when starting from complex 4. We
assume that the isomerization of complex 4 to 8 as well as the
Meinwald reaction of phenyl oxirane catalyzed by complex 4 or
8 occurs at comparable reaction rates. Isomerizations of the
double bond can also be observed using catalyst D. However,
due to the two N-homoallyl moieties, mixtures are obtained,
and the NMR spectra become very complex.

© 2019 Wiley-VCH Verlag GmbH & Co, KGaA, Weinheim
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Figure 3. Top: Isomerization of the terminal double bond of complex 4 to an
internal cis-double bond in complex 8 by Lewis acids. Bottom: Minimum
conformation of the isomerized complex 8 based on DFT calculations
(Turbomole: BP86/def2-TZVP) and observed NOE cross peaks (indicated with
amrows). For clarity reasons, part of the carbazole moiety is depicted in
wireframe style.
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Scheme 3. Initially proposed catalytic cycle (pathway | and pathway 1} for
complex B (L=C0) and evidence for pathway || following the observed H/D
exchange in the case of the homeallyl complexes D and 4 (vide infra).

Earlier, we had proposed a catalytic cycle for catalyst B, in
which the oxidative addition product OA was confirmed by
NMR spectroscopy (Scheme 3).°" From this intermediate two
possible pathways can lead to the product: a concerted 1,2-H
shift under reductive elimination of the catalyst (c) or [-hydride
elimination (d) to form the Rh-hydride intermediate (Int-1),
which subsequently undergoes reductive elimination (e) to
release the product and the catalyst.
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Scheme 4. D/H exchange during the isomerization of 1-D-phenyl oxirane
with the N-homoallyl substituted catalysts D and 4 indicate a hydrido—Rh{lll)
intermediate Int-1 in the catalytic cycle.

As the hydride intermediate (Int-1) was not observed during
the catalysis with complex B (L=C0O), we envisaged that the N-
homoallyl moiety of catalyst D or 4 could insert into the Rh—H
intermediate Int-1 to give the rhodium alkyl intermediate Int-2,
which could undergo a D/H exchange in case deuterated
phenyl oxirane was used. To prove this hypothesis, we carried
out catalytic experiments with 1-D-phenyl oxirane as substrate
with both N-homoallyl-substituted catalysts D and 4 under
catalytic as well as stoichiometric conditions (Scheme 4). In all
cases, we found an exchange of the deuterium by hydrogen in
the methylphenyl ketone of 5-7%. (deuteration degree of the
phenyl oxirane: 98 %).

Based on these observations, we favor pathway Il for the
catalytic cycle of the nucleophilic Meinwald reaction with our
rhodium catalysts. This pathway is also supported by the
observations by Milstein, who isolated hydrido-2-oxoalkyl
complexes when reacting RhCI(PMe,); with neat methyl or
phenyl oxirane™ In this case, the reductive elimination to
acetone or acetophenone is the rate limiting step.'®

Catalyst deactivation pathways. In addition, we observed
two deactivation products of the catalyst. We recognized the
formation of red crystals after finishing a VT NMR experiment of
catalyst 4 with 1.0 equiv. of phenyl oxirane at room temper-
ature. The X-ray structure analysis reveals the formation of a
bromido—Rh(lll) complex, in which the N-homoallyl substituent
is coordinated in a #*allyl coordination mode to the oxidized
metal center (Figure4). The allyl-Rh bonds measure 2.137
(Rh—C17), 2114 (Rh—C16) and 2.220 A (Rh-C15). As the isomer-
ization of phenyl oxide 5a is very fast, it is likely that the
formation of complex 9 occurs after the catalysis. C-H
activation at the allylic position to form an allylhydrido complex
and subsequent substitution of the hydrido by a bromido
ligand can explain its formation.

From the testing of cis-1,2-(diethoxycarboxyl)oxirane
(5 mol% 4 (2.3 mg), 20 mol% LIiNTf, (4.6 mg), cis-1,2-(diethoxy
carboxyljoxirane (151 mg) and  1,3,5-trimethoxybenzene
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Figure 4. Molecular structure of the catalyst deactivation product 9. Atoms
are shown with anisotropic atemic displacement parameters at the 50%
probability level. Hydrogen atoms as well as 3.5 co-crystallized benzene
molecules are omitted for clarity.

Figure 5. Molecular structure of the side product 10. Atoms are shown with
anisotropic atomic displacement parameters at the 50 % probability level.
Hydrogen atoms as well as the two NTf, counter ions and two co-
crystallized benzene molecules are omitted for clarity.

(43mg), 24 h at 80°C and 24 h at 100°C) we obtained red
single crystals in the NMR tube after several days at room
temperature, The X-ray structure analysis reveals that under the
elevated temperature the internal standard 1,3 5-trimethoxy-
benzene has reacted with the N-homoallyl moiety of complex 4
in a formal dehydrogenation and C—C bond formation to the Rh
(I(s7*-allyl) complex 10 (Figure 5). In the solid state the 16e
Rh-d® complex forms a Lewis-pair dimer between the rhodium
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and the carbazole nitrogen atoms with a mean distance of
2.74 A, The allyl rhodium bonds measure 2.143 (Rh—C17), 2.124
(Rh—C16) and 2.243 A (Rh—C15) (mean).

To avoid erroneous catalytic results in the NMR experiments,
catalytic tests with substrates of low reactivity should be carried
out either with an inert or without an internal standard.

Conclusions

Herein, we have presented the most active and selective
catalyst system for the nucleophilic Meinwald reaction of
terminal epoxides so far. The reactivity enhancement of catalyst
4 was achieved by providing only one coordinating N-homoallyl
substituent at the ligand scaffold. The isolated complex 4 can
undergo isomerization of the double bond in the presence of
weak Lewis acids and benzene as solvent to yield the N-
methallyl complex 8, which is itself a comparably active catalyst
in the Meinwald reaction. D/H exchange experiments provide
strong evidence for a fi-hydride elimination/reductive elimina-
tion pathway via a hydrido—Rh intermediate for the Rh-
catalyzed nucleophilic Meinwald reaction.

Experimental Section

General information. Unless otherwise noted, all reactions were
carried out under an argon atmosphere in dried and degassed
solvents using Schlenk technique. Toluene, pentane, dichloro-
methane and tetrahydrofuran were purchased from Sigma Aldrich
and dried using an MBraun SP5-800 solvent purification system. All
lithium salts used were obtained from commercial suppliers, dried
in vacuum and used without further purification. Chemicals from
commercial suppliers were degassed through freeze-pump-thaw
cycles prior to use. Rhodium complex D was synthesized according
to the literature procedure™ 'H and "C NMR spectra were
recorded using a Bruker ARX 250 or AVANCE Il + 400 spectrometer,
Chemical shifts & (ppm) are given relative to the solvent’s residual
proton and carbon signal respectively: THF-ds: 3.58 ppm ('H NMR)
and 67.57 ppm (“C{H} NMR}; C.Dg 7.16 ppm ('H NMR) and
12839 ppm (*C{H} NMR); DMSO-d; 2.50 ppm ('H NMR) and
39.51 ppm ("C{H} NMR). Coupling constants (J) are expressed in Hz.
Signals were assigned as s (singlet), d (doublet), t (triplet), q
(quartet), quint (quintet), m (multiplet) and variations thereof; (br)
refers to a broad signal. The assignment of peaks is based on 2D
NMR correlation and NOE spectra.

Synthesis of Hbimca"™*™ HI.HBr (3). a) Synthesis of 2: To a
suspension of 1 (0.74 g, 1.8 mmol) in 10 mL THF was added Mel
(0.51 g, 3.6 mmol) dropwise. The reaction was stirred at room
temperature for 24 h to form a pale precipitate. The mixture was
filtered and dissolved in dichloromethane. After removal of solvent,
product 2 was obtained as a light yellow solid (0.89 g, 1.6 mmol,
yield: 909). 'H NMR (250.13 MHz, DMSO-dy) 6=11.24 (s (br), TH,
NH), 9.69 (s (br), 1H, H-7'), 857 (d, “J;;=1.7 Hz, 1H, H-5), 842 (d,
“Juw=1.7, TH, H-4), 8.21 (s (br), TH, H-2), 8.19 (ps t, *Juy=1.8 Hz, TH,
H-107), 7.98 (ps t, Jyy=1.7 Hz, 1H, H-9'), 7.73 (ps t, “,u=1.3 Hz, 1H,
H-5%), 7.66 (d, “yw=1.7 Hz, TH, H-7), 7.50 (d, “Jy=1.7 Hz, 1H, H-2),
7.22 (ps t, YJyy=1.0 Hz, 1H, H-4'), 3.99 (s, 3H, H-18), 1.45 (s, 18H, H-
11 and H-13). "C{H} NMR (62.90 MHz, DMSO-d,) 5= 143.6 and 143.2
(C3 and Cs), 138.0 (C77), 137.2 (C2), 132.7 (CBa), 132.1 (Cla), 1291
(C4'), 125.7 (C4a), 125.0 (C5a), 123.7 (2x) (C10" and C9}, 121.7 (C1),
121.0 (C7), 120.2 (C5), 120.0 (C2), 119.1 (C5), 118.9 (C8), 116.7 (C4),
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36.0 (C18), 34.78 and 34.70 (C10 and C12), 31.65 and 31.62 (C11
and C13). C;;H;,N¢! (553.50): caled C 58.59, H 5.83, N 12.65; found C
58.38, H 6.29, N 12.30. m.p.: 287 °C (dec.).

b) Synthesis of 3: To a solution of the monomethylated product 2
(0.89g, 1.6 mmel) in T0mL DMF was added 4-bromobutene
(0.43 g, 3.2 mmol) in one portion. The reaction was stirred at 110°C
for 21 h. The solvent was removed via oil pump and a good
precipitate was achieved after adding a bit of ethanol and diethyl
ether. The mixture was filtered, and the residue was resolved in
dichloromethane. After removal of the solvent, the product 3 was
obtained as a light yellow solid (1.0 g, 1.5 mmaol, yield: 95%). 'H
NMR (250.13 MHz, DMSO-d,) &= 11.63 (s (br), TH, NH), 10.06 (s (br),
1H, H-27), 10.01 (s (br), TH, H-7'), 8.65 (s (br), 2H, H-4 and H-5), 8.32
(s (br), TH, H-5), 8.29 (s (br), TH, H-10"), 817 (s (br), 1H, H-4'}, 8.06 (s
(br), 1H, H-9"), 7.76 (d, “Jy,=1.3 Hz) and 7.75 (d, “J,=1.4 Hz) (2H,
H-2 and H-7), 592 (ddt, */,=17.2 Hz, *J;u=103 Hz, *};,=6.8 Hz,
1H, H-16), 5.23 (dd, *Jyy=17.2 Hz, Yyy=1.0 Hz, TH, H-17,,), 5.16 (d
(br), *4e=103 Hz, 1H, H-17...), 444 (t, "J,,=7.2 Hz, 2H, H-14), 4.03
(s, 3H, H-18), 2.78 (dt, *J,,,=6.8 Hz, 1},,,=7.2 Hz, 2H, H-15), 1.47 (s,
18H, H-11 and H-13). "'C{H} NMR (62.90 MHz, DMSO-d,} & =143.7
(C3 and Ce), 137.9 (C7'), 137.3 (C2'), 133.7 (C16), 132.3 and 132.2
(Cla and C8a), 125.5 and 1254 (Cd4a and C5a), 123.9 (C9), 1233
(C5), 123.2 (C10°), 1229 (C4), 12092 and 120.89 (C2 and C7),
119.42 and 119.37 (C4 and C5), 119.0 (C1 and C8), 1183 (C17), 48.4
(C14), 36.1 (C18), 34.2 (C10 and €12), 33.2 (C15), 31.6 (C11 and C13).
m.p: 263°C.

Preparation of catalysts 4"", a) In situ generation of [Li(bim-
ca"™Hemoy1: Lithium bis(trimethylsilyl)amide (7.3 mg, 44 pmol} was
added to the suspension of 3 (10.0 mg, 14.5 pmol) in 0.5 mL of
THF-d; at room temperature and a light yellow solution with blue
fluorescence was formed. After 10 min, the quantitative formation
of [Li(bimea™*"*™)] was confirmed by 'H NMR spectroscopy. 'H
NMR (400 MHz, THF-dg) & =7.99 (s (br), 2H, H-4 and H-5), 7.73 (s (br),
2H, H-5' and H10'), 7.39 (s (br), 2H, H-2 and H-7), 7.21 and 7.15
(each s (br}, each 1H, H-4' and H-9'), 5.80-6.05 (m, 1H, H-16), 5.15 (d,
Yy =16.5 Hz, TH, H-17,0), 5.04 (d, *Jyy=10.5 Hz, TH, H-17,3), 4.26-
435 (m, 2H, H-14), 3.93 (s (br), 3H, H-18), 2.70-2.80 (m, 2H, H-15),
1.50 (s, 18H, H-11 and H-13).

b) In situ generation of 4"*: [Rh(u-Cl)(COD)], (0.5 eq) was added to
the previous prepared solution of [Li(bimca™*"*™)] (1.0 eq) at room
temperature. The solution was stirred for 10 min, Catalyst 4% was
obtained as an orange solution in quantitative yield as determined
by NMR spectroscopy. 'H NMR (400 MHz, THF-d;) 6=8.17 (d, Y=
2.2 Hz, 1H, H-10), 8.10 (d, *Jy,=2.3 Hz, 1H, H-5), 8.08-0.09 (m, 2H,
H-4 and H-5), 7.73 (d, “4yu=15 Hz, TH, H-2), 7.70 (d, “y=1.5 Hz,
1H, H-7), 7.17 (d, *Jyy=2.3 Hz, 1H, H-4"), 7.16 (d, *}yy=2.2 Hz, 1H, H-
9'), 4.65-4.58 (m, TH, H-16), 4.28 (ps td, ;=124 Hz, */y;=2.2 Hz,
TH, H-14), 409 (d ps t, “Jy4=13.0 Hz, *};y=3.6 Hz, TH, H-14,,), 3.92
(s, 3H, H-18), 3.50 (d, "/=7.7 Hz, 1H, H-17_,), 2.94 (d, */=11.5 Hz, 1H,
H-17, ), 267 (br dd, 2= 15.1 Hz, *4,= 124 Hz, TH, H-15,), 2.33-
225 (m, 1H, H-15_,) (overlap with COD signal), 1.53 and 1.52 (each
s, 18H, H-11 and H13). *C{H} NMR (101 MHz, THF-d,) &=184.8 (d,
Upe=433 Hz, C7'), 179.0 (d, Uy =45.7 Hz, C2), 139.2 (C3), 139.1
(C6), 137.1 (C1a), 136.8 (CBa), 127.3 and 127.2 (C4a and C5a), 126.6
(C9), 126.0 (CB), 125.7 (C1), 123.9 (C4, 1161 (C10, 1165 (C5),
113.6 (C5), 113.4 (C4), 111.3 (C7), 110.2 (C2), 51.3 (d, 'sz 13.2 Hz,
C16), 47.5 (C14), 38.2 (C18), 37.0 (d, ‘JN,,(=13.? Hz, C17), 35.6 (C10
and C12), 32.8 (C11 and C13), 31.9 (C15).

Preparation of catalyst 4. Imidazolium salt 3 (100 mg, 145 pmol),
potassium bis(trimethylsilyllamide (86.9 mg, 436 pmol) and [Rhu-
CI){CODII, (35.8 mg, 72.6 pmol) were added to a dry flask at room
temperature. The flask was cooled down to —60°C for 30 min. Cold
THF was injected into the flask and the reaction was stirred for
another 30min at —60°C. After completion, the reaction was
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filtered to remove potassium halides. The collected filtrate was
dried under vacuum and the residue was washed with pentane (3 x
5 mL). Pure catalyst 4 was obtained after removal of solvent as a
yellow solid (43.6 mg, 75.0 pmol, yield: 52%). The NMR data (THF-
d;) correspond to the results abtained from using [Li(bimea™*"*"")],
CyH3eN:Rh (581.56): caled € 64.02, H 6.24, N 12.04; found C 61.70, H
6.02, N 11.36. Possibly contains residual KBr: CyHyN:Rh-0.2 KBr:
caled C61.51, H 5.99, N 11.57.

Synthesis of the isomerized rhodium complex 8. To a J Young
NMR tube containing LiBr (6.2 mg, 80 umol) and 20 pl of THF-d,,
was added catalyst 4 (23.2 mg, 40.0 pmol) with C,D; (0.8 mL).
Catalyst 8 was generated at room temperature after 1h in
quantitative yield as determined by NMR spectroscopy. Another
methed for achieving complex B was to run a chromatography on
silica gel with complex 4. '"H NMR (400 MHz, THF-d,) 5§=8.19 (d,
‘=22 Hz, TH, H-10", 8.14 and 8.13 (each d, each “};y=1.6 Hz,
each 1H, H-5 and H-4), 8.02 (d, */,;,=2.2 Hz, 1H, H-5'), 7.81 (d, “Jy,=
1.6 Hz, TH, H-7), 7.73 (d, "hu=1.6 Hz, TH, H-2), 7.27 (d, *}yy=2.0 Hz,
1H, H-4'), 7.17 (d, Y5;=2.0 Hz, 1H, H-9), 4.56 (br ps t, 1H, *Jyy=
7.2 Hz, H-15), 445 (dd, Yy=11.7 Hz, *},,=6.8 Hz, 1H, H-14,), 4.09
(d ps quint, Yyu=6.2 Hz, *J,u=23 Hz, 1H, H-16), 3.97 (br d, /=
11.7 Hz, 1H, H-14,), 3.71 (s, 3H, H-18), 1.55 and 1.54 (each s, 18H, H-
11 and H-13), 1.17 (dd, *Jy=6.3 Hz, *Jyy=06 Hz, 3H, H-17). *C{H}
NMR (101 MHz, THF-d) 5=187.9 (d, 'Jy,c =42.4 Hz, C7"), 1872 (d,
Ugne =443 Hz, €2'), 1395 and 139.2 (C3 and C6), 137.5 (Cla), 136.3
(C8a), 127.9 and 127.6 (C4a and C5a), 126.4 (C1), 126.2 (CB), 1246
(C9), 1183 (C4), 11865 (C107, 114.8 (C57, 1141 (C5), 113.8 (C4),
111.4 (C7), 109.7 (C2), 57.3 (d, Upe=14.1 Hz, C16)}, 53.8 (d, Sye=
12.7 Hz, C15), 50.0 (C14), 37.6 (C18), 35.72 and 35.65 (C10 and C12),
32.93 and 32.90 (C11 and C13), 20.9 (C17). 'H NMR (400 MHz, C,Dy)
6=846 (s, 2H), 767 (s, TH), 7.59 (s, TH), 7.49 (s, TH), 7.23 (s, TH),
6.36 (s, 1H), 6.14 (s, 1H), 4.48-4.40 (m, 1H, H-15}, 4.31 (ps quint,
Yy =6.0Hz, 1H, H-16), 4.09 (dd, *}y,,=11.2 Hz, *J,,=6.8 Hz, 1H, H-
14,), 366 (br d, */y5,=11.7 Hz, TH, H-14,), 3.12 (s, 3H, H-18), 1.55 {br
s, 18H, H-11 and H-13), 1.37 (br d, "4=6.0 Hz, 3H, H-17).

DFT calculations. Performed based on density functional theory at
the BP86/def2-SVP and/or BPB&/def2-TZVP" level implemented in
Turbomole® The Rl-approximation™ and the Grimme dispersion
correction D3-BJ'Y were used all over. Several structures were
optimized differing in the conformation of the rings formed by the
coordination of the double bond. Minimum structures were verified
at the BP86/def2-5VP level by calculating the Hessian matrix and
ensuring that it has no imaginary frequency.

X-ray structure analysis. CCDC 1907047 (9) and 1907048 (10)
contain the supplementary crystallographic data. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre at www.ccdc.cam.ac.uk/data_request/cif.
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1. General information

Unless otherwise noted, all reactions were carried out under an argon atmosphere in dried and
degassed solvents using Schlenk technique. Toluene, Pentane, dichloromethane and tetrahydrofuran
were purchased from Sigma Aldrich and dried using an MBraun SPS-800 solvent purification system.
All lithium salts used were obtained from commercial suppliers, dried in vacuum and used without
further purification. Chemicals from commercial suppliers were degassed through freeze-pump-thaw
cycles prior to use. 'H and "C{H} NMR spectra were recorded using a Bruker AVANCE II+ 400
spectrometer. Chemical shifts & (ppm) are given relative to the solvent's residual proton and carbon
signal respectively: THF-ds: 3.58 ppm ('H NMR) and 67.57 ppm ("°C NMR); C¢Ds: 7.16 ppm ('H NMR)
and 128.39 ppm (°C NMR); DMSO-ds: 2.50 ppm ('H NMR) and 39.51 ppm ("*C NMR), CDCls: 7.27
ppm ("H NMR) and 77.0 ppm ("°C NMR). Coupling constants (J) are expressed in Hz. Signals were

assigned as s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet) and variations thereof.

S2



Publications: Part 2

2. Synthesis of Phenyloxirane-1-d; (5a-d;)!"

0 5 0P o I
Cl  LiAIDyTHF Cl KOBW/THF
—_————— —eee i
-30°C rt
5a-d,

To a stirred solution of LiAID4 (109 mg, 2.59 mmol) in THF (3mL) at -30 °C, 2-chloro-1-phenylethan-1-
one (400 mg, 2.59 mmol) in THF (2mL) was added dropwise. After reaction completed, the mixture
was poured into 10% H.SO4 aqueous, extracted with THF (3 x 5 mL) and then dried over Na,SO.,.
After removal of the solvent by rotary evaporation, the crude product was used directly without further
purification. KO'Bu (290 mg, 2.59 mmol) was dissolved in THF and the raw product was added
dropwise at room temperature. After completion, dilute HCI (5 mL) was slowly added and the mixture
was stirred vigorously until bubbling ceased. The organic layer was separated and washed with brine
and then dried over Na,SO,. After removal of the solvent by rotary evaporation, the crude product was
purified by chromatography on silica gel (EtOAc/hexane, ratio 1:20) to afford the desired product 5a-d,
(53%) as a colorless liquid.

'H NMR (400 MHz, CDCl;) 8 = 7.39-7.27 (m, 5H), 3.16 (d, 2Jun = 5.4 Hz, 1H), 2.82 (d, *Juy = 5.4 Hz,

1H). *C{H} NMR (101 MHz, CDCl,) 5 = 137.5, 128.5, 128.2, 125.5, 52.0, 51.1.
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3. Experimental procedures for the Meinwald reaction of epoxides with catalyst 4

o 1 mol% 4 o
2\ 10 mol% LiBr )L/R
R R' CgDg, 1t R

Method 1

To a J. Young NMR tube containing LiBr (0.7 mg, 8.0 umol) and 5 pL of THF, was added catalyst 4
(0.5 mg, 0.8 umol) and a defined amount of the internal standard 1,3,5-trimethoxybenzene with CgDs
(0.4 mL). Afterwards, epoxide 5 (80 pmol) was added. The reaction at mentioned temperature was
monitored by '"H NMR spectroscopy. All yields were determined by 1,3,5-trimethoxybenzene (certain
amount) as the internal standard. The NMR signals of the obtained ketones were confirmed with
literature data.

5 mol% 4
O 20 mol% LiNTf, 9
R R Cp BT T RO

Method 2

To a J. Young NMR tube containing LINTf; (4.6 mg, 16 pmol) and 5 pL of THF, was added catalyst 4
(2.3 mg, 4.0 ymol) and a defined amount of the internal standard 1,3,5-trimethoxybenzene with CgDs
(0.4 mL). Afterwards, epoxide 5 (80 pmol) was added. The reaction at room temperature was
monitored by '"H NMR spectroscopy. All yields were determined by 1,3,5-trimethoxybenzene (certain
amount) as the internal standard. The NMR signals of the obtained ketones 6 were confirmed with

literature data.

(0]

ge

6a
Acetophenone (6a). 'H NMR (400 MHz, C¢Ds) 6 = 7.77—7.74 (m, 2H), 7.13-7.09 (m, 1H), 7.06-7.00 (m,

2H), 2.09 (s, 3H).

CF4

4

6b

sS4
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1-(3-(Trifluoromethyl)phenyl)ethan-1-one (6b). '"H NMR (400 MHz, C¢Ds) 5 = 8.00 (s, 1H), 7.64 (d, J =

7.8 Hz, 1H), 7.29 (d, J = 7.8 Hz, 1H), 6.80 (t, J = 7.8 Hz, 1H), 1.90 (s, 3H).

(o]

L

6c
1-(p-Tolyl)ethan-1-one (6¢). 'H NMR (400 MHz, CcDg) & = 7.76-7.73 (m, 2H), 6.89-6.86 (m, 2H), 2.13

(s, 3H), 1.99 (s, 3H).

o

6d
1-(4-Methoxyphenyl)ethan-1-one (6d). "H NMR (400 MHz, C¢Ds) 8 = 7.80 (dt, J = 8.9, 2.9 Hz, 2H), 6.62

(dt, J=8.9, 29 Hz, 2H), 3.18 (s, 3H), 2.14 (s, 3H).

6e
1-(o-Tolyl)ethan-1-one (6e). 'H NMR (400 MHz, CsDg) 8 = 7.26 (d, J = 7.5 Hz, 1H), 7.05-7.01 (m, 1H),

6.93-6.91 (m, 2H), 2.53 (s, 3H), 2.1 (s, 3H).

o
M NHTs

6f
After full conversion within 1 h with 50 mol% LiBr as the co-catalyst, 12-crown-4 (2.0 eq to the epoxide)
was added into the J. Young tube to sequester Li* from a product-Li complex.
4-Methyl-N-(2-oxopropyl)benzenesulfonamide (6f). 'H NMR (400 MHz, CsD¢) 8 = 7.79 (d, J = 8.1 Hz,

2H), 6.81 (d, J=8.1 Hz, 2H), 5.71 (s, 1H), 3.38 (s, 2H), 1.87 (s, 3H), 1.32 (s, 3H).

(]
M on

6g
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1-Hydroxypropan-2-one (6g). 'H NMR (400 MHz, CsD) 8 = 3.57 (s, 2H), 2.97 (br s, 1H), 1.27 (s, 3H).

B AP,

6h
3-Oxobutyl-propionate (6h). 'H NMR (400 MHz, CsDs) & = 4.18 (t, J = 6.3 Hz, 2H), 2.07 (t, J = 6.3 Hz,

2H), 1.98 (q, J = 7.6 Hz, 2H), 1.55 (s, 3H), 0.93 (t, J = 7.6 Hz, 3H).

o
/U\fBu

6i

3,3-Dimethylbutan-2-one (6i). "H NMR (400 MHz, CsDs) & = 1.73 (s, 3H), 0.89 (s, 9H).

Ej
6
Cyclohexanone (6j). 'H NMR (400 MHz, C¢De) 8 = 1.99 (t, J = 6.8 Hz, 4H), 1.32-1.38 (m, 4H), 1.11-

1.17 (m, 2H).

(0]

o

6k
1-Methoxypropan-2-one (6k). 'H NMR (400 MHz, C¢Ds) & = 1.84 (q, J = 7.2 Hz, 2H), 1.61 (s, 3H), 0.83

(t, J = 7.2 Hz, 3H).
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4. NMR spectra
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Figure S1. 'H NMR (DMSO-d;, 400 MHz) spectrum: synthesis of 2.
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Figure S2. C{H} NMR (DMSO-ds, 101 MHz) spectrum: synthesis of 2.
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H,”C-HSQC

KM1_3_Nachtmessung.012.001.2rr.esp

ol L

;
® =
— ® =
= . 3
¥ 3
= . 3
:
L L L L L L L L L Ly LRl R LS LR LAY |-||||||!|||-|||u|||||||||||||||||||||'_
11 10 9 8 7 6 5 4 3 2 1 0 -

F2 Chemical Shift (ppm)
Figure $3. 'H,"*C-HSQC NMR (DMSO-ds, 400 MHz) spectrum: synthesis of 2.
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H, “C-HMBC
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Figure S4. 'H,"*C-HMBC NMR (DMSO-ds, 400 MHz) spectrum: synthesis of 2.
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Figure S5. 'H,'"H-COSY NMR (DMSO-ds, 400 MHz) spectrum: synthesis of 2.
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Figure $6. 'H,"H-NOE NMR (DMSO-ds, 400 MHz) spectrum: synthesis of 2.
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Figure S7. 'H NMR (DMSO-ds, 400 MHz) spectrum: synthesis of 3 from 2.

& EA Fh% SLHERYREX o -
¢ Bn Aoe dANAs=zdas H Y ELE
TN TSN e i T S5 T

£
(ppm)

Figure S8. *C{H} NMR (DMSO-ds, 101 MHz) spectrum: synthesis of 3 from 2.
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Figure S9. 'H,"*C-HSQC NMR (DMSO-ds, 400 MHz) spectrum: synthesis of 3 from 2,
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H, “C-HMBC
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Figure $10. 'H,"”C-HMBC NMR (DMSO-ds, 400 MHz) spectrum: synthesis of 3 from 2.
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Figure $11. 'H,"H-COSY NMR (DMSO-ds, 400 MHz) spectrum: synthesis of 3 from 2.
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Figure $13. 'H NMR (THF-ds, 400 MHz) spectrum: generation of [Li(bimca™"*™)] from 3.
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Figure S14. 'H NMR (THF-ds, 400 MHz) spectrum: generation of catalyst 4“* from [Li(bimca™"*™)].
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Figure $15. *C{H} NMR (THF-ds, 101 MHz) spectrum: generation of catalyst 4“* from [Li(bimca™®"°™)].
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Figure $16. 'H,"*C-HSQC NMR (THF-ds, 400 MHz) spectrum: generation of catalyst 4-* from [Li(bimca™®Ho™)].
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H, "C-HMBC
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Figure $17. 'H,”*C-HMBC NMR (THF-ds, 400 MHz) spectrum: generation of catalyst 4“* from [Li(bimca™*"*™)].
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Figure S18. 'H,"H-COSY NMR (THF-ds, 400 MHz) spectrum: generation of catalyst 4“* from [Li(bimca™ ™).
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Figure $19. 'H,"H-NOE NMR (THF-ds, 400 MHz) spectrum: generation of catalyst 4" from [Li(bimca™*"°"?)].
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Figure $20. 'H NMR (THF-ds, 400 MHz) spectrum: generation of complex 8 from catalyst 4.
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Figure $21. C{H} NMR (THF-ds, 101 MHz) spectrum: generation of complex 8 from catalyst 4.
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Figure $22. 'H,"”C-HSQC NMR (THF-ds, 400 MHz) spectrum: generation of complex 8 from catalyst 4.
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H, “"C-HMBC|
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Figure $23. 'H,*C-HMBC NMR (THF-ds, 400 MHz) spectrum: generation of complex 8 from catalyst 4.
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Figure $25. 'H,"H-NOE NMR (THF-ds, 400 MHz) spectrum: generation of complex 8 from catalyst 4.
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Figure $26. 'H NMR (CDCl3, 400 MHz) spectrum: synthesis of 5a-d;.
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Figure S27. “C{H} NMR (CDCls, 101 MHz) spectrum: synthesis of 5a-dh.
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Figure $28. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerization of 5a into 6a with Method 1 including the internal standard (*).
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Figure $29. "H NMR (C;sDs (#), 400 MHz) spectrum: isomerization of 5b into 6b with Method 1 including the internal standard (*).
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Figure $30. 'H NMR (CsD (#), 400 MHz) spectrum: isomerization of 5¢ into 6¢ with Method 1 including the internal standard (*).
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Figure 831. 'H NMR (C:sDs (#), 400 MHz) spectrum: isomerization of 5d into 6d with Method 1 including the internal standard (*).
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Figure $32. 'H NMR (CeDe (#), 400 MHz) specirum: isomerization of 5e into 6e with Method 1 including the internal standard (*).
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Figure $33-1. "H NMR (CsDs (#), 400 MHz) spectrum: isomerization of 5f into 6f with Method 1 using 10 mol% LiBr including the
internal standard (*).
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Figure $33-2. '"H NMR (CsDs (#), 400 MHz) spectrum: isomerization of 5f into 6f and the lithium coordination product 11 with Method
1 using 50 mol% LiBr; internal standard (*).
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Figure S34-1. 'H NMR (CeDs (#), 400 MHz) spectrum: isomerization of 5g into 6g with Method 1 using 10 mol% LiBr including the
internal standard (*).
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Figure S34-2. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerization of g into 6g with Method 1 using 50 mol% LiBr including the
internal standard (*).
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Figure $34-3. "H NMR (CsDs (#), 400 MHz) spectrum: addition of DMSO-d6 after full conversion of 5g into 6g and unknown side
products (7) with Method 1 using 50 mol% LiBr, including the intemal standard ().
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Figure $35-1. "H NMR (CsDs (#), 400 MHz) spectrum: isomerization of 5h into 6h with Method 1 including the internal standard (*).
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Figure $35-2. 'H NMR (CeDs (#), 400 MHz) spectrum: isomerization of 5h into 6h with Method 1 using 50 mol% LiBr; including the
internal standard (*).
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Figure $36. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerization of 5i into 6 with Method 2 including the internal standard ().
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Figure $37. "H NMR (CsDs (#), 400 MHz) spectrum: isomerization of 5 into 6j with Method 2 including the internal standard (*).
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Figure $38. "H NMR (CqDs (#), 400 MHz) spectrum: isomerization of 5k into 6k with Method 2 including the internal standard (*).
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Figure S39. 'H NMR (CsDs (#), 400 MHz) spectrum: isomerization of 51 into 6k with Method 2 including the internal standard (*).
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5. DFT calculations

4-Miniumum

Cartesian coordinates of the calculated structures:

73

4-Minimum (DFT BP-86/def2-TZVP), CHARGE=0; total ensray = -

1588.29320866827

C -3.092270-2.860357 0.565816
C -1.734638 -3.244646 0.503824
C -0.708759 -2,338139 0.237148
C -1.036623 -0.987455 0.056007
C -2.404565 -0.580837 0.123619
C -3.417217 -1.514860 0.365291
H -1.477540 -4 287546 0.685578
H -4.452971 -1.181794 0.414000
C-1.001369 1.195251 -0.181512
C -0.631643 2.543942 -0.288879
C-1.635215 3.513639 -0.280237
C -3.005504 3.190121 -0.176162
C -3.369242 1.844601 -0.054888
C-2.382727 0.853782 -0.046125
H -1.346391 4.563210 -0.321790
H -4.415236 1.560943 0.050038
N -0.193067 0.083013 -0.134206
C 0.983748 -4.089570 -0.244289
H 0.253556 4.858712 -0.351993
C 2.322580 -4.074701 -0.455182
H 2985590 -4.875190 -0.759023
N 0.635905 -2.762809 0.089326
N 2.770733 -2.778964 -0.250877
C 1.745105 -1.924234 0.101951
C 1.794100 2.083896 -0.000167
C 2.543736 4.087812 -0.815632
H 3.281172 4.824031 -1.111103
N 0.735178 2.896640 -0.300604
N 2.893275 2.865020 -0.272981
C 1.187498 4.112610 -0.895695
H 0.520426 4.865397 -1.291161
C 4.126827 -2.373411 -0.582803
H 4.493475 -3.003472 -1.402996
H 4.802339 -2.476579 0.277421
C 4.269290 2.443666 -0.040054
C 4.378636 1.696095 1.285565
H 4.597312 1.797885 -0.870554
H 4.888757 3.351762 -0.043315
Rh 1.773929 0.088799 0.362791
C -4.033925 4.329622 -0.174129
C -4.149024 -3.934424 0.856578
C 3.793410 0.303485 1.242276
H 3.877644 2.297811 2.060378
H 5.446089 1.645047 1.560856
C 2.805505 -0.103832 2.169639
H 4.503163 -0.445815 0.802874
H 2.767749 -1.138576 2515256
H 2.407435 0.622800 2.885406
C -5.570789 -3.353141 0.885351
C -3.865437 -4 580959 2.229188

(arrows indicate observed NOEs)
A SCF =0.000607 H=1.59 kJ

73

4 (DFT BP-86/def2-TZVP), CHARGE=0: total energy = -

1588.29260152806

Rh 6.559518 -0.843112 16.199520
N 8.259891 1.676576 16.777092
C 10.338120 -1.106171 18.203384
C 9.337016 0.962582 17.365307
N 8.333599 -1.301346 17.047220
C 11.907833 -6.376239 18.646261
H 12.357224 -7.273891 19.097734
H 12.558463 -5.521421 18.874638
H 11.895268 -6.506444 17.554682
N 6.267810 2.324528 16.219059
N 5.482634 -3.419843 14.888869
N 7.034565 -3.889310 16.321320
C 8.314640 3.056512 16.590366
H 9.222575 3.630924 16.690470
C 9.960567 -2.502364 18.191826
C 6.344553 -2.810191 15.776623
C 11.425398 -0.406209 18.718557
H 12.216882 -0.943988 19.242884
C 8.987722 1.165045 16.497591
C 8.741909 -2.555028 17.444300
C 9.290668 -0.427240 17.502127
C 10.443639 1.640810 17.898479
H 10.478840 2.723139 17.832888
C 7.067954 3.455356 16.256205
H 6.679731 4.443387 16.042027
C 11.495014 0.985978 18.561319
C 10.518045 -3.657654 18.734644
H 11.443338 -3.593003 19.309183
C 8.142643 -3.794645 17.198362
C 12.696940 1.756989 19.125662
C 9.881406 -4.894355 18.552074
C 6.586160 -5.098524 15793051
H 7.017267 -6.052583 16.057070
C 5.098143 -0.396844 14.732664
H 5.261980 0.627549 14.390647
C 4.817760 2.485733 16.193686
H 4.603199 3.541106 15.991874
H 4.390115 2.224249 17.170084
H 4.344776 1.879914 15418797
C 8.707774 -4.937033 17.779905
H 8.218852 -5.895607 17.632359
C 10.530256 -5.985065 20.718225
C 5.022412 -1.360874 13.573872
C 12.595924 3.270141 18.878582
H 13.481004 3.771152 19.296030
H 11.709187 3.704176 19.363440
H 12556315 3.504922 17.804771
C 9.653980 -7.418178 18.874992
H 8.626396 -7.336498 19.258083
H 10.119649 -8.290675 19.355175
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C -4.096189 -5.019724 -0.240039
C -5.473623 3.807641 -0.055180
C-3.919431 5.129718 -1.489220
C -3.762439 5.268556 1.021093
H -6.175104 4.654490 -0.064811
H -5.629309 3.255937 0.882966
H -5.735579 3.145767 -0.892991
H-2.918111 5.565358 -1.610442
H -4.649347 5953693 -1.504737
H -4.110556 4.481024 -2.355703
H -4.491898 6.092964 1.037236
H -3.839416 4.719227 1.970029
H -2.757537 5.709614 0.969803
H -4.849168 -5.798944 -0.047446
H -4.285149 -4 582382 -1.228809
H-3.111680 -5.506107 -0.280264
H -3.902022 -3.826611 3.028095
H -2.872908 -5.051418 2.258441
H -4.613543 -5.356950 2.451087
H -6.293551 -4.155782 1.090616
H -5.682782 -2.593213 1.671828
H -5.841557 -2.896276 -0.077251
H 4.095678 -1.327775 -0.905700

9.608089 -7.618767 17.794626
13.988382 1.245859 18.451441
14.867122 1.776297 18.849249
13.948781 1.407125 17.364611
14.133817 0.171035 18.625298
10.478086 -6.159202 19.185347
12.788319 1.523612 20.648653
13.651937 2.060736 21.069809
H 12.905082 0.457674 20.885626
H 11.878647 1.881736 21.151558
C 5615183 -4.797827 14.898013
H 5.023385 -5.440269 14.257515
C 4.465689 -0.629074 15.980597
H 3.955024 -1.575223 16.167458
H 4.072351 0.181673 16.587204
C 4.566353 -2.753707 13.961360
H 3.561276 -2.714130 14.409667
H 4.503807 -3.390379 13.067776
H 11.140317 -5.117236 21.002537
H 10.965988 -6.877515 21.192842
H 9.520659 -5.833843 21.126438
H 4.298481 -0.985880 12.826789
H 5.998370 -1.415717 13.064847

H
c
H
H
H
c
c
H

73

8 (DFT BP-86/def2-TZVP), CHARGE=0; total energy = -

1588.30336656444

C -3.063578 -2.787404 0.585704
C-1.702383 -3.153865 0.527488
C -0.676876 -2.238017 0.278107
C-1.026452 -0.888533 0.117414
C -2.400406 -0,500413 0.173039
C -3.405510 -1.444667 0.395606
H -1.446432 -4,197310 0.701349
H -4.445674 -1,124606 0.433950
C -1.025540 1.303358 -0.124797
C -0.692629 2.665931 -0.254330
C -1.723217 3.605148 -0.289857
C -3.085241 3.248371 -0.193415
C -3.413107 1.897524 -0.042485
C -2.400143 0.934315 -0.002340
H -1.466066 4.660025 -0.375990
H -4.452155 1.586035 0.051566

N -0.202559 0.194904 -0.064322
C 1.022480 -4.003235 -0.000718
H 0.297276 -4.802404 -0.031718
C 2.368204 -4.042843 -0.147584
H 3.034578 -4.880782 -0.310480
N 0.673061 -2.662937 0.156538

N 2.821592 -2.736447 -0.078058
C 1.793251 -1.833577 0.105879

C 1.703168 2.172297 -0.122948

C 2.525434 4.251686 -0.537592

H 3.279178 5.015020 -0.687181

N 0.666771 3.055806 -0.323460

N 2.829668 2.931591 -0.256448

C 1.164656 4.336496 -0.582450

H 0.527424 5.184930 -0.787770

C 4.206568 -2.390688 -0.350740
H 4.763717 -3.316578 -0.532939
H 4.661707 -1.867544 0.497156

C 4.119194 2.251251 -0.163713

6. Reference

C 3.894270 0.785896 0.193551

H 4.630479 2.329205 -1.134997
H 4.741569 2.769278 0.586845
Rh 1.800378 0.226325 0.140845
C -4.144188 4.358190 -0.244112
C -4,108028 -3.878362 0.858839
C 3.430148 0.387686 1.477826

H 3.705878 -0.618401 1.809016
C -5.536962 -3.314836 0.886056
C -3.823982 -4.535478 2 226286
C -4.036031 -4.951073 -0.248762
C -5.570198 3.800925 -0.121448
C -4.035342 5.112139 -1.586677
C -3.912927 5.347480 0.918237
H -6.294448 4627279 -0.165353
H -5.720080 3.275712 0.832711
H -5.805702 3.105536 -0.939527
H -3.044831 5.570401 -1.713545
H -4.787302 5.914308 -1.640787
H -4.198330 4.427157 -2.430586
H -4.664616 6.151591 0.895386
H -3.986585 4.832234 1.886355
H -2.920090 5.814579 0.861901
H -4.780228 -5.741603 -0.068339
H -4.235400 -4,505899 -1.233919
H -3.045480 -5.424899 -0.289644
H -3.873733 -3.790064 3.032803
H-2.826175 -4.994672 2.256332
H -4.563954 -5.322495 2 436227
H -6.250905 -4.128142 1.079995
H -5.662178 -2,563881 1.679062
H -5.808855 -2.852296 -0.073527
H 4.262408 -1.753772 -1.241449
C 3.191316 1.326900 2.634333

H 4.554473 0.120994 -0.360247
H 4.096812 1.402866 3.264532

H 2.377094 0.955940 3.272720

H 2.916711 2.337295 2.308072

[1] N. Oguni, S. Watanabe, M. Maki, H. Tani, Macromolecules, 1973, 6, 195-199.
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ABSTRACT: Two methods for the synthesis of the bis-
(imidazolin-2-ylidene )carbazolide cobalt(I) complex [Co-
(bimca°™*)] (2) have been developed. The first route relies on
the direct transmetalation of the in situ generated lithium complex
[Li(bimca™™°)] with CoCI(PPh,);. The second route is a two-
step synthesis that consists of the transmetalation of [Li-
(bimca'*™)] with CoCl, followed by reduction of the Co(II)
complex to yield the desired Co(I) complex 2. The analogous
iridium complex [Ir{bimca™™)] (4) was prepared by trans-
metalation of [Li(bimca'™)] or [K(bimca™™)] with [Ir(p-
CI)(COD)], The catalytic activity of complexes 2 and 4 in the

epoxide isomerization was tested in the absence and presence of Hy, When [M(bimeat™)] (M

| By "Bué
Y s TN
: 5 mol% [Cat]
.y e 10 mol% LlBr
| [)>_M (j : R CiDs, 80°C
; i \ : R = n-Bu, Pn
JAANVE
M=o, Rh Ir :
=1Ir (4), Rh (3)) was exposed to 1

bar of H, at 80 °C, single crystals formed whose X-ray structure analyses revealed the hydrogenation of the N-homoallyl moieties
and formation of the dimeric hydrido complexes [Ir(bimca™™)(H),], (7) and [Rh(bimca"™)(H),], (8).

B INTRODUCTION

N-heterocyclic carbenes (NHCs) have experienced huge
success in the last few decades due to their use as ligands for
metal catalysts or as organocatalysts in various kinds of
catalytic reactions.' Electronically, NHCs usually possess
strong o-donor and weak m-acceptor properties. This leads to
strong metal—ligand bonds and electron-rich metal centers and
imparts nucleophilic character to these complexes.” Incorpo-
ration of more than one NHC unit in one ligand increases the
stability of the complex due to the chelate effect. In addition, it
stabilizes metal centers in high oxidation states and activates
metal centers in low oxidation states.

Well-defined bis(NHC)-pincer transition-metal complexes
have been widely applied as catalysts in versatile homogeneous
catalytic reactions: for example, Chirik's cobalt catalyst with a
(CyucNCyye)-pincer ligand represents one of the most active
base-metal catalysts for the hydrogenation of unactivated,
sterically hindered olefins and (Cypye CupnCuac)-pincer cobalt
complexes from the Fclut group are used for the hydrogenation
of unsaturated bonds.”" We reported on several highly reactive
nucleophilic Rh(l) complexes bearing the electron-rich
bis(NHC]—pincer ligand called bimca, such as birneca,
bimca™™ and bimca®*"™ (bimca = 1,8 bis(imidazolin-2-
ylidene)-3,6-di(fert-butyl Jcarbazolide; the superscript denotes
the N substituent methyl or homoallyl), They are, for example,
efficient catalysts for the regio- and chemoselective isomer-
ization of diversely functionalized epoxides to yield methyl
ketones and are the only regioselective catalysts for the
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isomerization of aryl oxiranes to acetophenone derivatives to
date, This selectivity is very attractive, as it could substitute the
Wacker oxidation by a two-step epoxidation—isomerization
sequence for temperature and Lewis acid sensitive substrates.”
Rh complexes with the neutral, macrocyclic CyyeN,,(Crnc
ligands from the Chaplin group were found to be active in the
selective en-yne dimerization.” (C,:C,\Cypyc)-pincer com-
plexes of iridium have been well studied by Chianese and co-
workers and are active in acceptorless alkane dehydrogenation
and in alkene isomerization.”

As a continuation of our interest in low-valent, nucleophilic
transition-metal catalysts, we report herein the synthesis and
characterization of both [Co(bimca™™}] (2) and [Tr-
(bimca™°)](4) and their catalytic activity together with
that of the previously reported Rh complex [Rh(bimea"™™)]
(3)°" in nucleophilic epoxide isomerization is discussed.

B RESULTS AND DISCUSSION

Qur studies commenced with the preparation of complex 2
(Scheme 1). One challenge associated with the synthesis of
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Scheme 1. Synthesis of [Co(bimca™™)] by Two Methods
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cobalt(I) complexes is their extreme air and moisture
sensitivity. The ligand precursor Hbimca"*™2HBr and its
lithium complex were generated according to previously
reported methods.”™ The transmetalation of [Li(bimca'™*™?)]
was initially explored with the addition of 1.0 equiv of
CoCl(PPh,), in THE at room temperature. A color change
from light yellow to red was observed immediately, and the
single signal set in the '"H NMR spectrum of the in sifu
generated compound 2 confirmed a symmetrical coordination
mode of the ligand. However, the complex obtained by this
method always contained residual PPh;, even after chromatog-
raphy on silica in the glovebox.

An alternative route was inspired by the work of Braunstein®
and Nishibayashi,” who demonstrated that addition of alkali-
metal complexes to a solution of the Co(II) precursor resulted
in the formation of four-coordinate cobalt halogen complexes.
Reduction with KCy at room temperature afforded the
corresponding diamagnetic Co(I) complexes. To explore the
analogous chemistry with our own ligand, paramagnetic
[Co(bimea"™™)Br] (1) was prepared by treatment of freshly
generated [Li(bimea"™™*)] in THF with solid CoCl. We
suppose that [Co(bimea"*™)Cl] is generated first, but instant
halogen exchange occurs with the bromide anion still present
in the solution from the ligand precursor Hbimca™™:2HBr.
Brown single crystals of 1 suitable for X-ray diffraction were
grown by slow evaporation from benzene at room temperature.
Crystallographic characterization of the complex (Figure 1)
reveals a distorted-trigonal-bipyramidal geometry at the cobalt
center with one coordinated homoallyl moiety, the bromide
ligand, and the carbazole nitrogen atom in the equatorial
positions (Brl—Co—c(C16,C17) = 129.0%; ¢ = midpoint of
bond). The NHC moieties take apical positions with a C2'—
Co—C7' angle of 174.0(2)". Both Co—Cyyyc bond lengths are
within the range reported for Co(II)—Cyyc bonds of 1.791—
2152 A"

Due to the coordinating homoallyl substituent, one Co—
Cyy bond (Co—C2' = 1.917(4) A) is shorter than the other
(Co—C7 1.978(4) A). Danopoulos'' reported an
intermediate bond length for the symmetdic complex Co-
(CyucNCuuc)Bra [CNC = 2,6-bis(arylimidazolin-2-ylidene)-
pyridine) of 1.942(6) A. In the coordinated homoallyl moiety,
the C=C bond is elongated (C16—C17 = 1.384(6) A) due to
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Figure 1. Solid-state molecular structure of 1. Atoms are shown with
anisotropic atomic displacement parameters at the 50% probabiliry
level. Hydrogen atoms are omitted for clarity. Selected bond lengths
(A) and angles (deg): Co—N9 = 1.915(3), Co—C2’ = 1.917(4), Co—
C7' = 1978(4), Co—c(C16,C17) = 1.950, Ca—Br = 2.515(1), Cl6—
CI7 = 1.384(6) C20—C21 = 1274(10); N9—Co—c(C16,C17) =
119.3, N9—Co—PBr = 111.45(9); C2'—Col-C7' = 173.95(15), Br—
Co=c(C16,C17) = 129.0 (¢ = midpoint of bond).

a good mback-bonding ability of the cobalt center. This is the
first structural report of a cobalt(IT) NHC complex with a
coordinated olefin.

DFT optimized structures fit very well with a low-spin state
(S = 1/2) at the cobalt center, which is reasonable, as the five
donor atoms require at least one empty d orbital for this d’
electron configuration. Attempts to calculate a high-spin
complex (8§ = 3/2) resulted in dissociation of the olefin
moiety and larger deviations from the experimentally
determined bond lengths of the obtained structure (see the
Supporting Information).

In addition, single crystals of the cobalt(Ill) complex
[Co(bimca™"™),]Br with two coordinated bimca™™ ligands
in an octahedral fashion were generated as a side product in
one of the experiments (see p 539 in the Supporting
Information for a further description). Very few cobalt
complexes bearing two bis(NHC)pincer ligands are known,

https.//dx. doiorg/1 01021 /ace. organomet. 0c0001 3
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all of them in the oxidation state +I1IL" Starting from Co(II),
they are presumably formed with traces of oxygen.

Complex 1 was successfully reduced with KC; in THF at
room temperature, and a red solution was obtained after
completion. The raw product was purified by chromatography
to yield the desired complex 2 as a red solid. Complex 2 s
extremely air sensitive, and an obvious color change was
observed with traces of oxygen. The 'H NMR spectrum of 2 in
THF-d,; is consistent with a C,-symmetric ligand environment
with both N-homoallyl substituents coordinated to the
cobalt(I) center. The signals of the olefinic protons are
strongly shifted upfield (4.09—4.02 (H-14), 3.21 (H-15.),
2.54 ppm (H-15,,,)). The C NMR signal of the carbene
carbon atoms at 191.1 ppm lie about 26 ppm at higher field
than the signal of a comparable unsaturated free NHC (217.1
ppm'”). About the same difference (A ~ 22 ppm) is found
when the reported ColCyyycCyCupc)N; complex™ is
compared.

Single crystals of 2 suitable for X-ray diffraction were grown
from a concentrated solution of toluene and pentane at —30
°C. The molecular structure conhirms the structure derived
from the NMR spectra in solution (Figure 2). The

Figure 2. Solid-state molecular structure of 2. Atoms are shown with
anisotropic atomic displacement parameters at the S0% probability
level. One coerystallized toluene and the hydrogen atoms are omitted
for clarity. Selected bond lengths (A) and angles (deg) (mean of the
two independent enantiomers in the unit cell}: Co—N9 = 1.947(4),
Co—C2' = 1911(5), Co—C2a' = 1.913(5), Co—C15 = 2.043(5),
Co—C14 = 2.092(5), Co—Cl5a = 2.037(5), Co—Cl4a = 2.084(5),
Cl4-C15 = 1.401(8), Cl4a—Cl5a = 1400(7); N9—Co—c-
(C15,C14) = 110.0, N9-Co—c{C152,C14a) = 110.8(5), «
(C15,C14)—Co—(C15a,Cl4a) = 1392, C2'—Co—C2a" = 179.0(3)
fc= midpuinl of bond).

coordination geometry at the Co(l) center is trigonal
bipyramidal with both olefin moieties and the carbazole
nitrogen taking the equatorial positions and both NHC
moieties the axial positions (C2'—Co—C2a’ = 179.0(3)°,
c(C15,C14)—Co—c(C15°,C14°) = 1392% ¢ = midpoint of
bond). The Co—C\ e bond lengths (Co—C2' = 1911(5) A,
Co—C2a’ = 1.913(5) A) are comparable to those of reported
(CyucNCypye)-pincer cobalt(T) complexes,”” while the Co—N
bond (1.947(4) A) in 2 i substantially longer than the
pyridine Co—N bond (e.g, 1.839(4) A”), possibly due to steric
reasons. The C14—C15 (1.401(8) A) and C14'—C15’ bond
lengths (1.400(7) A) are pronouncedly elongated in
comparison to the noncoordinated olefinic bond in the Co(1I)
complex 1 or in the respective imidazolium salt'” (1.28—1.32

A), which confirms a certain amount of metallacyclopropane
character in 2.

In situ generation of the iridium complex 4" yas achieved
by applying the same route as for [Rh(bimea'™™)] (3),°"
which is deprotonation of Hbimca™*™.2HBr with LiIHMDS
and subsequent transmetalation with [Ir(p-CI)(COD)],
(Scheme 2). To obtain the pure complex 4, the trans-

Scheme 2. Synthesis of both In Situ Generated 4" and
Isolated [Ir(bimca'™™)] (4)
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metalation step was ronducted at low temperature using the
potassium complex [K(bimca™™)] generated in situ by
deprotonation of Hbimeca™ ™. 2HBr with KHMDS at —60
°C. In contrast to lithium halides, the potassium halides that
formed could be readily removed by filtration.

The molecular structure of 4 is isostructural with 2, as
revealed by NMR spectroscopy, showing a symmetrical
coordination mode of the ligand. All signals could be assigned
by means of 2D and NOE experiments. The coordination of
both double bonds and both carbene moieties to the Ir center
is confirmed by the upfield shift of the respective signals in the
'"H NMR spectrum (3.77—3.69 (H-14), 1.63 (H-15,), 0.78
ppm (H-15,..)) as well as in the '*C NMR spectrum (39.7
(C15) and 27.7 ppm (C14)). The carbene signal is found at
the typical 164.5 ppm. In comparison with the 'H NMR
spectra of complexes 2 (Co) and 3 (Rh) (Figure 3) the
stronger metallacycdopropane character of complex 4 can be
derived from the stronger high-field shift of the olefinic proton
signals from 2 to 4 as well as the decreasing ¥ coupling
constant of the olefinic protons from 8.0 (cfs) and 11.3 Hz

¥=8.0Hz U=113Hz
K15, LS LI
-14 |
e 1 . |
2 " b A " S
H12,, A2y " W13, W13,
Y=B.0H Ya9.9H
H19,, H-15,.
H-14 ] Il
|
3
|
UsT6He J=BOH:
K15, H15,..
H-1a || Ii
a -Il A Y - |

Figure 3. '"H NMR spectra (section] of the N-homoallyl signals of of
2 (Co), 3 (Rh), and 4 (L) and the ¥y coupling constants in
comparison (the asterisk denotes THF-d;).
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(trans) in 2 to only 7.6 (cis) and 8.0 Hz (trans) in 4 due to the
reduced s character of the olefinic carbon atoms (from sp” to
partial sp* hybridization). This reflects the tendency of 3d
metals to form stronger metal—C bonds and the increased
stability of the higher oxidation state. DFT calculations of
complexes 2—4 confirm the experimental results of the bond
lengths and angles from the X-ray structure analysis of 2
(Figure 4). The increasing metallacyclopropane character from

Figure 4. Calculated structure (DFT-D3) of 2 with t-Bu groups
depicted in wireframe for darity. The geometry optimized structures
of 3 and 4 are isostructural. The olefinic bond length C14-C15
(mean) is increasing from 2 (1.413 A) to 3 (1.424 A) and 4 (1.446
A).

the cobalt to the iridium complex is also displayed in the
increasing C=C bond lengths of the coordinated homoallyl
moieties from 1.413 (2) to 1.446 A (4).

Reactivity of [M(bimca™™?)] (M = Co (2), Rh (3), Ir (4))
toward Epoxide Isomerization. As the rhodium complex 3
was found to be a highly reactive nucleophilic catalyst for
rearrangement of terminal epoxides into methyl ketones
already at room temperature, we were eager to test the
catalytic reactivity of its analogues 2 and 4 in the same
reaction. The general mechanism for the nucleophilic isomer-
ization of terminal epoxides catalyzed by 3 requires the
dissociation of one homoallyl moiety from the rhodium center
to generate the nucleophilic, catalytically active species
(Scheme 3).°" This is followed by nucleophilic ring opening

Scheme 3. Mechanism of the Nucleophilic Epoxide
Isomerization with Catalyst [Rh(bimca™™)] (3)
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of the epoxide preactivated by the Lewis acid cocatalyst to
generate the Rh(III) intermediate Int-1."" After f-hydride
elimination to Int-2,” the desired methyl ketone is obtained
by a formal reductive elimination and release of the
catalytically active species, which can be stabilized by
recoordination of the N-homoallyl moiety.
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As initial catalytic attempts with complexes 2 and 4 and 1,2-
epoxyhexane (5a) at room temperature did not lead to any
conversion after 6 days, further catalytic experiments were
conducted at 80 "C with § mol % of the catalyst and 10 mal %
of Libr in CgDy. The results of the epoxide isomerizations with
catalysts 2 and 4 are summarized in Table 1. When 2 was

Table 1. Regioselective Isomerization of Terminal Epoxides
with [M(bimca™"™)]"

5 mol®% [Cet]

o] 10 mal% LiBr
R CeDy 80 °C R
5 [
, 4| H2 i Conver- | Yield
Entry | Epoxide |[Cat.] (bar) Time sion (%) | (%)
1 2 = 6 days 32 18
2 5 3 - 30 min 100 92
3 Lw 4 6 days 100 92
5a
4 1 1 24h 19 11
5 4 ] 24h 81 52
6 2 6 days 0 0
7 ] 3 - 30 min 100 38
g Ej/lJ 1 & days* 100 26
9 fn 2 i 24h i s
10 4 1 24h 75 38

“Reactions were carried out in |. Young NMR tubes with 10 uL of
THE-dy, and the yield of 6 was calibrated to 1,3,5-trimethoxybenzene
(internal standard). After 24 h: 20% conversion and 13% yield.

applied using 1,2-epoxyhexane (5a) as the substrate, the
isomerization was surprisingly slow and only an 18% yield was
obtained after 6 days (entry 1). No conversion was obtained
with the more challenging styrene oxide Sb, which contains a
less electrophilic (#-C atom and can be easily isomerized by
Lewis acids to the aldehyde (entry 6). Under identical
conditions (80 °C), the reactions with catalyst 3 were
completed already within 30 min (entries 2 and 7) and high
yields of 2-hexanone (6a) and acetophenone (6bh) were
obtained.'” We suppose that the low reactivity of the Co(I)
complex 2 results from a higher energy barrer of 2 in the
nucleophilic ring opening to form the Co(III) intermediate. In
reports from Eisenman and Coates on the nucleophilic epoxide
isomerization, the active species is [Co(CO),]~ (Co(-T)),
which explains the higher reactivity apart from using a stronger
Lewis acid.'” Iridium(I) complexes, which have a considerably
lower redox potential, should react much more easily, as the
oxidative addition of the epoxide (e.g., by a nucleophilic ring-
opening mechanism) is the ratelimiting step in the Rh
catalysis. Therefore, we tested 4 in the isomerization of 5a to
yield 2-hexanone in 92% yield (entry 3), but surprisingly, the
reaction proceeded much more slowly (6 days) than with 3
(<30 min), With substrate 5b, only a 26% yield was achieved
despite full conversion (entry 8). This can be explined by a
higher degree of side reactions: a polymerization might arise
from more stable Ir(IIT) intermediates analogous to Int-1 or

hirtps: i dolorg/ 10,1021/ acs organamet 0c0001 &
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Int-2 (Scheme 3) that in addition slow down the f-hydride
elimination step. The lower activity of complex 4 (6 days for
full conversion) can be rationalized by the higher stability of
the coordinated N-homoallyl moieties (stronger metallacyclo-
propane character), one of which has to dissociate to form the
nucleophilic active species. Therefore, we tded to run the
reactions in the presence of 1 bar of hydrogen, so that the
homoallyl moieties could be hydrogenated in sifu and a highly
reactive nucleophilic metal complex could form. On the other
hand, the formation of hydrido complexes could reduce the
activity or lead to side reactions. Indeed, when the reactions
with 2 or 4 were conducted in the presence of 1 bar of
hydrogen, we observed an enhanced reactivity at the beginning
with 11% and 52% yields for substrate 5a (entries 4 and 5) and
5% and 38% for the less electrophilic substrate 5b (entries 9
and 10) after 24 h. However, the reaction stops and cannot be
completed by extending the reaction time. The higher
conversion with catalyst 4 can be attributed to the formation
of 2-phenylethanol (confirmed by 'H NMR spectroscopy) as
well as some degree of polymerization. Unfortunately, neither
complex 2 nor 4 was able to compete with our previously
reported rhodium catalyst 3.

Reactivity of [M(bimca"®™°)] (M = Co, Rh, Ir) with H,.
To elucidate whether the N-homoallyl moieties of complexes
2—4 can indeed be hydrogenated in the presence of hydrogen
under the catalytic conditions, we exposed a solution of 4 in
benzene-d; to 1 bar of H, at 80 °C (Scheme 4), which resulted
in a color change from yellow to dark red after 24 h and the
formation of red crystals upon cooling to ambient temperature.

Scheme 4. Hydrogenation of [M(bimca"*™)]
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M =Ca (2), Rh (3}, Ir (4] R = "Bu; M= Ir {7}, Rh [8)

The Xeray structure analysis reveals a dimeric structure in
which the former N-homoallyl moieties are fully hydrogenated
and residual electron density at the metal indicates the
formation of the iridium (ITT) hydrido complex 7 (Figure 5). As
it can be expected that the hydrido ligands cannot be identified
with certainty from X-ray data, the Ir—=H bond lengths were
fixed at the value obtained from DFT calculations on the basis
of the X-ray structure (with all bonds and angles fixed, except
of those of the hydrido ligands; see the Supporting
Information). The structural motif [Ir(H)(u-H)], has been
found before, for example, in phosphine complexes,'™"” and
the Ir—Ir distance of 2.784 A in 7 is comparable to the distance
in those complexes (2.73 and 2.77 A), but in contrast, the
hydride atoms in 7 are less symmetrically bridged, possibly for
steric reasons. It is also noteworthy that the more flexible
bis(phosphinomethyl)carbazolide ligand (PNP) in an analo-
gous complex by Yamashita and co-workers [ed to a bridging
instead of a pincer-type ligand coordination.'” The hydrogen
bridges in 7 measure 2.50 A (Ir1-H2b) and 2.53 A (Ir2—
H2a), which was also confirmed by DFT geometry
optimizations without constraints. In addition, London
dispersion™ seems to play an important role for the dimer

Figure 5. Solid-state molecular structure of 7. Atoms are shown with
anisotropic atomic displacement parameters at the 50% probability
level. The cocrystallized benzene molecule and the hydrogen atoms
(except for the hydrido ligands) are omitted for clarity. Selected bond
lengths (A) and angles (deg): Ir1-N9 = 2.059(3), Ir1—C2’" =
2.035(4), r1=C7' = 2.027(4), Ir2—N59 = 2.059(3), I2—Cs2' =
2.035(4), 12=C57' = 2.027(4), Ir1=1r2 = 2.7836(2); N9—Ir1—Ir2 =
115.21(9), N59-1r2—Ir1 = 114.10(9). The metal—hydrogen bond
lengths and angles were fixed (Ir1—H1la = 1.58, Irl—H2a = 1.63, Ir2—
Hib = 1.58, Ir2—H2b = 1.63) on the basis of DFT calculations.
Hydrogen bridges: 2.50 A (Ir1=H2b) and 2.53 A (Ir2—H2a).

formation, as the energy difference between the monomers and
the dimer strongly favors the dimer (see the Supporting
Information). The intramolecular distances of the carbazolide
planes at Irl and Ir2 are between 3.71 and 4.15 A (measured
from the respective pyrrolide centers). However, intermolec-
ular London dispersion is pronounced in the crystal. The
distance between the coplanar carbazolide planes at Ir2 and
Ir2# measures only 2.63 A. The metal—carbene bond lengths
Ir—Cyye (2.03 A, mean) are comparable with those of a
CancCCxe-Tr complex from Braunstein,™

Also with bis(NHC)Rh' complexes, the formation of
hydrido Rh(III) complexes is to be expected.™ Under
analogous conditions, the reaction with rhodium complex 3
leads to the formation of red single crystals as well. An X-ray
structure analysis confirms the successtul hydrogenation of the
N-homoallyl moieties and formation of the dimer 8 that is
isostructural with complex 7 (Figure 6). All intra (3.64 and
410 A)- and intermolecular (2.63 A) distances of the
carbazolide planes are comparable with those of the iridium
complex 7. The only striking difference from complex 7 is the
longer metal—metal distance of 2934 A that also comes with
6° more acute N—Rh—Rh angles of 107.5° (N9—Rh1—Rh2)
and 109.0° (N59—Rh2—Rhl). As already performed in the X-
ray data refinement of complex 7, the Rh—H bond lengths and
angles were calculated by DFT methods by fixing all bonds and
angles on the basis of the X-ray structure analysis except for the
hydrido ligands. At Rhl, a square-pyramidal arrangement and
at Rh2 a Y-shaped distorted-trigonal-bipyramidal coordination
geometry was found (the latter is also obtained by DFT
calculations for a monomeric species). Thus, only one
intramolecular hydrogen bridge is found (Rh1-H2b = 2.54
A; Rh2—H2a = 2.79 A), which explains the longer Rh1—Rh2
distance in comparison to complex 7.

Hydrogenation of the cobalt complex 2 under identical
conditions led to formation of a dark green solution whose 'H

NMR spectrum shows broad peaks between 16 and —9 ppm

hitps:fde.dolorg!1 01021/ e organomerdc0id 8
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Figure 6. Solid-state molecular structure of 8. Atoms are shown with
anisotropic atomic displacement parameters at the 50% probability
level. The cccrysla“ia{ed benzene molecule and the hyd.mgen atoms
(txr_‘epl for the hydridu |Igamls) are omitted for clari ty. The crystal
structures of 7 and 8 are Isumurphuu.-:. Selected bond |engt|'|.t: I:Ajl and
angles (deg}: Rh1—N9 = 2.062(2), Rh1-C2' = 2037(2), Rh1-C7' =
2.029(2), Rh2—N59 = 2.035(2), Ri2—C52' = 2.036(2), Rh2—C57' =
2.029(2), Rh1—Rh2 = 2.9335(3); N9—Rh1—Rh2 = 107.53(5), N59—
Rh2-Rhl = 10897(5). The metal-hydrogen bond lengths and
angles were fixed at Rh1—Hla = 1.54, Rh1—H2a = 1.58 Rhi-H1b =
1.54, Rh2—H2b = 1.58 on the basis of DFT calculations. Hydrogen
bridges: 2.54 A (Rh1—H2b) and 2.79 A (Rha—H2a).

possibly due to a paramagnetic influence. More detailed
analyses are beyond the scope of this investigation.

B CONCLUSIONS

On the basis of the pentadentate pincer bis-NHC ligand
bimca™™™®, the corresponding cobalt complex 2 was success-
fully synthesized by a deprotonation—transmetalation—reduc-
tion sequence starting from CoCl, which involves [Co-
(bimca™™®)Br] (1), in which the bimca"*™ ligand shows a
tetradentate coordination mode. The iridium catalyst 4 was
synthesized straightforwardly by transmetalation of [Li-
(bimca™™*)] with [Ir(p-Cl)(COD)],. In contrast to the
highly reactive rhodium analogue 3, complexes 2 and 4 were
much less active in the nucleophilic epoxide isomerization.
This can be ascribed to the lower oxidation potential of 2 in
comparison to 3 and in the case of 4 to a higher oxidation
potential, which is also displayed in the increasing metal-
lacyclopropane character of the coordinated N-homoallyl
moieties. When the reaction was carried out in the presence
of 1 bar of H,, an increased activity was observed: however,
this was at the cost of side reactions. The successful
hydrogenation of the N-homeallyl to N-n-butyl substituents
and the formation of hydrido pincer complexes under these
conditions was confirmed by the X-ray structure analyses of 7
(Ir) and 8 (Rh). Further investigations of these interesting
complexes will be the subject of future work in our group.

B EXPERIMENTAL SECTION

General Information. Unless otherwise noted, all reactions were
carried out under an argon atmosphere in dried and degassed solvents
using Schlenk technigues. All glassware was stored in a preheated
oven prior to use. Toluene, pentane, benzene, and tetrahydrofuran
were purchased from Sigma-Aldrich and dried using an MBraun SPS-
800 solvent purification system. The lithium and potassium bases
used were obtained from commercial suppliers, dried under vacuum,
and used without further purification. KCg** and Rh(bimca™™)*"
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were synthesized, and [Li(bimca™™) ™ and [K (bimca™™) " were
generated in situ according to the literature. Liguid chemicals from
commercial suppliers were degassed through freeze—pump—thaw
cycles prior to use. 'H and ¥C NMR spectra were recorded using a
Bruker AVANCE T1+ 400 spectrometer. Chemical shifts § (ppm) are
given relative to the solvent’s residual proton and carbon signals,
respectively: THF-dy, 3.58 ppm [\'EH NMR) and 67.57 ppm (“C
NMR); C,Dg, 7.16 ppm ('H NMR) and 128.39 ppm {'C NMR). 'H
NMR data for diamagnerlu_‘ L'umpulels are n:[.}urled as follows:
chemical shift, mu]liphcily (s = singh-_-t, d = doublet, t = lri}:JletJ q=
quartet, br = broad, m = mulliplel:), cuuph ng constants (Hz),
integration, assignment. The assignment of peaks is based on 2D
NMR correlation and NOE spectra

X-ray Data Collection and Structure Analysis. Suitable crystals
for the X.ray analysls were obtained as described below. Data
collection (except for [Co(bimca™™),]By; see p 539 in the
Supporting Information) was carried out on a Bruker APEX Duo
CCD with an Incoatec IS Microsource with a Quazar MX mirror
using Mo Ka radiation (4 = 0.71073 A) and a graphite
monochromator. Corrections for absorption effects were applied
using SADABS.™* All structures were solved by direct methods using
SHELXT and refined using SHELXL.*' In the case of structure 1 and
[Co(bimca™™),]Br the SQUEEZE routine’~ was applied for
disordered solvent.

Synthesis of [Co(bimca™®™)Br] (1). CoCl, (9.5 mg, 73 pmol, 1
equiv) was added to a previously prepared solution of [Li-
(bimeca"™™)] (73.4 pmel) at room temperature. The sclution was
shaken for 2 min. After 12 h, the brown crystals that appeared were
filtered, washed with THE (0.5 mL X 3), and dried in vacuo. Single
crystals suitable for X-ray diffraction were obtained (39.1 mg).
Although C, H, N analysis reveals residual impurities, most probably
LiBr and THEF, the material can be used directly in the next step. Anal.
Caled for CyuHyBrCoNs 0.25LiBr-1.25C,HQ: C, 60.88; H, 6.55; N,
9.10. Found: C, 61.02; H, 6.30; N, 8.95.

Synthesis of [Co(bimca™*™°)] (2) from [Co(bimca"®™)Br] (1).
To a suspension of [Co(bimea™™)Br] (1) (39.1 mg from the
material obtained above) in THF (2.0 mL) was added KCy (8.0 mg,
59 pmol). The suspension was stirred at room temperature for 12 h in
an argon-filled glovebox. After completion of the reaction, the mixture
was filtered with a syringe flter and purified by column
chromatography using THF as cluent in the glovebox. [Co-
(bimca"™™*)] (2) containing 0.75 mol of THF (13.0 mg, 21 gmol,
28% yield over two steps) was obtained as a red solid after removal of
the solvent. Single crystals suitable for X-ray diffraction were grown
from a concentrated solution of 2 in toluene and pentane at —30 “C.
‘H NMR (400 MHz, THF-d,): § 8.00 (d, 5y = 1.3 Hz, 2H, H-4/5),
7.79 (d, ¥y = 1.0 Hy, 2H, H-5"), 7.37 (d, ¥,y = 1.3 Hz, 2H, H-2/
7), 691 (d, Yfygr = 1.0 Hz, 2H, H-4'), 4.38 (br ps t," *fjp; = 12.6 Hz,
2H, H-12,,), $.11—4.02 (m, 2H, H-14), 3.72 (br d, Jyyy; = 12.3 Hy,
2H, H12,), 3.21 (d, ;g = 80 Hz, 2H, H15,,), 2.86-2.80 (m, 2H,
H-13,,), 2.54 (br 4, g = 113 Hz, 2H, H-15,,,.), 1.59—1.50 (m,
2H, H-13,), 1.50 (s, 18H, H-11), C NMR (101 MHz, THF-d,): &
191.1 (C2'), 138.6 (C3/6), 136.5 (Cla/8a), 128.5 (Cda/5a), 1254
(C1/8), 122.4 (C4"), 115.9 (CS'), 115.0 (C4/5), 107.6 (C2/7), 66.1
(C15), 57.5 (C14), 508 (C12), 35.6 (C13 and C10), 33.0 (C11).
Anal. Caled for € ,,H, N.Co-0.75C,H,0: C, 70.35; H, 7.34; N, 11.09.
Found: C, 70.49; H, 7.47; N,":].US.

Synthesis of [Co(bimca™™)] (2) from [Co(PPh;);Cll. To a
freshly generated solution of [Li(bimeca™™)] (29.3 pmel) in THE
{06 mL) was added [Co(PPh;),Cl] (25.6 mg, 29.3 gmol). The
mixture was shaken until the cobalt precursor was fully dissolved.
After completion of the reaction, the mixture was purified by column
chromatography using THF as eluent in an argon-filled glovebox.
[Co(bimea™™°)] (2) was obtained as a red solid after removal of the
solvent; however, it contained residual PPh,. The NMR data
correspond to the results obtained by starting with L.

In Situ Generation of LiX Containing [Ir(bimca"*®™)] (4%,
[Ir(g-C1)(COD)], (97 mg, 15 pmol) was added to a previously
prepared solution of [Li{bimca™™]] (29 umol) in THE (0.6 mL) at
room temperature. The solution was stirred for 30 min. In sifu
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generated [Tr{bimca'™)] (4"%) was obtained as an orange solution
in quantitative yield as determined hy NMR spectroscopy. 'H NMR
(400 MHz, THE-dy): 5 8.02 (d, ‘[ = 1.5 Hz, 2H, H-4/5), 7.94 (d,
Maw = 2.3 Hz, 2H, H-5"), 7.53 (d, Y.y = 1.5 Hz, 2H, H-2/7), 7.11
(d, g = 2.3 He, 2H, H4'), 426 (dt, Jypey = 12.6 He, iy = 2.7 Ha,
2H, H-12,,), 3.80 (dt, Jyy = 12.6 Ha, o = 32 Hy, 2H, H-12,),
3.77-3.69 (m, 2H, H-14), 282-2.75 (m, 2H, H-13_)), 163 (d,
= 7.6 Hz, 2H, H-15,), 149 (s, 18H, H-11), 1.33—124 (m, 2H, H-
13.), 0.78 (bt d, Y = 80 Hz, 2H, H-15,.,.). *C NMR (101 MHs,
THF-dy) & 164.5 (C2), 1373 (Cla/8a), 136.1 (C3/6), 128.1 (C4a/
Sa), 1264 (C1/8), 1211 (C4'), 115.7 (C5'), 1152 (C4/5), 109.6
(C2/7), 53.8 (C12), 39.7 (C15), 356 (C10), 353 (C13), 329
(Cil), 27.7 (C14).

Synthesis of Salt-Free [Ir(bimca'’*™)] (4). [Ir(u-Cl)(COD)]s
(98 mg, 15 pmol) was added to an in situ generated solution of
[K(bilrlca”m"}l] (29.3 pmol) at —60 °C. The solution was stirred for
30 min. The potassium salts that formed were filtered off, and the
filtrate was dried in vacuo, The residue was washed with pentane (2
mL X 3) and dried agamn in vacuo to give complex 4 as a yellow solid
(57 mg 8.1 umol, 55% yield). The NMR data correspond to the
results obtained by using L'Li{bim::am‘m")]. Anal. Caled for
C HIPNG-085CHO: €, 58.17; H, 6.11; N, 907. Found: C,
58.04; H, 6.26; N, 9.24.

General Procedure for Epoxide Isomerization with [M-
(bimca"®™)]. In a argon-filled glovebox a J. Young NMR tube was
charged with a solution of the epoxide (40 pmol), LiBr (4.0 gmol
with 10 uL of THE-dg), [M(bimca'™™)] (2.0 pmol), and a certain
amount of 1,3,5-trimethoxybenzene as internal standard in C;Dy (0.4
mL). The reaction mixture was heated at 80 °C for the given reaction
time and analyzed by 'H NMR spectroscepy.

General Procedure for Epoxide Isomerization with [M-
(bimca"®™)] in the Presence of 1 bar of H,. In an argon-filled
glovebox a J. Young NMR tube was charged with a solution of the
epoxide (40 pmol), LiBr (40 pmol with 10 xL of THE-dg),
[M(bimca™™)] (2.0 grmol), and a certain amount of the internal
standard (1,3,5-trimethoxybenzene) in C,D, (04 mL). The tube was
sealed, brought outside of the glovebox, and attached to a Schlenk
line. After a freeze—pump—thaw cycle with liquid nitrogen, the tube
was charged with 1 bar of H, at room temperature. The reaction
mixture was heated at 80 "C for 24 h and analyzed by 'H NMR
spectroscopy.

Formation of [Ir(bimca™®")(H),], (7). In an argon-filled glovebox
aJ. Young NMR tube was charged with a solution of [Tr(bimea™™)]
(5.7 mg, 8.0 yanol) in C, D, (0.5 mL). The tube was sealed, brought
outside of the glovebox, and attached to a Schlenk line. After a
freeze—pump—thaw cycle with liquid nitrogen, the tube was charged
with 1 bar of H, at room temperature and heated at 30 °C for 24 h.
Red single crystals snitable for X-ray diffraction were obtained upon
cooling to room temperature that confirm full hydrogenation of the
homoallyl chain under the reaction conditions of the epoxide
isomerization as a preliminary result. Purther characterization was
ha.mpered by their slow solubility.

Formation of [Rh(bimca™®)(H).], (8). In an argon-filled
glovebox a J. Young NMR tube was charged with a solution of
[Rh(bimea"™™)] (5.0 mg, 8.0 pmol) in CeDy (0.5 mL). The tube was
sealed, brought outside of the glovebox, and attached to a Schlenk
line. After a f]'Ee’Le-pump—H'law cyu:]e with |i|:1uid nitrogen, the tube
was charged with 1 bar of H, at room temperature and heated at 80
°C for 24 h. Red single crystals suitable for X-ray diffraction were
obtained upon cooling to room temperature that confirm full
hydrogenation of the homoallyl chain under the reaction conditions
of the epoxide isomerization as a preliminary result. Further
characterization was hampered by their slow solubility.

An identical procedure using the cobalt complex 2 resulted in a
green solution, whese 'H NMR spectrum showed broad peaks
between 16 and —9 ppm indicating paramagnetic character.

DFT Calculations. The calculations were performed on the basis
of density functional theory at the BPBG/def2-SVP and/or BP86G/
def2-TZVP'" level implemented in Turbomole.”” The RI approx-
imation”” was used all over, and the Grimme dispersion cotrection
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D3-B]"" was used where indicated. Minimum structures (except for
the dimeric slructures) were verified at the BPR6,/def2-SVP level by
calculating the Hessian matrix and ensuring that it had no imaginary
frequency.
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1. NMR spectra
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Figure $1. 'H NMR (THF-ds, 400 MHz) spectrum: [Co(bimea)*™] (2) from the reduction of [Co(bimea)*™°Br] (1) with KCs.
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Figure S2. "*C NMR (THF-ds, 101 MHz) spectrum: [Co{bimca)"°™°] (2) from the reduction of [Co(bimca)™*™*Br] (1) with KCs.
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Figure $3. 'H,"*C-HSQC (THF-ds, 400 MHz) spectrum: [Co(bimeca)"°>™°] (2) from the reduction of [Co(bimca)ie™°Br] (1) with KCes.
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2. X-ray crystal structure analysis

X-ray Data Collection and Structure Analysis.

Suitable crystals for the X-ray analysis were obtained as described below. Data collection was carried
out on a Bruker APEX Duo CCD with an Incoatec IS Microsource with a Quazar MX mirror using Mo
K. radiation (A = 0.71073 A) and a graphite monochromator. Corrections for absorption effects were
applied using SADABS.'2 All structures were solved by direct methods using SHELXS and refined
using SHELXL "¢ In the case of structure 1 the SQEEZE routine? was applied for disordered solvent.

2.1. Compound 1

ciia
& C13B

cnc C138

Figure $20. Solid-state molecular structure of 1. Atoms are shown with anisotropic atomic displacement
parameters at the 30% probability level. A strongly disordered molecule of THF was removed using the
SQUEEZE routine. Hydrogen atoms are omitted for clarity.

Table $1. Crystal data and structure refinement for compound 1.

Identification code Compound 1

Empirical formula Ca4 Hao Br Co Ns

Formula weight 657.55

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Tetragonal

Space group Hala

Unit cell dimensions a=28.7917(9) A o= 90°,
b=28.7917(9) A B=190".
c=15.7744(5) A y =90°.

Volume 13076.4(9) A2

Z 16

Density (calculated) 1.336 Mg/m*

Absorption coefficient 1.777 mm!

F(000) 5456

Crystal size 0.338 x 0.082 x 0.066 mm?

Theta range for data collection 1.415 to 25.362°.
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Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

-34<=h==34, -34<=k<=34, -18<=|<=19

95047

5994 [R(int) = 0.1191]

999 %

Semi-empirical from equivalents
Full-matrix least-squares on F?
5994 / 86/ 396

1.031

R1=0.0436, wR2 = 0.1074
R1=0.0617, wR2 = 0.1181
nia

1.628 and -0.555 e.A-?

Table $2. Bond lengths [A] and angles [*] for compound 1.

Co(1)-N(9) 1.915(3)
Co(1)-C(2') 1.917(4)
Go(1)-G(T") 1.978(4)
Co(1)-C(17) 2.052(4)
Co(1)-C(16) 2.087(4)
GCo(1)-Br(1) 2.5148(6)
N(2)-C(2') 1.372(5)
N(2)-C(5') 1.400(5)
N(2)-C(1) 1.423(4)
N(3)-C(2) 1.351(5)
N(3)-C(4") 1.387(5)
N(31-C(14) 1.453(5)
N(B')-G(7") 1.376(5)
N(6')-C(10") 1.398(4)
N(B')-C(8) 1.429(4)
N(8)-C(7") 1,359(5)
N(8')-C(9) 1.384(5)
N(8')-C(18) 1.461(5)
N(9)-C(8A) 1.376(4)
N(9)-C(1A) 1.380(4)
C(1)-C(2) 1.385(5)
C1)-C(1A) 1.403(5)
C(2)-C(3) 1.412(5)
C(2)}H@) 0.9500
C{1A)-C(4A) 1.415(5)
C(3)-C(4) 1.387(5)
G(3)-C(12) 1.530(5)
C(4)-C(4A) 1.398(5)
Cl4)-H(4) 0.9500
C(4)-C(5) 1.338(5)
C(4')-H(4") 0.9500
C(5)-C(6) 1.392(5)
C(5)-C(5A) 1.399(5)
C(5)-H(5) 0.9500
C(4A)-C(5A) 1.443(5)
C(5)-H(5) 0.9500
G(6)-C(T) 1.414(5)
C(B)-C(10) 1.541(5)
C(5A)-C(8A) 1.420(5)
C(7)-C(8) 1.380(5)
C{T)-H(T) 0.9500
C(8)-C(8A) 1.394(5)
C(9)-C(10) 1.333(5)

C(9)}H(9) 0.9500  C(15)-H(15B)
C(10)-C(11B) 1.516(8)  C(16)}-C(17)
C(10)-C(11C) 1.517(6)  G(18)-H(16)
C(10}-C(11A) 1.547(6)  C(17)H(17A)
C(10Y-H(10") 0.9500  C(17)-H(17B)
C(11A)-H(11A) 09800  C(18)C(19)
C(11A)-H(11B) 09800  C(18)}-H(18A)
C(11A)-H(11C) 0.9800  C(18)-H(18B)
C(11B)-H(11D) 0.9800  C(19)-C(20)
C(11B)-H(11E) 09800  C(19)}H(19A)
C(11B)-H(11F) 0.9800  C(19)-H(19B)
C(11C)-H(11G) 0.9800  C(20)-C(21)
C(11C)-H(11H) 0.9800  C(20)-H(20)
C(11C)-H(111) 0.9800  C(21)-H(21A)
C(12)-C(13B) 1.519(4)  C(21)}H(21B)
C(12)-C(13F) 1.527(5)

C(12)-C(13C) 1.527(4)  N(9)-Co(1)-C(2))
C(12)-C(13E) 1.528(5)  N(9)-Co(1)-C(7")
C(12)-C(13A) 1.530(4)  C(2')Co(1)-C(T)
C(12)-C(13D) 1.531(5)  N(8)-Co(1)-G(17)
C(13A)-H(13A) 09800  C(2)Co(1)-C(17)
C(13A)-H(13B) 0.9800  C(7')-Co(1)}-C(17)
C(13A)-H(13C) 0.9800  N(9)-Co(1)-C(16)
C(13B)-H(13D) 09800  C(2)Co(1)-C(16)
C(13B)-H(13E) 0.9800  C(7')-Co(1)}-C(16)
C(13B)-H(13F) 0.9800  C(17)-Co(1)-C(16)
C(13C)-H(13G) 0.9800  N(9)}-Co(1)-Br(1)
C(13C)-H(13H) 09800  C(2)Co(1)-Br(1)
C(13C)-H(131) 0.9800  C(7)-Co(1)-Br(1)
C(13D)-H(13.) 0.9800  C(17)-Co(1)-Br(1)
C(13D)-H(13K) 09800  C(16)-Co(1)-Br(1)
C(13D)-H(13L) 0.9800  C(2)-N(2)-C(5)
C(13E)-H(13M) 0.9800  C(2)-N(2)-C(1)
G(13E)-H(13N) 0.9800  C(5)N(2)-C(1)
C(13E)-H(130) 09800  C(2)-N(@)-C@)
C(13F)-H(13P) 0.9800  C(2)}-N(3)-C(14)
C(13F)-H(13Q) 0.9800  C(4')N(3)-C(14)
C(13F)-H(13R) 09800  C(7)N(B)-C(10)
C(14)-C(15) 1.518(7)  C(T)-N(6')-C(8)
C(14)-H(14A) 0.9900  C(10'-N(6')-C(8)
C(14)-H(14B) 09900  C(T')}N(8)-C(9')
C(15)-C(16) 1.518(6)  C(7')}-N(8)-C(18)
C(15)-H(15A) 0.9900  C(9)-N(8')-C(18)

0.9900
1.384(6)
0.98(2)
0.98(2)
0.98(2)
1.539(6)
0.9800
0.9900
1.4905(10)
0.9900
0.9900
1.274(7)
0.9500
0.9500
0.9500

89.69(14)
90.29(13)
173.95(15)
99.64(15)
9351(18)
92.46(17)
138.55(15)
89.79(16)
94.22(15)
39.06(17)
111.45(9)
83.50(11)
90.88(11)
148.71(13)
109.66(12)
110.4(3)
123.5(3)
125.6(3)
111.4(3)
122.6(3)
126.0(3)
111.0(3)
125.6(3)
123.3(3)
111.2(3)
127.0(3)
121.8(3)
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C(BA)-N(9)-C(1A)
C(BA)-N(8)-Co(1)
C{1A)-N(9)-Co(1)
C(2)-C(1)-C(1A)
C2)C(1)-N(2')
C(1A)-C(1)-N(2))
C(1)-C(2)-C(3)
C(1)C(2)-H(2)
C@)}C(2)1H(2)
N(9)-C(1A)}-C(1)
N(9)-C(1A)-C(4A)
C1FC(1A)-C(4A)
N(3)-C(2)N(2)
N(3')-C(2')}-Co(1)
N(2')-C(2')}-Co(1)
C4)}C(3)1C(2)
C{4)-C(3)-C(12)
C(2)-C(3)-C(12)
C(3)-C(4)-C(4A)
C(3)-Ca)yH(4)
C(4A)-C(4)-H(4)
C(5')-C(4'}-N(3')
C(5')-C(4)-H(4)
N(3')-C(4')-H(4')
C(6)-C(5)-C(5A)
C(6)-C(5)-H(5)
C(5A)-C(5)-H(5)
C(4)-C(4A)-C(1A)
C(4)-C(4A)-C(5A)
C(1A)-C(4A)-C(5A)
C(4')-C(5'}-N(2')
C(4')-C(5'}-H(5')
N(2)-C(5}H(5')
C(5)-C(B)-C(7)
C(5)-C(6)-C(10)
C(7)-C(6)-C(10)
C(5)-C(5A)-C(BA)
C{5)-C(3A)-C(4A)
C(8A)-C(5A)-C(4A)
C(B)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
N(8')-C(T')-N(6')
N(8')-C(7'}-Co(1)
N(B")-C(7')-Co(1)
C(T)C(8)-C(8A)
C(7)C(8)-N(B)
C(8A)-C(8)-N(B")
N(9)-C(8A)-C(8)
N(9)-C(8A)-C(5A)
C(8)-C(BA)-C(5A)
C(10)-C(9')-N(8")
C(10-C(9')-H(@")
N(8)-C(9')}-H(9')
C(11B)-C(10}-C(11C)
C(11B)-C(10)-C(6)
C(11C-C(10)-G(6)

104.4(3)
126.7(2)
127.0(2)
118.8(3)
122.6(3)
118.4(3)
122.3(3)
118.9

118.9

128.0(3)
112.7(3)
119.3(3)
104.3(3)
124.7(3)
130.2(3)
118.8(3)
121.9(3)
119.5(3)
120.2(3)
119.9

119.9

107.2(3)
126.4

126.4

120.5(3)
119.8

119.8

120.7(3)
134.1(3)
105.2(3)
106.7(3)
126.6

126.6

118.0(3)
121.9(3)
120.2(3)
120.1(3)
135.1(3)
104.8(3)
122.7(3)
118.7

118.7

103.6(3)
129.4(3)
126.7(3)
119.0(3)
122.03)
119.1(3)
127.5(3)
112.8(3)
119.7(3)
108.0(3)
126.0

126.0

109.4(4)
110.9(3)
111.5(3)

C(11B)-C(10)-C(11A)
C(11C)-C(10)}-C(11A)
C(6)-C(10)-C(11A)
C(9')-C(10')-N(B")
C(9')-C(10°-H(10')
N(B')-C(10'}H(10")
C(10)-C(11A)-H(11A)
C(10)-C(11A)-H(11B)
H(11A)-C(11A)}-H(11B)
C(10)-C(11A)-H(11C)
H(11A)-C(11A)-H(11C)
H(11B)-C(11A)}-H(11C)
C(10)-C(11B)-H(11D)
C(10)-C(11B)-H(11E)
H(11D)-C(11B)-H(11E)
C(10}-C(11B)-H(11F)
H(11D)-C(11B)-H(11F)
H(11E)-C(11B)-H(1 1F)
C(10)-C(11C)}H(11G)
C(10)}-C(11C)-H(11H)
H(11G)-C(11C)-H(11H)
C(10)-C(11C)-H(111)
H(11G)-C(11C)-H(111)
H(11H)-C(11C)-H(111)
C(13B)-C(12)-C(13C)
G(13F)-C(12)-C(13E)
C(13B)-C(12)-C(3)
C(13F)-C(12)-C(3)
G(13C)-C(12)-C(3)
C(13E)-C(12)-C(3)
C(13B)-C(12)-C(13A)
C(13C)-C(12)-C(13A)
G(3)-C(12)-C(13A)
C(13F)-C(12)-C(13D)
C(13E)-C(12)-C(13D)
G(3)-C(12)-G(13D)
C(12)-C(13A)-H(13A)
C(12)-C(13A)-H(13B)
H(13A)-C(13A)-H(13B)
C(12)-C(13A)-H(13C)
H(13A)-C(13A)-H(13C)
H(13B)-C(13A)-H(13C)
C(12)-G(13B)-H(13D)
C(12)-C(13B)-H(13E)
H(13D)-C(13B)-H(13E)
C(12)-C(13B)-H(13F)
H(13D)-C(13B)-H(13F)
H(13E)-C(13B)-H(13F)
C(12)-C(13C)-H(13G)
C(12)-C(13C)H(13H)
H(13G)-C(13C)-H(13H)
C(12)-C(13C)-H(131)
H(13G)-C(13C)-H(13l)
H(13H)-C(13C)-H({131)
C(12)-C(13D)-H(13J)
C(12)-C(13D)-H(13K)
H(13J)-C(13D)-H(13K)

108.7(4)
106.9(4)
109.3(3)
106.1(3)
126.9
126.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.1(3)
108.4(4)
108.5(4)

115.3(13)
112.0(3)

115.6(13)
109.1(3)
107.7(3)
110.4(3)
108.1(4)
108.1(4)

100.7(12)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

C(12)-C(13D)-H(13L)
H(13J)-C(13D)-H(13L)
H(13K)-C(13D)-H(13L)
C(12)-C(13E)-H(13M)
C(12)-C(13E)-H(13N)
H(13M)-C(13E)}-H(13N)
C(12)-C(13E)-H(130)
H(13M)-C(13E)-H(130)
H(13N}-C(13E)-H(130)
C(12)-C(13F)-H(13P)
C(12)-C(13F)-H(13Q)
H(13P)-C(13F -H(13Q)
C(12)-C(13F)-H(13R)
H(13P)-C(13F)}-H(13R)
H(13Q)-C(13F)-H(13R)
N(3')}-C(14)-C(15)
N(3')-C(14)-H(14A)
C(15)-C(14)-H(14A)
N(3')%-C(14)-H(14B)
C(15)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15A)
C(16)-C(15)-H(15A)
C(14)-C(15)-H(15B)
C(16)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(17)-C(16)-C(15)
C(17)-C(16)-Co(1)
C(15)-C(16)-Co(1)
C(17)-C(16)-H(18)
C(15)-C(16)-H(16)
Co(1)-C(16)-H(16)
C(16)-C(17)-Co(1)
C(16)-C(17)-H(17A)
Co(1)-C(17)-H(17A)
C(16)-C(17)-H(17B)
Co(1)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
N(8')-C(18)-C(18)
N(&')-C(18)-H{18A)
C(19)-C(18)-H(18A)
N(8')-C(18)-H(18B)
C(19)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19A)
C(18)-C(19)-H(19A)
C(20)-C(19)-H(19B)
C(18)-C(19)-H(19B)
H(19A)-C(18)-H(19B)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(19)-C(20)-H(20)
C(20)-C(21)-H(21A)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)

109.5
1095
1095
109.5
109.5
1095
1095
109.5
1095
1095
109.5
1095
1095
109.5
1095
110.0(3)
109.7
109.7
1097
109.7
108.2
116.2(3)
1082
108.2
108.2
108.2
1074
123.7(4)

69.1(2)
117.7(3)

117(2)

114(2)

105(2)

71.8(2)

119(2)

109(2)

123(2)

108(3)

115(4)
112.1(3)
109.2
109.2
109.2
109.2
107.9
111.3(4)
109.4
109.4
109.4
100.4
108.0
129.4(7)
115.3
1153
120.0
120.0
120.0
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Table S3. Torsion angles [°] for compound 1.

C(2)-N(2')}-C(1)-C(2) -166.3(3) C(10')-N(6')-C(7')-Co(1) -171.4(3)
C(5-N(2'}-C(1)-C(2) 4.3(5) C(8)-N(6')-C(7")-Co(1) 7.1(5)

C(2)-N(2')}-C(1)-C(1A) 9.6(5) C(6)-C(7)-C(8)-C(8A) -0.3(6)

C(5)-N(2')-C(1)-C(1A) -179.8(3) C(6)-C(7)-C(8)-N(6") 178.8(3)
C(1A)-C(1)-C(2)-C(3) -1.8(5) C(7')-N(8')-C(8)-C(7) 164.9(3)
N(2')-C(1)-C(2)-C(3) 174.1(3) C(10')-N(B')-C(8)-C(7) -16.9(5)
C(8A)-N(9)-C(1A)-C(1) 180.0(3) C(7')-N(6')-C(8)-C(8A) -16.1(5)
Co(1)-N(9)-C(1A)-C(1) -15.0(5) C(10')-N(6')1-C(8)-C(8A) 162.1(3)
C(BA)-N(9)-C(1A)-C(4A) 0.7(4) C(1A)}N(9)-C(8A)-C(8) -177.8(3)
Co(1)-N(9)-C(1A)-C(4A) 165.7(2) Co(1)-N(9)-C(BA)-C(8) 17.4(5)
C(2)-C(1)-C(1A)-N(9) 175.4(3) C(1A)-N(8)-C(8A)-C(5A) 1.4(4)

N(2)-C(1)-C(1A)-N(9) 8.5(5) Co(1)-N(9)}-C(8A)-C(5A) -163.7(2)
C(2)-C(1)-C(1A)-C(4A) 3.8(5) C(7)-C(8)-C(8A)-N(9) -177.3(3)
N(2)-C(1}-C(1A)-C(4A) 172.2(3) N(6')-C(8)-C(8A)-N(9) 3.7(5)

C{4)-N(3')}-C(2)N(2) 2.1(4) C(7)-C(8)-C(8A)-C(5A) 3.8(5)

C(14)-N(3)-C(2)-N(2)) -179.0(3) N(B'}-C(8)-C(8A)-C(5A) -175.2(3)
C{4)-N(3')-C(2'-Co(1) -167.9(3) C(5)-C(5A)-C(8A)-N(9) 176.7(3)
C(14)-N(3'}-C(2)-Co(1) 11.0(5) C(4A)-C(5A)-C(8A)-N(9) -2.8(4)

C(5)-N(2')-C(2')}N(3") 2.4(4) C(5)-C(5A)-C(8A)-C(8) 4.2(5)

C(1)-N(2')-C(2')-N(3) 169.5(3) C(4A)-C(5A)-C(8A)-C(8) 176.2(3)
C(5)-N(2')-C(2')-Co(1) 166.8(3) C(7)-N(8")-C(9')-C(107) 0.8(4)

C(1)-N(2'-C(2')-Co(1) 21.3(5) C(18)-N(8')-C(9')-C(10') -178.5(3)
C(1)-C(2)-C(3)-C(4) -1.4(6) C(5)-C(6)-C(10)-C(11B) 26.3(8)
C(1)-C(2)-C(3)-C(12) 177.7(3) C(7)-C(6)-C(10)-C(11B) -153.9(4)
C(2)-C(3)-C(4)-C(4A) 2.5(5) C(5)-C(6)-C(10)-C(11C) 148.5(4)
C(12)-C(3)-C(4)-C(4A) -176.6(3) C(7)-C(6)-C(10)-C(11C) -31.8(5)
C(2)-N(3')}-C(4')}-C(5") 1.1(4) C(5)-C(6)-C(10)-C(11A) -93.5(5)
C(14)-N(3)-C(4)-C(5") 179.9(4) C(7)-C(6)-C(10)-C(11A) 86.3(4)
C(3)-C(4)}-C(4A)-C(1A) -0.4(5) N(8')-C(9')-C(10')-N(6") 0.5(4)

C(3)-C(4)-C(4A)-C(5A) 178.2(4) C(T')-N(8')-C(10')-C(9") -1.8(4)

N(9)-C(1A)-C(4A)-C(4) 176.6(3) C(8)-N(68')-C(10')-C(9') 179.8(3)
C(1)-C(1A)-C(4A)-C(4) -2.8(5) C(4)-C(3)-C(12)-C(13B) 100.5(5)
N(3)-C(1A)-C(4A)-C(5A) 2.4(4) C(2)-C(3)-C(12)-C(13B) -78.5(5)
C(1}-C(1A)-C(4A)-C(5A) 178.2(3) C(4)-C(3)-C(12)-C(13F) -47.0(15)
N(3)-C(4')-C(5')}N(2) -0.5(4) C(2)-C(3)-C(12)-C(13F) 134.0(15)
G(2)-N(2')}-C(5')-C(4") 1.9(4) C(4)-C(3)-C(12)-G(13C) -20.0(5)
C(1)-N(2')-C(5')-C(4) -169.8(3) C(2)-C(3)-C(12)-C(13C) 161.0(4)
C(5A)-C(5)-C(6}-C(7) 2.6(5) C(4)-C(3)-C(12)-C(13E) -174.7(16)
C(5A)-C(5)-C(6)-C(10) AT7.7(3) C(2)-C(3)-C(12)-C(13E) 6.3(17)
C(6)-C(5)-C(5A)-C(8A) 1.0(5) C(4)-C(3)-C(12)-C(13A) -140.0(4)
C(6)-C(5)-C(5A}-C(4A) 179.7(4) C(2)-C(3)-C(12)-C(13A) 41.0(5)
C(4)-C(4A)-C(5A)-C(5) 4.8(7) C(4)-C(3)-C(12)-C(13D) 69.1(15)
G(1A)-C(4A)-C(SA)-C(5) -176.4(4) C(2)-C(3)-C(12)-G(13D) -109.9(14)
C(4)-C(4A)-C(5A)-C(8A) -175.8(4) C(2)-N(3')-C(14)-C(15) 48.7(5)
C(1A)-C(4A)-C(5A)-C(8A) 3.0(4) C(')-N(3')-C(14)-C(15) -132.7(4)
C(5)-C(6)-C(7)-C(8) -3.0(6) N(3')-C(14)-C(15)-C(16) -63.9(5)
C(10)-C(B)-C(7)-C(8) 177:2(4) C(14)-C(15)-C(16)-C(17) 104.9(5)
C(9)-N(8")-C(7')}N(6") -1.8(4) C(14)-C(15)}-C(16)-Co(1) 22 6(5)
C(18)-N(8'}-C(7)-N(8") 177.4(3) C(15)-C(16)-C(17)-Co(1) -110.1(4)
G(9')-N(8')-C(7')-Co(1) 171.5(3) C(7')-N(8')-C(18)-C(19) -106.5(4)
C(18)-N(8')-C(7")}-Co(1) -9.3(6) C(9')-N(8')-C(18)-C(19) 72.7(5)
C10")-N(6')-C(7")-N(8") 2.2(4) N(8')-C(18)-C(19)-C(20) 165.8(4)
G(8)-N(B')-C(T")-N(8') -179.4(3) C(18)-C(19)-C(20)-C(21) -116.1(8)
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2.2. Compound 2

Figure $21. Solid-state molecular structure of 2 (4-enantiomer). Atoms are shown with anisotropic atomic
displacement parameters at the 30% probability level. The A-enantiomer, one co-crystallized toluene and the

hydrogen atoms are omitted for clarity.

Table S4. Crystal data and structure refinement for compound 2.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=2sigma(l)]

Compound 2

Cys Hes Coz N1

1247.41

100(2) K

0.71073 A

QOrthorhombic

Pcazg

a=29.2752(8)A o= 90°,
b =12.3930(4) A B=90°.
c=17.4867(5) A y = 90°.
6344.3(3) A?

4

1.306 Mg/m?

0.576 mm-'

2648

0.284 x 0.269 x 0.183 mm?

1.814 to 27.620°.

-38<=h<=38, -16<=k<=15, -21<=|<=22
105972

13536 [R(int) = 0.0623]

999 %

Semi-empirical from equivalents
Full-matrix least-squares on F?
13536/1/798

1.021

R1=0.0363, wR2 = 0.0798
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Rindices (all data) R1=0.0492, wR2 = 0.0855
Absolute structure parameter 0.363(12)

Extinction coefficient n/a

Largest diff. peak and hole 0.520 and -0.275 e.A?

Table S5. Bond lengths [A] and angles [°] for compound 2.

Co(1)-C(2A") 1912(4) C(4)C(5) 1.340(5) G(15)-H(16A) 0.9900
Co(1)-C(2') 1.913(3) C(4')-H@4) 0.9500 C(15)}-H(154) 0.9900
Co(1)-N(9) 1.945(3) C(5)-C(B) 1.388(5) C(14A)-C(15A) 1.400(4)
Go(1)-G(15) 2.037(3) C(5)-C(5A) 1.392(5) C(14A)-H(14A) 1.0000
Co(1)-C(15A) 2.041(3) C(5)}H(5) 0.9500 C(15A)-H(158) 0.9900
Co(1)-C(14A) 2.079(3) C(4A)-C(5A) 1.448(5) C(15A)-H(15) 0.9900
Co(1)-C(14) 2.007(3) C(5)H(5) 09500 C(51)-C(52) 1.382(5)
Co(2)-C(52') 1.904(3) C(6)-C(7) 1413(5) C(51)}C(51A) 1.402(5)
Co(2)-C(524) 1.914(3) C(B)-C{10) 1541(4) C(52)-C(53) 1.410(5)
Co(2)-N(59) 1.948(2) C(5A)-C(8A) 1424(4) C(52)-H(52) 0.9500
Go(2)-G(B5A) 2.033(3) C(7)-C(8) 1.379(5) C(51A)-G(54A) 1.422(4)
Co(2)-C(65) 2.049(3) C(7)-H(7) 0.9500 C(53)-C(54) 1.393(5)
Co(2)-C(64) 2.086(3) C(8)-C(8A) 1.407(5) C(53)-C(B0A) 1.540(5)
Co(2)-C(B4A) 2.088(3) C(10)}-C(11B) 1.529(5) C(54)-C(54A) 1.397(4)
N(1)-C(2') 1.376(4) C(10)-C(11A) 1535(5) C(54)H(54) 0.8500
N(1)-C(5') 1.392(4) C(10)-C(11) 1541(5) C(54')-C(55') 1.342(5)
N(19)-C(1) 1.428(4) C(11)H(11M) 0.9800  C(54)-H(54') 0.9500
N(3)-C(2) 1.354(4) C(11)H(11N) 09800 C(55)-C(56) 1.385(5)
N(3)-C(4") 1.385(4) C(11)-H(110) 0.9800 C(55-C(55A) 1.403(4)
N(31-C(12) 1.465(4) C(10A)-C(11E) 1.525(5) C(55)-H(55) 0.9500
N(9)-C(8A) 1.360(4) C(10A)-C(11C) 1533(5) C(54A)-G(55A) 1.437(5)
N(9)-C(1A) 1.371(4) C(10A}-C(11D) 1.540(5) C(54B)-C(55B) 1.336(5)
N(51")-C(52) 1.373(4) C(12)-C(13) 1517(5) C(54B)-H(54B) 0.9500
N(51')-C(55) 1.304(4) C(12)-H(12A) 0.9900 C(55)-H(55) 0.9500
N(51-C(51) 1.427(4) C(12)-H(12B) 09900 C(56)-C(57) 1.413(4)
N(51A)-C(52A) 1.375(4) C(11A)-H(11A) 0.9800 C(56)-C(60) 1.532(5)
N(51A)-C(55B) 1.400(4) C(11A)-H(11B) 0.9800 C(55A)-C(58A) 1.424(4)
N(51A)-C(58) 1.428(4) C(11AFH(11C) 09800 G(55B)-H(55B) 0.9500
N(53')-C(52') 1.359(4) C(11B)-H(11D) 09800 C(57)-C(58) 1.381(5)
N(53')-C(54) 1.390(4) C(11B)}-H(11E) 0.9800 C(57)-H(57) 0.9500
N(53')-C(62) 1.465(4) C(11B)-H(11F) 0.9800 C(58)-C(58A) 1.412(5)
N(53A)-C(52A) 1.352(4) C(11C)-H(11P) 09800 C(B0}C(61A) 1.524(5)
N(53A)-C(54B) 1.386(4) C(11C)-H(11Q) 0.9800 C(60)-C(61) 1.531(5)
N(53A)-C(62A) 1.470(4) C(11C}-H11R) 0.9800 C(80)-C(61B) 1.536(5)
N(59)-C(58A) 1.345(4) C(11D)-H(11G) 0.9800 C(B1)}H(B1P) 0.9800
N(59)-C(51A) 1.359(4) C(11D)-H{11H) 0.9800 C(61)}-H(61Q) 0.9800
N(1A)-C(2A)) 1.381(4) C(11D)-H(111) 0.9800 C(61}-H(1R) 0.9800
N(1A}-C(5A') 1.390(4) C(11E)}-H(11J) 0.9800 C(BOA)-C(B1E) 1.522(5)
N(1A'-C(8) 1.433(4) C(11E}H(11K) 09800 C(BOA)-C(61D) 1.530(5)
N(3A'-C(2A) 1.358(4) C(11E}H(11L) 0.9800 C(B0OA)-C(61C) 1.535(5)
N(3A-C(4A) 1.380(4) C(13)-C(14) 1527(5) C(62)-C(63) 1.521(5)
N(3A'-G(12A) 1.470(4) C(13)-H(13A) 0.9900 G(B2)-H(62C) 0.9900
C(1)-C(2) 1.379(5) C(13)-H(13B) 0.9900 C(62)-H(62D) 0.9900
C1)-C(1A) 1.404(5) C(12A)-C(13A) 1.520(5) C(B1A)-H(B1A) 0.9800
C(2)-C(3) 1.410(5) C(12A)-H(12C) 0.9900 G(B1A)-H(61B) 0.9800
C(2)}H@) 09500 C(12A)-H(12D) 09900 C(B1A)-H(B1C) 0.9800
C(1A)-C(4A) 1.424(4) C(14)-C(15) 1.396(5) C(61B)-H(61D) 0.9800
C(3)-C(4) 1.389(5) C(14)-H(14) 1.0000  C(61B)-H(61E) 0.9800
C(3)-C(10A) 1.542(5) C(13A)}-C(14A) 1.526(5) G(B1B)-H(B1F) 0.9800
C(4)-C(4A) 1.388(5) C(13A)-H(13C) 0.9900  C(B81C)-H(61M) 0.9800
C(4)-H(4) 0.9500  C(13A)-H(13D) 0.9900 C(61C)-H(61N) 0.9800
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C(61C)-H(610)
C(61D)-H(61G)
C(61D)-H(B1H)
C(61D)-H(811)
C(61E)-H(61J)
C(B1E)H(B1K)
C(B1E)-H(B1L)
C(63)-C(64)
C(63)-H(63C)
C(63)-H(63D)
C(62A)-C(63A)
C(62A)-H(B2A)
C(62A)-H(62B)
C(64)-C(65)
C(64)-H(64)
C(B3A)-C(B4A)
C(63A)-H(63A)
C(63A)-H(63B)
C(65)-H(65B)
C(65)-H(65A)
C(64A)-C(B5A)
C(64A)-H(64A)
C(B5A)-H(66')
C(65A)-H(65')
C(70)-C(71)
C(70)-H(70A)
C(70)-H(70B)
C(70)-H(70C)
C(T1)-C(72)
C(71)-C(76)
C(72)-C(73)
C(T2)-H(72)
C(73)-C(74)
C(73)-H(73)
C(74)-C(75)
C(74)-H(74)
C(75)-C(76)
C(75)-H(75)
C(76)-H(76)
C(4A')-C(5A")
C(AAYH(4A")
C(5A")H(5AY)

C(2A')Co(1}-C(2')
C(2A")-Co(1)-N(9)
C(2)-Co(1)-N(9)
C(2A')Co(1)}-C(15)
C(2')-Co(1)-C(15)
N(9)-Co(1)-C(15)
C(2A"y-Co(1)-C(15A)
C(2')-Co(1)-C(15A)
N(9)-Co(1)-C(15A)
C(15)-Co(1)-C(15A)
C(2A')Co(1-C(14A)
C(2')-Co(1)-C(14A)
N(@)-Co(1)-C(14A)
C(15)-Co(1)-G(14A)
C(15A)-Co(1)-C(14A)
C(2A")-Co(1)-C(14)
C(2')-Co(1)-G(14)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

1.516(5)
0.9900
0.9900

1.521(5)
0.9900
0.9900

1.406(5)
1.0000

1.524(5)
0.9900
0.9900
0.9900
0.9900

1.400(5)
1.0000
0.9900
0.9900

1.511(8)
0.9800
0.9800
0.9800

1.380(7)

1.380(7)

1.386(8)
0.9500

1.376(8)
0.9500

1.386(7)
0.9500

1.377(7)
0.9500
0.9500

1.343(5)
0.9500
0.9500

179.20(15)
89.56(13)
89.89(13)
88.04(14)
92.55(14)
90.17(13)
91.85(14)
87.57(14)
91.27(12)

178.55(14)
88.59(14)
91.32(14)

130.81(12)

138.84(14)
39.71(12)
92.73(14)
88.07(14)

N(9)-Co(1)-C(14)
C(15)-Co(1)-C(14)
C(15A)-Co(1)}-C(14)
C(14A)-Co(1)-C(14)
C(52'-Co(2)-C(52A)
C(52')-Co(2)-N(59)
C(52A)-Co(2)-N(59)
C(52'-Co(2)-C(65A)
C(52A)-Co(2)-C(B5A)
N(59)-Co(2)-C(65A)
C(52')-Co(2)-C(65)
C(52A)-Co(2)-C(65)
N(59)-Co(2)-C(85)
C(65A)-Co(2)-C(65)
C(52')-Co(2)-C(64)
C(52A)-Co(2)-C(64)
N(59)-Co(2)-C(64)
C(65A)-Co(2)-C(64)
C(65)-Co(2)-G(64)
C(52')-Co(2)-C(B4A)
C(52A)-Co(2)-C(64A)
N(59)}-Co(2)-C(64A)
G(B5A)-Co(2)-C(B4A)
C(65)-Co(2)-C(B4A)
C(64)-Co(2)-C(84A)
C(2)F-N(1)-C(3")
C(2')}N(1)-C(1)
C(5)-N(1")-C(1)
C(2FN(3)-C(4")
C(2')¥N(3)C(12)
C(4')-N(3')-C(12)
C(8A)-N(9)-C(1A)
C(8A)-N(9)-Co(1)
C(1A)-N(9)-Co(1)
C(52')-N(51')-C(55')
G(52')}-N(51)-C(57)
C(55')-N(51')-C(51)
C(52A)-N(51A)-C(55B)
C(52A)-N(51A)-C(58)
C(55B)-N(51A)-C(58)
C(52')-N(53')-C(54')
C(52')-N(53')-C(62)
C(54')-N(53')-C(62)
C(52A)-N(53A)-C(54B)
C(52A)-N(53A)-C(62A)
C(54B)-N(53A)-C(62A)
C(58A)-N(59)-C(51A)
C(58A)-N(59)-Co(2)
C(51A)-N(59)-Co(2)
C(2A-N(1A'-C(5A)
C(2A")-N(1A")-C(8)
C(5A"-N(1A")-C(8)
C(2A")-N(3A'-C(4A")
C(2A)-N(3A')-C(12A)
C(4A")-N(3A")-C(12A)
C(2)-C(1)-C(1A)
C(2)-G(1)-N(1")
C(1A)-C(1)-N(1")
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)

129.34(13)
39.45(13)
139.13(13)
99.84(13)
178.72(14)
89.97(12)
89.57(12)
88.16(14)
93.04(14)
90.33(12)
91.00(14)
87.80(14)
89.90(12)
179.13(15)
89.19(14)
90.18(14)
129.61(12)
139.98(13)
39.75(13)
92.65(13)
88.57(13)
129.73(12)
39.70(13)
140.16(13)
100.63(13)
110.7(3)
124.3(3)
124.5(3)
111.8(3)
123.3(3)
124.0(3)
105.2(3)
127.8(2)
127.0(2)
110.9(3)
124 4(3)
123.9(3)
110.7(3)
124.3(3)
124.7(3)
111.6(3)
122.7(3)
125.3(3)
111.7(3)
123.1(3)
124.5(3)
106.0(3)
127.4(2)
126.5(2)
110.4(3)
124.5(3)
124.4(3)
111.8(3)
122.7(3)
124.9(3)
118.7(3)
121.8(3)
119.3(3)
122.2(3)
118.9

C(3)-C(2)-H(2)
N(9)-C(1A)-C(1)
N(9)-C(1A)-C(4A)
C(1)-C(1A)-C(4A)
N(3')}-C(2')}-N(1")
N(3')-C(2')-Co(1)
N(1")-C(2')>-Co(1)
C(4)-C(3)-C(2)
C(4)-C(3)-C(10A)
C(2)-C(3)-C{10A)
C(4A)-C(4)-C(3)
C(4A)-C(4)}-H(4)
C(3)-C(4)-H(4)
C(5')-C(4+N(3)
C(5')-C(4-H(4)
N(3)-C(4)-H(4')
C(6)-C(5)-C(5A)
C(6)-C(5)-H(5)
G(5A)-C(5)-H(5)
C(4)-C(4A)-C(1A)
C(4)-C(4A)-C(5A)
C(1A)-C(4A)-C(5A)
C(&'-C(5'-N(1")
C(4')-C(5'-H(5")
N(1')-C(5')}H(5")
C(5)-C(6)-C(7)
C(5)-C(6)-C{10)
C(7)-C(6)-C(10)
C(5)-C(5A)-C(8A)
G(5)-C(5A)-C(4A)
C(BA)-C(5A}-C(4A)
C(8)-C(T)-C(6)
C(8)-C(T)-H(T)
C(B)-C(7)-H(7)
C(7)-C(8)-C(8A)
C(7)-C(8-N(1A")
C(8A)-C(8)-N(1A)
N(9)-C(8A)-C(8)
N(9)-C(8A)-C(5A)
C(8)-C(8A)-C(5A)
C(11B)-C(10)-C(11A)
C(11B)-C(10)-C(11)
C(11A)-C(10)-C(11)
C(11B)-C(10)-C(6)
C(11A)-C(10)-C(8)
C(11)-C(10)-C(8)
C(10)-C(11)-H(11M)
C(10)-C(11)-H(11N)
H(11M)-C(11)-H(11N)
C(10)-C(11)-H(110)
H(11M)-C(11)-H(110)
H(11N)-C(11)-H(110)
C(11E)-C(10A)-C(11C)
C(11E)-C(10A}C(11D)
C(11C)-C(10A)-C(11D)
C(11E)-C(10A)-C(3)
G(11C)-C(10A)-C(3)
C(11D)-C(10A)-C(3}
N(3')-C(12)-C(13)
N(3')-C(12)-H(12A)

118.9
127 9(3)
112.5(3)
119.6(3)
103.7(3)
126.2(2)
129.8(2)
119.1(3)
119.6(3)
121.2(3)
120.1(3)
120.0

120.0

106.9(3)
126.6

126.6

120.3(3)
119.8

119.8

120.4(3)
134.8(3)
104.8(3)
106.9(3)
126.6

126.6

118.6(3)
120.1(3)
121.2(3)
120.6(3)
134.6(3)
104.6(3)
122.2(3)
118.9

118.9

119.2(3)
121.7(3)
118.7(3)
128.1(3)
112.9(3)
118.9(3)
110.3(3)
108.7(3)
106.3(3)
109.2(3)
110.1(3)
112.3(3)
109.5

109.5

109.5

109.5

109.5

109.5

108.1(3)
107.8(3)
109.2(3)
112.7(3)
110.2(3)
108.8(3)
109.2(3)
109.8
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C(13)-C(12)-H(12A)
N(39-C(12)-H(12B)
C(13)-C(12)-H(12B)
H(12A)-C(12)-H(128B)
C(10)-C(11A)H(11A)
C(10)-C(11A}-H(118B)
H(11A)}-C(11A)-H(11B)
C(10)-C(11A}H(11C)
H(11A)-C(11A)}-H(11C)
H(11B)}-C(11A)}-H(11C)
C(10)-C(11B}-H(11D)
C(10)-C(11B)-H(11E)
H(11D)-C(11B)-H(11E)
C(10)-C(11B}-H(11F)
H(11D)-C(11B)-H(11F)
H(11E}-C(11B)-H(11F)
C(10A)-C(11C)-H(11P)
C(10A)-C(11C)H(11Q)
H(11P)}-C(11C)-H(11Q)
C(10A)}-C(11C)-H(11R)
H(11P)-C(11C)-H(11R)
H(11Q)}-C(11C)}H(11R)
C(10A}-C(11D)-H(11G)
C(10A)-C(11D)-H(11H)
H(11G)-C(11D)}-H(11H)
C(10A)-C(11D)H(111)
H(11G)-C(11D)-H(111)
H(11H)-C(11D)-H(111)
C(10A)-C(11E)-H(11J)
C(10A)-C(11E)-H(11K)
H(11J)}-C(11E)-H(11K)
C(10A)-C(11E)-H(11L)
H(11J)-C(11E)-H(11L)
H(11K)-C(11E)-H(11L)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(14)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
N(3A)-C(12A)-C(13A)
N(3A')-C(12A)-H(12C)
G(13A)-C(12A)-H(12C)
N(3A'-C(12A)-H(12D)
C(13A)-C(12A)-H(12D)
H(12C)-C(12A)-H(12D)
C(15)-C(14)-C(13)
C(15)-C(14)-Co(1)
C(13)-C(14)-Co(1)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
Co(1)-C(14)-H(14)
C(12A)-C(13A)-C(14A)
C(12A)-C(13A)-H(13C)
C(14A)-C(13A)-H(13C)
C(12A)-C(13A)-H(13D)
C(14A)-C(13A)-H(13D)
H(13C)-C(13A)-H(13D)
C(14)-C(15)-Co(1)
C(14)-C(15)-H(16A)

109.8
1098
1098
1083
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
115.7(3)
1084
1084
1084
1084
1074
110.2(3)
1096
1096
1096
1096
1081
121.3(3)
67.94(19)
119.3(2)
1136
136
1136
114.7(3)
1086
1086
1086
1086
1076
72.61(19)
1163

Co(1)-C(15)-H(16A)
C(14)-C(15)-H(15A)
Co(1)-C(15)-H(15A)
H(16A)-C(15)-H(15A)
G(15A)-C(14A)-C(13A)
C(15A)-C(14A)-Co(1)
C(13A)-C(14A)-Co(1)
C(15A)-C(14A)-H(14A)
C(13A)-C(14A)-H(14A)
Co(1)-C(14A)-H(14A)
C(14A)-C(15A)-Co(1)
G(14A)-C(15A)-H(15B)
Co(1)-C(15A)-H(158)
C(14A)-C(15A)-H(15)
Co(1)-C(15A)-H(15)
H(15B)-C(15A)-H(15)
C(52)-C(51)-C(51A)
C(52)-C(51)-N(51)
G(51A)-C(51)-N(51")
C(51)-C(52)-C(53)
C(51)-C(52)-H(52)
C(53)-C(52)-H(52)
N(59)-C(51A)-C(51)
N(58)-C(51A)-C(54A)
C(51)-C(51A)-C(54A)
N(53')-C(52')}-N(51')
N(53"-C(52')}-Co(2)
N(51)-C(52')-Co(2)
G(54)-C(53)-C(52)
C(54)-C(53)-C(B0A)
C(52)-C(53)-C(B0A)
N(53A)-C(52A)-N(51A)
N(53A)-C(52A)-Co(2)
N(51A)-C(52A)-Co(2)
C(53)-C(54)-C(54A)
C(53)-C(54)-H(54)
C(54A)-C(54)-H(54)
C(55'-C(54')-N(53')
C(55')-C(54')-H(54')
N(53-C(54')}-H(54')
C(56)-C(55)-C(55A)
C(56)-C(55)-H(55)
G(55A)-C(55)-H(55)
C(54)-C(54A)-C(51A)
C(54)-C(54A)-C(55A)
C(51A)-C(54A)-C(55A)
C(55B)-C(54B)-N(53A)
C(55B)-C(54B)-H(54B)
N(53A}-C(54B)-H(54B)
G(54'%-C(55)-N(51")
C(54')-C(55')-H(55')
N(51)-C(55')-H(55')
C(55)-C(56)-C(57)
C(55)-C(56)-C(60)
C(57)-C(56)-C(60)
C(55)-C(55A)-C(58A)
G(55)-G(55A)-C(54A)
C(58A)-C(55A)-C(54A)
C(54B)-C(55B)-N(51A)
C(54B)-C(55B)-H(55B)

116.3
116.3
116.3
113.3
120.3(3)
68.67(19)
120.5(2)
113.4
1134
113.4
71.6(2)
116.4
116.4
116.4
116.4
1134
118.4(3)
122.2(3)
119.0(3)
122.6(3)
118.7
118.7
128.3(3)
111.8(3)
119.8(3)
103.8(3)
126.4(3)
129.8(2)
118.7(3)
122 6(3)
118.7(3)
103.8(3)
126.2(2)
129.5(2)
120.0(3)
120.0
120.0
106.8(3)
126.6
126.6
120.1(3)
120.0
120.0
120.3(3)
134.6(3)
105.1(3)
107.2(3)
126.4
126.4
106.9(3)
126.5
126.5
118.5(3)
123.0(3)
118.6(3)
120.7(3)
135.0(3)
104.3(3)
106.5(3)
126.7

N(51A)-C(55B)-H(558)
C(58)-C(57)-C(56)
C(58)-C(57)-H(57)
C(56)-C(57)-H(57)
C(57)-C(58)-C(58A)
C(57)-C(58)-N(51A)
C(58A)-C(58)-N(51A)
N(59)-C(58A)-C(58)
N(59)-C(58A)-C(55A)
C(58)-C(58A)-C(55A)
C(61A)-C(60)-C(61)
C(61A)-C(60)-C(56)
C(61)-C(60)-C(56)
C(61A)-C(60)-C(61B)
C(61)-C(60)-C(61B)
C(56)-C(60)-C(61B)
C(60)-C(61)-H(61P)
C(60)-C(61)-H(61Q)
H(61P)-C(61)-H(61Q)
C(60)-C(61)-H(61R)
H(61P)-C(61)-H(61R)
H(61Q)-C(61)-H(B1R)
C(61E)-C(B0A)-C(61D)
C(61E)-C(B0A)-C(81C)
C(61D)-C(B0A)-C(61C)
C(61E)-C(60A)-C(53)
C(61D)-C(B0A}-C(53)
C(61C)-C(B0A)-C(53)
N(53')-C(62)-C(63)
N(53')-C(62)-H(62C)
C(63)-C(62)-H(62C)
N(53')-C(62)-H(62D)
C(63)-C(62)-H(62D)
H(62C)-C(62)-H(62D)
C(60)-C(61A)-H(B1A)
C(60)-C(61A)-H(61B)
H(61A)-C(B1A)-H(61B)
C(60)-C(61A)-H(81C)
H(61A)-C(61A)}-H(B1C)
H(61B)-C(61A)}-H(61C)
C(60)-C(61B)-H(61D)
C(60)-C(61B)-H(B1E)
H(61D)-C(61B)-H(61E)
C(60)-C(61B)-H(61F)
H(61D)-C(61B}-H(61F)
H(61E)-C(61B)-H(61F)
C(B0A)-C(B1C )-H(B1M)
C(60A)-C(61C)-H(B1N)
H(61M)-C(61C)-H(B1N)
C(60A)-C(61C)-H(610)
H(61M)-C(61C)-H(610)
H(61N)-C(61C)-H(610)
C(60A)-C(61D)-H(61G)
C(B0A)-C(B1D)-H(B1H)
H(61G)-C(61D)-H(61H)
C(60A)-C(61D)-H(B11)
H(61G)-C(61D)-H(B11)
H(61H)-C(61D)-H(611)
C(60A)-C(B1E)-H(61J)
C(60A)-C(B1E)-H(B1K)

1267
123.1(3)
1184
1184
118.4(3)
122.5(3)
119.0(3)
128.1(3)
112.7(3)
119.2(3)
108.6(3)
112.3(3)
109.2(3)
107.6(3)
108.9(3)
110.2(3)
1095
109.5
1095
1095
1095
1095
109.2(3)
109.3(3)
107.1(3)
111.1(3)
108.5(3)
111.5(3)
111.2(3)
109.4
109.4
109.4
109.4
108.0
1095
1095
109.5
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
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H(61J)-C(61E)-H(61K) 109.5 H(63A)-C(63A)-H(63B) 107 4 C(76)-C(71)-C(70) 120.7(5)
C(BOA)-C(B1E)-H(61L) 109.5 C(64)-C(65)-Co(2) 71.53(19) G(71)-C(72)-C(73) 120.7(5)
H(B1J)-C(B1E)-H(B1L) 109.5 C(64)-C(65)-H(65B) 116.4 C(71)-C(72)-H(72) 119.7
H(B1K)-C(81E)-H(B1L) 109.5 Co(2)-C(65)-H(65B) 116.4 C(73)-C(72)-H(72) 119.7
C(B4)-C(63)-C(62) 1155(3)  C(64)-C(65)-H(65A) 116.4 C(74)-C(73)-C(72) 122.1(5)
C(B4)-C(63)-H(63C) 108.4 Co(2)-C(B65)-H{65A) 116.4 C(74)-C(73)-H(73) 118.9
C(62)-C(63)-H(B3C) 1084 H(65B)-C(65)-H(B5A) 1134 C(72)-C(73)-H(T3) 118.9
C(64)-C(63)-H(63D) 108.4 C(65A)-C(64A)-C(63A) 121.1(3)  C(73)-C(74)-C(T5) 116.7(5)
C(62)-C(63)-H(63D) 108.4 C(B5A)-C(64A)-Co(2) 68.05(18) C(73)-C(74)-H(74) 1217
H(B3C)-C(63)-H(63D) 107.5 C(63A)-C{64A)-Co(2) 119.2(2)  C(75}-C(74)-H(74) 1217
N(53A)-C(62A)-C(E3A) 109.7(3)  C(B65A)-C(B4A}-H(B4A) 113.7 C(76)-C(75)-C(74) 121.6(5)
N(53A)-C(62A)-H(62A) 109.7 C(63A)-C(64A)-H(B4A) 1137 C(76)}-C(75)-H(T5) 119.2
C(B3A)-C(B2A)-H(62A) 109.7 Co(2)-C(B4A)-H(B4A) 1137 C(74)-C(75)-H(75) 119.2
N(53A)-C(62A)-H(62B) 109.7 C(64A)-C{65A)-Co(2) 72.26(19) C(75)-C(76)-C(T1) 121.3(5)
C(B3A)-C(62A)H(62B) 109.7 C(64A)-C(65A)-H(66" 116.3 C(75)-C(76)-H(76) 119.4
H(B2A)-C(B2A)-H(62B) 1082 Co(2)-C(B5A)-H(B6") 116.3 C(71)-C(76)-H(76) 1194
C(65)-C(64)-C(63) 121.2(3)  C(B4A)-C(65A)-H(65") 1163 N(3A")-C(2A")-N(1A') 103.8(3)
C(B5)-C(64)-Co(2) 68.72(19) Co(2)-C(65A)-H(65) 116.3 N(3A")-C(2A")-Co(1) 126.3(3)
G(63)-C(64)-Co(2) 1205(2)  H(B6')-C(65A)-H(65') 1133 N(1A")-C(2A")-Co(1) 129.7(2)
C(65)-C(64)-H(64) 113.2 C(71)-C(70)-H(70A) 1095 C(5A")-C(4A')-N(3A) 106.9(3)
C(63)-C(64)-H(64) 113.2 C(71)-C(70)-H(70B) 109.5 C(5A)-C(4A")-H(4A)) 126.6
Co(2)-C(64)-H(64) 113.2 H(70A)-C(70)-H(70B) 1095 N(3A")-C(4A")-H(4A') 126.6
C(B2A)-C(B3A)-C{B4A) 116.0(3)  C(71)-C(70)-H(70C}) 1095 C(4A")-C(5A-N(1A') 107.2(3)
C(B2A)-C(B3A)-H(B3A) 108.3 H(70A)-C(70}-H(70C) 1095 C(4A")-C(5A"-H(5A") 126.4
C(B4A)-C(63A)-H(E3A) 108.3 H(70B)-C(70)-H(70C) 1095 N(1A)-C(5A")-H(5A") 126.4
C(B2A)-C(63A)-H(63B) 108.3 C(72)-C(71)-C(76) 117.7(5)

C(64A)-C(63A)-H(63B) 108.3 C(72)-C(71)-C(70) 121.7(5)

Table S6. Torsion angles [°] for compound 2.

C(2)-N(1)-C(1)-C(2) -173.6(3) C(3)-C(4)-C(4A)-C(1A) -0.2(5)
C(5"-N(1')-C(1)-C(2) -2.2(5) C(3)-C(4)-C(4A)-C(5A) -179.9(3)
C(2')-N(1)-C(1)-C(1A) 2.7(5) N(9)-C(1A)-C(4A)}-C(4) -179.4(3)
C(5-N(1)-C(1)-C(1A) 174.0(3) C(1)-C(1A)-C(4A}-C(4) 0.3(5)
C(1A)-C(1)-C(2)-C(3) 0.3(5) N(9)-C(1A)-C(4A)-C(5A) 0.4(3)
N(1"-C(1)-C(2)-C(3) 176.0(3) C(1)-C[1A)-C(4A}-C(5A) -179.9(3)
C(BA)-N(9)-C(1A)-C(1) -179.9(3) N(3")-C(4')-C(5"-N(1") -0.1(4)
Co(1)-N(9)-C(1A)-C(1) 2.5(5) C(2)-N(1)-C(5')-C(4") 0.7(4)
C(BA)-N(9)-C(1A)-C(4A) -0.3(3) C(1)-N(1")-C(5')-C(4") -171.8(3)
Co(1)-N(9)-C(1A)-C(4A) -177.9(2) C(5A)-C(5)-C(8)-C(7) -2.2(5)
C(2)-C(1)-C(1A}-N(9) 179.5(3) C(5A)-C(5)-C(6)-C(10) 178.2(3)
N(1-C(1)-C(1A)-N(9) 3.2(5) C(6)-C(5)-C(5A)-C(BA) -0.2(5)
C(2)-C(1)-C(1A)-C(4A) 0.1(4) C(B}-C(5)-C(5A)-C(4A) -175.2(3)
N(1-C(1)-C(1A)-C(4A) -176.4(3) C(4)-C(4A)-C(5A)-C(5) -5.0(7)
C(4")-N(3")-C(2')-N(1) 1.0(4) C(1A)-C(4A)-C(5A)-C(5) 175.3(4)
C(12)-N(3')}-C(2'}-N(1"} -168.8(3) C(4)-C[4A)-C(5A)-C(8A) 179.4(4)
C(4"-N(3")-C(2')-Co(1) -173.4(2) C(1A)-C(4A)-C(5A)-C(8A) -0.3(3)
C(12)-N(3'}-C(2'}-Co(1) 16.9(5) C(5)-C(B)-C(7)-C(8) 3.0(5)
C(5)-N(1')-C(2')-N(3" -1.0(4) C(10)-C(6)-C(T)-C(8) -177.5(3)
C(1)-N(1')-C(2')-N(3) 171.4(3) C(B)-C(7)-C(8)-C(8A) -1.2(5)
C(5'-N(1)-C(2')-Co(1) 173.1(2) C(B)-C(7)-C(8)-N(1A") 171.6(3)
C(1)-N(1"-C(2')-Co(1) -14.6(5) C(2A)-N(1A")-G(8)-C(7) -168.3(3)
C(1)-C(2)-C(3)-C(4) 0.4(5) C(5A"-N(1A")-C(8)-C(7) 0.5(5)
C(1)-C(2)-C(3)-C(10A) -175.6(3) C(2A"N(1A")-C(B)-C(8A) 4.5(4)
C(2)-C(3)-C(4)-C(4A) 0.2(5) C(5AN(1A")-C(B)-C(8A) 173.3(3)
C(10A)-C(3)-C(4)-C(4A) 175.9(3) C(1A)-N(9)-C(8A)-C(8) -177.9(3)
C(2)-N(3'}C(4'-C(5") -0.5(4) Co(1)-N(9)-C(8A)-C(8) -0.3(5)
C(12)-N(3'}-C(4")-C(5" 169.1(3) C(1A)-N(9)-C(8A}-C(5A) 0.1(3)
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Co(1)-N(9)-C(8A)-C(5A) 177.6(2) C(62A)-N(53A)-C(52A)-Co(2) -17.5(4)
C(7)-C(8)-C(8A}-N(9) 176.6(3) C(55B)-N(51A)-C(52A)-N(53A) 1.1(3)
N(1A'}-C(8)-C(8A)-N(9) 3.6(5) C(58)-N(51A)-C(52A)-N(53A) 172.7(3)
C(7)-C(8)-C(8A}-C(5A) -1.3(5) C(55B)-N(51A)-C(52A)-Co(2) -171.6(2)
N(1A'}-C(8)-C(8A)-C(5A) -174.3(3) C(58)-N(51A)-C(52A)-Co(2) 14.8(5)
C(5)-C(5A)-C(8A)-N(9) -176.2(3) C(52)-C(53)-C(54)-C(54A) -0.5(5)
C(4A)-C(5A)-C(8A)-N(9) 0.2(4) C(B0A)-C(53)-C(54)-C(54A) 177.8(3)
GC(5)-C(5A)-C(8A)-C(8) 2.0(5) C(52'}-N(53')-C(54')-C(55" 0.6(4)
C{4A)-C(5A)-C(BA)-C(8) 178.3(3) C(62)-N(53)-C(54')-C(55') -173.9(3)
C(5)-C(6)-C(10)-C(11B) 76.9(4) C(53)-C(54)-C(54A)-C(51A) 1.1(5)
C(7)-C(6)-C(10)-C(11B) -102.6(4) C(53)-C(54)-C(54A)-C(55A) 178.8(3)
C(5)-C(6)-C(10)-C(11A) -44.3(4) N(59)-G(51A)-C(54A)-C(54) 179.1(3)
C(7)-C(6)-C(10)-C(11A) 136.2(4) C(51)-C(51A)-C(54A)-C(54) 0.7(5)
C(5)-C(6)-C(10)-C(11) -162.5(3) N(59)-C(51A)-C(54A)-C(55A) 0.8(4)
C(7)-C(6)-C(10)-C(11) 18.0(5) C(51)-C(51A)-C(54A)-C(55A) 177.6(3)
C(4)-C(3)-C(10A)-C(11E) 178.5(3) C(52A)-N(53A)-C(54B)-C(558) 0.7(4)
C(2)-C(3)}-C(10A)-C(11E) -5.6(5) C(62A)-N(53A)-C(54B)-C(558) -169.7(3)
C(4)-C(3)-C(10A)-C(11C) 57.7(4) N(53')-C(54')-C(55')-N(51") 0.5(4)
G(2)-C(3)}-C(10A)-C(11C) -126.4(3) C(52'-N(51')-C(55')-C(54") 0.3(4)
C(4)-C(3)-C(10A)-C(11D) -62.0(4) C(51)-N(51)-C(55'-C(54') 169.9(3)
C(2)-C(3)-C(10A)-C(11D) 113.9(3) C(55A)-C(55)-C(56)-C(57) -1.0(5)
C(2)-N(3')-C(12)-C(13) 43.5(4) C(55A)-C(55)-C(56)-C(60) 178.9(3)
C(4')-N(3')}-C(12)-C(13) -125.0(3) C(56)-C(55)-C(55A)-C(58A) 1.2(5)
N(3')-C(12)-C(13)}-C(14) -63.6(4) C(56)-C(55)-C(55A)-C(54A) -179.1(3)
C(2A-N(3A)-C(12A)-C(13A) 45.4(4) C(54)-C(54A)-C(55A)-C(55) 1.3(7)
C4AFN(3A)-G(12A)-C(13A) -125.3(3) C(51A)-C(54A)-C(55A)-C(55) 179.3(4)
C(12)-C(13)-C(14)-C(15) 108.3(4) C(54)-C(54A)-C(55A)-C(58A) -178.9(4)
C(12)-C(13)-C(14)-Co(1) 27.6(4) C(51A)-C(54A)-C(55A)-C(58A) 0.9(3)
N(3A'}-C(12A)-C(13A)-C( 14A) -62.6(4) N(53A)-C(54B)-C(55B)-N(51A) 0.0(4)
C(13)-C(14)-C(15)-Co(1) A11.7(3) C(52A)-N(51A)-C(55B)-C(54B) 0.7(4)
C(12A)-C(13A)-C(14A)-C(15A) 107.1(4) C(58)-N(51A)-C(55B)-C(54B) 173.0(3)
C(12A)-C(13A)-C(14A)-Co(1) 25.5(4) C(55)-C(56)-C(57)-C(58) 0.6(5)
C(13A)-C(14A)-C(15A)-Co(1) -113.7(3) C(60)-C(56)-C(57)-C(58) 179.5(3)
C(52')}N(51')-C(51)-C(52) 175.2(3) C(56)-C(57)-C(58)-C(58A) 1.9(5)
C(55')-N(51')-C(51)-C(52) 6.3(5) C(56)-C(57)-C(58)-N(51A) -174.1(3)
C(52')N(51')-C(51)-C(51A) 1.3(4) C(52A)-N(51A)-C(58)-G(57) 175.5(3)
C(55'-N(51')-C(51)-C(51A) -167.5(3) C(55B)-N(51A)-C(58)-C(57) 2.5(5)
C(51A)-C(51)-C(52)-C(53) 3.8(5) C(52A)-N(51A)-C(58)-C(58A) -0.5(4)
N(51')-C(51)-C(52)-C(53) 170.1(3) C(55B8)-N(51A)-C(58)-C(58A) 173.5(3)
C(58A)-N(59)-C(51A)-C(51) 177.9(3) C(51A)-N(59)-C(58A)-C(58) -179.9(3)
Co(2)-N(59)-C(51A)-C(51) 0.7(5) Co(2)-N(59)-C(58A)-C(58) 1.2(5)
C(58A)-N(59)-C(51A)-C(54A) 0.3(4) C(51A)-N(59)-C(58A)-C(55A) 0.4(4)
Co(2)-N(59)-C(51A)-C(54A) -178.9(2) Co(2)-N(59)-C(58A)-C(55A) 178.3(2)
C(52)-C(51)-C(51A)-N(59) 178.8(3) C(57)-C(58)-C(58A)-N(59) 177.8(3)
N(51")-C(51)-C(51A)-N(59) 7.1(5) N(51A)-C(58)-C(58A)-N(59) 5.1(5)
C(52)-C(51)-C(51A)-C(54A) -3.1(5) C(57)-C(58)-C(58A)-C(55A) 1.7(4)
N(51-C(51)-C(51A)-C(54A) 171.0(3) N(51A)-C(58)-C(58A)-C(55A) 174.4(3)
C(54'}N(53')-C(52')-N(51") 0.4(4) C(55)-C(55A)-C(58A)-N(59) -179.3(3)
C(62)-N(53"-C(52)-N(51") 173.9(3) C(54A)-C(55A)-C(58A)-N(59) 0.8(4)
C(54')-N(53)-C(52')-Co(2) 177.8(2) C(55)-C(55A)-C(58A)-C(58) 0.2(5)
C(62)-N(53')-C(52')-Co(2) -8.7(4) C(54A)-C(55A)-C(58A)-C(58) -179.6(3)
C(55")-N(51')-C(52')-N(53") 0.1(4) C(55)-C(56)-C(60)-C(61A) 4.9(5)
C(51)-N(51')-C(52)-N(53') 170.2(3) C(57)-C(56)-C(60)-C(61A) 175.2(3)
C(55"+N(51')-C(52)-Co(2) 177.4(2) C(55)-C(56)-C(60)-C(61) -115.6(4)
C(51)-N(51'-C(52')-Co(2) 12.5(5) C(57)-C(56)-C(60)-C(61) 64.3(4)
C(51)-C(52)-C(53)-C(54) -2.0(5) C(55)-C(56)-C(60)-C(61B) 124.9(4)
G(51)-G(52)-C(53)-C(60A) 179.7(3) C(57)-C(56)-C(60)-C(618B) -55.2(4)
C(54B)-N(53A)-C(52A)-N(51A) -1.1(4) C(54)-C(53)-C(B0A)-C(B1E) 133.3(4)
C(62A)-N(53A)-C(52A)-N(51A) 169.4(3) C(52)-C(53)-C(60A)-C(61E) -48.4(4)
C(54B)-N(53A)-C(52A)-Co(2) 171.9(2) C(54)-C(53)-C(60A)-C(61D) -106.7(4)
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C(52)-C(53)-C(60A)-C(61D) 71.6(4) C(72)-C(73)-C(74)-C(75) 0.8(7)
C(54)-C(53)-C(60A)-C(61C) 11.1(5) C(73)-C(74)-C(75)-C(76) 1.0(7)
C(52)-C(53)-C(B0A)-C(61C) -170.6(3) C(74)-C(75)-C(76)-C(71) -1.0(7)
C(52')-N(53')-C(62)-C(63) -48.0(4) C(72)-C(71)-C(76)-C(75) 0.8(7)
C(54'}-N(53')-C(62)-G(63) 124.5(3) C(70)-C(71)-C(76)-G(75) 180.0(5)
N(53'}-C(62)-C(B3)-C(64) 59.5(4) C(4A')N(3A)-C(2A'N(1AY) 0.6(4)
C(52A)-N(53A)-C(62A)-C(63A) -42.1(4) C(12A-N(3A"-C(2A")-N(1A) A71.4(3)
C(54B)-N(53A)-C(62A)-C(63A) 127.2(3) C(4A')-N(3A'-C(2A")-Co(1) 174.4(2)
C(62)-C(63)-C(64)-C(65) -101.9(4) C(12A)}-N(3A")-C(2A"-Co(1) 13.9(4)
C(62)-C(63)-C(64)-Co(2) -19.8(4) C(5A'-N(1A'-C(2A'-N(3A") -1.0(4)
N(53A)-C(62A)-C(B3A)-C(64A) 62.9(4) C(8)-N(1A"-C(2A)-N(3A") 169.2(3)
C(63)-C(64)-C(65)-Co(2) 113.6(3) C(5A'-N(1A"-C(2A" Co(1) 173.8(2)
C(62A)-C(63A)-C(B4A)-C(B5A) -108.1(4) C(8)-N(1A)-G(2A)-Co(1) -16.1(5)
C(62A)-C(63A)-C(B4A)-Co(2) 27.5(4) C(2A")-N(3A'-C(4A"-C(5A") 0.1(4)
C(63A)-C(64A)-C(65A)-Co(2) 111.7(3) C(12AFN(3A')-C(4A')-C(5A)) 171.5(3)
C(76)-C(71)-C(72)-C(73) 0.6(7) N(3A')-C(4A")-C(5AFN(1A") -0.5(4)
C(70)-C(71)-C(T2)-C(73) -179.8(5) C(2A')-N(1A'-C(5A'-C(4A") 0.9(4)
C(71)-C(T2)-C(73)-C(74) 0.6(7) C(8)-N(1A"-C(5A)-C(4A") -169.2(3)

2.3. Compound 7

Figure $22. Molecular structure of 7. Atoms are shown with anisotropic atomic displacement parameters at the
30% probability level. The co-crystallized benzene molecule and the hydrogen atoms (except Ir-H) are omitted for
clarity. Based on DFT calculations (see 3.2) the metal-hydrogen bond lengths and angles were fixed (Ir1-H1a =
1.58, Ir1-H2a = 1.63, [r2-H1b = 1,58, r2-H2b = 1.63),
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Table S7. Crystal data and structure refinement for compound 7.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorpfion correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Compound 7

Cra Haa Ir2 N1o

1512.02

100(2) K

0.71073 A

Monoclinic

P2ilc

a=18.3538(11) A a=90°,
b =28.7745(16) A B= 110.2920(10)".
c=13.3926(8) A y = 90°.
6634.0(7) A®

4

1.514 Mg/m?

4.058 mm’

3064

0.273 x 0.120 x 0.056 mm?
1.415 10 28.283°.

-24<=h<=24, -38<=k<=38, -17<=|<=17
120608

16467 [R(int) = 0.0955]

99.9 %

Numerical

0.7461 and 0.5443

Full-matrix least-squares on F2
16467 / 44 / 800

1.029

R1=0.0350, wR2 = 0.0692
R1=0.0545, wR2 = 0.0771
n/a

2.200 and -0.886 e.A-?

Table S8. Bond lengths [A] and angles [°] for compound 7.

ir(1)-C(7") 2.027(4)
Ir(1)-C(2") 2.035(4)
Ir(1)-N(9) 2.059(3)
ir(1)-r(2) 2.7836(2)
Ir(1)-H(1A) 1.5797(10)
Ir(1)-H(2A) 1.6299(10)
C(2')-N(3') 1.350(5)
C(2')-N(1') 1.381(5)
C(2)-C(1) 1.389(5)
C(2)-C(3) 1.400(5)
C(2)-H(2) 0.9500
Ir(2)-C(57) 2.027(4)
Ir(2)-C(52') 2.035(4)
Ir(2)-N(59) 2.059(3)
Ir(2)-H(1B) 1.5798(10)
Ir(2)-H(2B) 1.6299(10)
N(3')-C(4") 1.400(5)
N(3-C(12) 1.478(5)
C(3)-C(4) 1.394(5)
C(3)-C(10A) 1.542(5)
N(1")-C(5") 1.395(5)
N(1)-C(1) 1.430(5)
C(4')-C(5") 1.330(5)
C(4')-H(4') 0.9500
C(4)-C(4A) 1.387(5)
C(4)-H(4) 0.9500
C(5)-H(5") 0.9500

C(5)-C(8)
C(5)-C(5A)
C(5)-H(5)
C(6)-C(7)
C(6)-C(10B)
N(€')-C(7")
N(6')-C(10)
N(6')-C(8)
C(T)N(8)
C(7)-C(8)
C(7)-H(7)
N(8)-C(9")
N(8')-C(16)
C(8)-C(8A)
N(9)-C(8A)
N(9)-C(1A)
C(9')-C(10))
C(9)-H(©)
C(13)-G(12)
C(13)-C(14)
C(13)H(13A)
C(13)H(13B)
C(1)-C(1A)
C(10')-H(10")
C(16)-C(17)
C(16)-H(16A)
C(16)-H(168B)

1.389(5)
1.397(5)
0.9500
1.419(5)
1.527(5)
1.373(5)
1.401(5)
1.441(5)
1.358(5)
1.377(5)
0.9500
1.389(5)
1.466(5)
1.403(5)
1.367(5)
1.368(5)
1.342(6)
0.9500
1.506(6)
1.519(6)
0.9900
0.9900
1.402(5)
0.9500
1.506(6)
0.9900
0.9900

C(111)-C(10B)
C(111)-H(11A)
C(111)-H(11B)
C(111)}H(11C)
C(11H)-C(10B)
C(11H)-H(11D)
C(11H)-H(11E)
C(11H)H(11F)
C(11G)-C(10B)
C(11G)-H(11G)
C(11G)-H(11H)
C(11G)-H(111)
C(10A)-C(11E)
C(10A)-C(11B)
C(10A)}-C(11A)
C(10A)-C(11F)
C(10A)-C{11C)
C(10A)-C(11D)
C(8A)-C(5A)
C(17)-C(18)
C(17)H(17A)
C(17)H(178B)
C(18)-C(19)
C(18)-H(18A)
C(18)-H(18B)
C(1A)-C(4A)
C(19)-H(19A)

1.524(6)
0.9800
0.9800
0.9800
1.541(6)
0.9800
0.9800
0.9800
1.542(5)
0.9800
0.9800
0.9800
1.410(17)
1.477(8)
1534(9)
1.565(15)
1.570(8)
1.601(16)
1.418(5)
1.530(6)
0.9900
0.9900
1.515(6)
0.9900
0.9900
1422(5)
0.9800
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C(19)-H(19B) 0.9800 C(61D)-H(61N) 0.9800 C(111)}H(111) 0.9500
C(19)-H(19C) 0.9800 C(61D)-H(610) 0.9800 C(112)-H(112) 0.9500
C(12)-H(12A) 0.9900 C(57")-N(58") 1.370(5)

C(12)-H(128B) 0.9900 C(57)-C(58) 1.387(5) C(7'1Ir(1)-C(2) 171.36(15)
C(14)-C(15) 1.522(6) C(57)-H(57) 0.9500 C(7'HIr(1)-N(9) 89.05(13)
C(14)-H(14A) 0.9900 C(58)-C(58A) 1.412(5) C(2'HIr(1)-N(9) 88.50(13)
C(14)-H(14B) 0.9900 N(58)-C(59") 1.384(5) C(7-Ir(1)-Ir(2) 88.73(10)
C(15)-H(15A) 0.9800 N(58')-C(66) 1.468(5) C(2'FIr(1)-Ir(2) 99.80(11)
C(15)-H(158B) 0.9800 C(59')-C(60') 1.334(6) N(9)-Ir(1)-Ir(2) 115.21(9)
C(15)-H(15C) 0.9800 C(59)-H(59") 0.9500 C(7')Ir(1)-H(1A) 83.6(11)
C(60A)-C(61C) 1.524(6) N(59)-C(58A) 1.366(5) C(2'-Ir(1)-H(1A) 88.7(11)
C(B0A)-C(53) 1.533(5) C(66)-H(B6A) 0.9900 N(9)-Ir(1)-H(1A) 99.27(14)
C(B60A)-C(61A) 1.538(6) C(66)-H(668B) 0.9900 I1(2)-Ir(1}-H(1A) 144.5(3)
C(60A)-C(61B) 1.544(6) C(60")-H(60") 0.9500 C(7'Ir(1)-H(2A) 91.7(12)
C(61B)}-H(B1A) 0.9800 C(64)-C(B5) 1.517(6) C(2'-Ir(1)-H(2A) 90.9(12)
C(61B)-H(61B) 0.9800 C(64)-C(63) 1.527(6) N(9)-Ir(1)-H(2A) 178.7(5)
C(61B)-H(61C) 0.9800 C(64)-H(B4A) 0.9900 Ir(2)-Ir(1)}-H(2A) 63.8(3)
C(61A)-H(61D) 0.9800 C(64)-H(64B) 0.9900 H(1A)Ir(1)-H(2A) 81.86(7)
C(61A)H(61E) 0.9800 C(62)-C(63) 1.510(8) N(3')-C(2')}N(1) 103.0(3)
C(61A)-H(B1F) 0.9800 C(62)-H{62A) 0.9900 N(3'-C(2'Hr(1) 129.4(3)
C(67)-C(66) 1.521(5) C(62)-H(628B) 0.9900 N(1')-C(2'Hr(1) 127.5(3)
C(67)-C(68) 1.522(6) C(61C)-H(61P) 0.9800 C(1)-C(2)-C(3) 123.1(4)
C(67)-H(67A) 0.9900 C(61C)-H(61Q) 0.9800 C(1)-C2)H(2) 1185
C(67)-H(67B) 0.9900 C(61C}-H(61R) 0.9800 C(3)-C(2)-H(2) 1185
N(51')-C(52') 1.382(5) C(B5)-H(65A) 0.9800 G(57")Ir(2)-C(52") 170.19(15)
N(51')-C(55') 1.391(5) C(65)-H(658B) 0.9800 C(57"Ir(2)-N(59) 88.45(14)
N(51')-C(51) 1.428(5) C(65)-H(B5C) 0.9800 C(52'+Ir{2)-N(59) 88.94(14)
C(51A)}-N(59) 1.375(5) C(63)-H(63A) 0.9900 C(57")Ir(2)-Ir(1) 92.05(10)
C(51A)-C(54A) 1.399(5) C(63)-H(63B) 0.9900 C(52"-Ir2Hr(1) 97.65(11)
C(51A)-C(51) 1.401(5) C(11A)-H(11J) 0.9800 N(58)-Ir(2)-Ir(1) 114.10(9)
C(51)-C(52) 1.384(5) C(11A)-H(11K) 0.9800 C(57")-Ir(2)-H(1B) 81.6(12)
C(4A)-C(5A) 1.447(5) C(11A)-H(11L) 0.9800 C(52')Ir(2)-H(1B) 89.6(12)
C(68)-C(69) 1.527(6) C(11B)-H(11M) 0.9800 N(59 -Ir(2)-H(1B) 100.84(14)
C(68)-H(68A) 0.9900 C(11B)-H(11N) 0.9800 Ir(1)-Ir(2)-H(1B) 144.3(3)
C(68)-H(68B) 0.9900 C(11B)-H(110) 0.9800 C(57')Ir(2)-H(28B) 91.2(12)
C(52')-N(53) 1.353(5) C(11C)-H(11P) 0.9800 C(52'+Ir(2)-H(2B) 91.9(12)
C(52)-C(53) 1.416(5) C(11C)-H(11Q) 0.9800 N(59 -Ir(2)-H(2B) 176.9(4)
C(52)-H(52) 0.9500 C(11C)-H(11R) 0.9800 Ir(1)-Ir(2)-H(2B) 62.8(2)
C(69)-H(69A) 0.9800 C(11D)-H(11S) 0.9800 H(1BHr(2)-H(2B) 82.14(7)
C(69)-H(69B) 0.9800 C(11D)-H(11T) 0.9800 C(2)-N(3')-C(4") 112.4(3)
C(69)-H(69C) 0.9800 C(11D}-H(11U) 0.9800 C(2)}-N(3')-C(12) 128.3(3)
N(53)-C(54') 1.387(5) C(11E)-H(11V) 0.9800 C(4'-N(3'-C(12) 119.3(3)
N(53')-C(62) 1.479(5) C(H1E)-H(11W) 0.9800 C(4)-C(3)-C(2) 118.7(4)
C(53)-C(54) 1.389(5) C(11E)-H(1WW) 0.9800 C(4)-C(3)-C(10A) 121.5(4)
C(60B)-C(B1E) 1.524(7) C(11F)-H(11X) 0.9800 C(2)-C(3)-C(10A) 119.8(4)
C(60B)-C(61F) 1.526(8) C(11F)-H(11Y) 0.9800 C(2)N(1")-C(5" 111.1(3)
C(60B)-C(61D) 1.536(7) C(11F)-H(112) 0.9800 C(2}-N{1-C(1) 126.0(3)
C(60B)-C(56) 1.538(6) C(101)-C(102) 1.3500 C(5')-N(1-C(1) 122.9(3)
C(54')-C(55') 1.339(6) C(101)-C(106) 1.3900 C(5'-C(4')-N(3) 106.3(3)
C(54')-H(54') 0.9500 C(101)-H(101) 0.9500 C(5')-C(4')-H(4") 126.8
C(54)-C(54A) 1.405(5) C(102)-C(103) 1.3900 N(3')-C(4')}H(4") 1268
C(54)-H(54) 0.9500 C(102)-H(102) 0.9500 C(4A)-C(4)-C(3) 119.7(4)
C(61E)-H(61G) 0.9800 C(103)-C(104) 1.3900 C(4A)-C(4)-H(4) 1202
C(61E)-H(61H) 0.9800 C(103)-H(103) 0.9500 C(3)-C(4)-H(4) 1202
C(B1E)}-H(B1I) 0.9800 C(104)-C(105) 1.3900 C(4'-C(5'-N(1") 107.2(4)
C(55')-H(55) 0.9500 C(104)-H(104) 0.9500 C(4'}-C(5')-H(5") 126.4
C(55A)-C(55) 1.394(5) C(105)-C(106) 1.3900 N(1}-C(5')-H(5") 126.4
C(55A)-C(58A) 1.425(5) C(105)-H(105) 0.9500 C(B)-C(5)-C(5A) 120.2(4)
G(55A)-C(54A) 1.447(5) C(108)-H(106) 0.9500 G(6)-C(5)-H(5) 1199
C(55)-C(56) 1.380(6) C(107)-C(108) 1.3900 C(5A)-C(5)-H(5) 119.9
C(55)-H(55) 0.9500 C(107)-C(112) 1.3900 C(5)-C(8)-C(7) 117.7(4)
C(61F)-H(61J) 0.9800 C(107)-H(107) 0.9500 C(5)-C(8)-C(10B) 123.9(3)
C(61F)-H(61K) 0.9800 C(108)-C(109) 1.3900 C(7)-C(6)-C(10B) 118.3(3)
C(61F)-H(B1L) 0.9800 C(108)-H(108) 0.9500 C(7')-N(B")-C(10" 111.0(3)
N(56')-C(57") 1.366(5) C(109)-C(110) 1.3900 C(7')N(6'-C(8) 127.5(3)
N(56')-C(60") 1.397(5) C(109)-H(109) 0.9500 C(10')-N(6-C(8) 121.5(3)
N(56')-C(58) 1.440(5) C(110)-C(111) 1.3900 N(8')-C(7')}N(6") 103.6(3)
C(56)-C(57) 1.414(6) C(110)-H(110) 0.9500 N(8'-C(7"}Ir(1) 129.2(3)
C(61D)-H(61M) 0.9800 C(111)-C(112) 1.3900 N(8')-C(7 (1) 126.9(3)
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C(8)-C(7)-C(6) 123.3(4) N(9)-C(8A)-C(8) 128.6(3) N(59)-C(51A)-C(54A) 112.6(3)
C(8)-C(7)-H(7) 118.4 N(9)-C(8A)-C(5A) 112.1(3) N(59)-C(51A)-C(51) 127 2(4)
C(6)-C(7)-H(T) 118.4 C(8)-C(8A)-C(5A) 119.1(3) C(54A)-C(51A)-C(51) 120.2(4)
C(7')-N(8)-C(9) 111.9(3) C(18)-C(17)-C(18) 109.9(3) C(52)-C(51)-C(51A) 118.1(4)
C(7")-N(8)-C(16) 125.8(3) C(16)-C(17)-H(17A) 1097 C(52)-C(51}N(51") 120.6(3)
C(9')-N(8')-C(16) 122.2(3) C(18)-C(17)-H(17A) 109.7 C(51A)FC(51)-N(51") 121.3(3)
C(7)-C(8)-C(8A) 118.6(3) C(16)-C(17)-H(17B) 109.7 C(4)-C(4A)-C(1A) 121.0(3)
C(T)-C(8)-N(B) 121.5(3) C(18)-C(17)-H(178B) 1097 C(4)-C(4A)-C(5A) 134.0(4)
C(8A)-G(8)-N(6") 119.9(3) H(17A)-C(17)-H(17B) 1082 C(1A}-C(4A)-C(5A) 104.7(3)
C(8A)-N(9)-C(1A) 105.7(3) C(19)-C(18)-C(17) 112.6(4) C(67)-C(68)-C(69) 112.7(4)
C(8A)-N(9)-Ir(1) 125.7(2) C(19)-C(18)-H(18A) 109.1 C(67)-C(68)-H(68A) 109.0
C(1A)-N(9)-Ir(1) 125.6(2) C(17)-C(18)-H(18A) 1091 C(69)-C(68)-H(68A) 109.0
C(10)-C(9')-N(8") 106.9(4) C(19)-C(18)-H(18B) 109.1 C(67)-C(68)-H(68B) 109.0
C(10')-C(9')-H(9") 1285 C(17)-C{18)-H(18B) 109.1 C(69)-C(68)-H(68B) 109.0
N(8')-C(9)-H(9) 126.5 H(18A)-C(18)-H(18B) 10738 H(68A)-C(68)-H(688) 107.8
C(12)-C(13)-C(14) 111.5(3) N(9)-C(1A}-C(1) 128.2(3) N(53')-C(52')-N(51) 102.9(3)
C(12)-C(13)-H(13A) 109.3 N(9)-C{1A)-C(4A) 112.2(3) N(53')-C(52'-Ir(2) 130.2(3)
C(14)-C(13)-H(13A) 109.3 C(1)-C(1A)-C(4A) 119.6(3) N(51')-C(52'Ir(2) 126.4(3)
C(12)-C(13)-H(13B) 109.3 C(18)-C(19)-H(19A) 1095 G(51)-C(52)-C(53) 122.6(4)
C(14)-C(13)-H(13B) 109.3 C(18)-C(19)-H(19B) 1095 C(51)-C(52)-H(52) 118.7
H(13A)-C(13)-H(13B) 108.0 H(19A)-C(19)-H(19B) 1095 C(53)-C(52)-H(52) 118.7
C(2)-C(1)-G(1A) 117.9(3) C(18)-C(19)-H(19C) 1095 C(68)-C(69)-H(69A) 109.5
C(2)-C(1)-N(1) 121.3(3) H(19A)-C(19)-H(19C) 1095 C(68)-C(69)-H(69B) 109.5
C(1A)-C(1)-N(1") 120.8(3) H(19B)-C{19)-H(19C) 1095 H(69A)-C(69)-H(69B) 109.5
C(9')-C(10')-N(B") 106.6(4) N(3)-C(12)-C(13) 115.0(3) C(68)-C(69)-H(69C) 1095
C(9')-C(10'-H(10") 126.7 N(3')}-C(12)-H(12A) 108.5 H(69A)-C(69)-H(69C) 109.5
N(6)-C(10'}-H(10") 128.7 C(13)-C(12)-H(12A) 1085 H(69B)-C(69)-H(B9C) 109.5
N(8"-C(16)-C(17) 114.0(3) N(3)-C(12)-H(12B) 1085 C(52')-N(53)-C(54") 112.5(3)
N(8)-C(16)-H(16A) 108.8 C(13)-C(12)-H(12B) 1085 C(52')-N(53')-C(62) 126.5(3)
C(17)-C(16)-H(16A) 108.8 H(12A)-C(12)-H(12B) 1075 C(54')-N(53')-C(62) 121.0(3)
N(8')-C(16)-H(16B) 108.8 C(13)-C(14)-C(15) 113.7(4) C(54)-C(53)-C(52) 118.6(4)
C(17)-C(16)-H(16B) 108.8 C(13)-C(14)-H(14A) 10838 C(54)-C(53)-C(60A) 123.0(4)
H(16A)-C(16)-H(16B) 107.7 C(15)-C(14)-H(14A) 108.8 C(52)-C(53)-C(60A) 118.4(3)
C(10B)-C(111)-H(11A) 109.5 C(13)-C{14)-H(14B) 108.8 C(61E)}-C(60B)-C(61F)  109.8(5)
C(10B)-C(111)-H(11B) 109.5 C(15)-C(14)-H(14B) 10838 C(B1E)}-C(60B)}-C(61D)  107.2(5)
H(11A}C(111)}-H(11B) 109.5 H(14A)-C(14)-H(14B) 1077 C(61F)}-C(60B)}-C(61D)  108.2(5)
C(10B)}-C(11}-H(11C)  109.5 C(14)-C(15)-H{15A) 1095 C(61E)-C(60B)-C(56) 110.4(4)
H(11AFC(111-H(11C) 1095 C(14)-C(15)-H(158B) 1095 C(61F)-C(60B)-C(56) 109.1(4)
H(11B}XC(111-H(11C)  109.5 H(15A)-C(15)-H(15B) 1095 C(61D)-C(60B)-C(56) 112.1(4)
C(10B)}-C(11H)}-H(11D)  109.5 C(14)-C(15)-H(15C) 1095 C(55')-C(54')-N(53) 106.5(3)
C(10B}-C(11H)}-H(11E)  109.5 H(15A)-C(15)-H(15C) 1095 C(55'-C(54')-H(54") 126.7
HA1DFC(11H)}H(11E)  109.5 H(15B)-C(15)-H(15C) 1095 N(53')-C(54')}-H(54") 126.7
C(10B}-C(11H)}-H(11F)  109.5 C(61C)-C(B0A}-C(53) 112.7(3) C(53)-C(54)-C(54A) 119.5(4)
H(11D)}-C(11H)}H(11F)  109.5 C(61C)-C(B0A)-C(B1A)  108.6(3) C(53)-C(54)-H(54) 1203
H(11E}C(11H)-H(11F) 1095 C(53)-C(B0A)-C(B1A) 109.5(3) C(54A)-C(54)-H(54) 1203
C(10B}C(11G)-H(11G)  109.5 C(61C)-C(BOA)}-C(61B)  107.5(3) C(60B)}-C(B1E)}-H(B1G)  109.5
C(10B)}-C(11G)-H(11H)  109.5 C(53)-C(BOA)-C(61B) 109.7(3) C(60B)}-C(61E}-H(B1H)  109.5
H(11G)}-C(11G)}H(11H) 1095 C(61A)-C(BOA-C(61B)  108.8(4) H(61G)-C(B1E)}-H(61H)  109.5
C(10B}C(11G)-H(11l) 1095 C(60A)-C(61B)}-H(B1A) 1095 C(60B)-C(61E)-H(611) 109.5
HA1G-CA1G)MH(11)  109.5 C(60A)-C(61B)-H(B1B)  109.5 H(61G)}-C(B1E)}H(61l)  109.5
H(1TH)-C(11G)}-H(11l)  109.5 H(61A)-C(61B)-H(61B)  109.5 H(61H)-C(61E)-H®B1l)  109.5
C(111)-C(10B)-C(6) 110.6(3) C(60A)-C(61B}-H(B1C) 1095 C(54')-C(55')-N(51") 106.9(4)
C(111-C(10B-C{11H)  110.1(4) H(61A)-C(61B)}-H(B1C)  109.5 C(54')-C(55'}-H(55") 126.5
C(6)-C(10B)-C(11H) 108.9(3) H(61B)-C(61B)}-H(61C)  109.5 N(51')-C(55')}-H(55") 126.5
C(111)}C(10B}-C(11G)  108.4(3) C(60A)-C(E1A}FH(BID) 1095 C(55)-C(55A)-C(58A) 120.8(4)
C(6)-C(10B}-C(11G) 112.0(3) C(60A)-C(61A}-H(B1E)  109.5 C(55)-C(55A)-C(54A) 134.6(4)
C(11H)}-C(10B)}-C(11G)  108.7(3) H(61D)-C(B1A}-H(B1E)  109.5 C(58A)-C(55A)-C(54A)  104.5(3)
C(11B-C(10A}C(11A)  111.1(6) C(60A)-C(B1A}FH(BIF) 1095 C(51A)-C(54A)-C(54) 120.9(4)
G(11E)}G(10A}-C(3) 116.1(8) H(61D)-C(61A}-H(B1F) 1095 C(51A)-C(54A}-C(55A)  105.5(3)
C(11B)-C(10A)-C(3) 114.0(4) H(61E)-C(B1A)-H(BIF)  109.5 C(54)-C(54A)-C(55A) 133.4(4)
C(11A)-C(10A)-C(3) 108.7(4) C(66)-C(67)-C(68) 109.9(3) C(56)-C(55)-C(55A) 120.0(4)
C(11EXC(10A)C(11F)  111.9(10) C(86)-C(67)-H(67A) 1097 C(56)-C(55)-H(55) 1200
C(3)-C(10A)-C(11F) 109.1(6) C(68)-C(67)-H(67A) 109.7 C(55A)-C(55)-H(55) 120.0
C(11B)}-C(10A}-C(11C)  108.7(5) C(66)-C(67)-H(67B) 109.7 C(BOB)-C(61F)-H(61J)  109.5
C(11A-C(10A)-C(11C) 104 .8(5) C(68)-C(67)-H(67B) 1097 C(BOB}-C(61F)}H(61K) 1095
C(3)-C(10A)-C(11C) 109.1(4) H(67A)-C(67)-H(67B) 1082 H(61J)}-C(61F)-H®B1K)  109.5
C(11E}C(10A)-C(11D)  109.8(11) C(52')-N(51-C(55") 111.1(3) C(60B)}-C(61F)}-H(BIL)  109.5
C(3}-C(10A)-C(11D) 105.8(7) C(52')-N(51-C(51) 125.7(3) H(B1J)}-C(B1F)-H(®1L)  109.5
C(11F)-C(10A)-C(11D)  103.3(10) C(55')-N(51-G(51) 123.1(3) H(61K}-C(B1F)}H(EIL)  109.5
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C(57')-N(56')-C(60') 111.3(3) C(63)-C(64)-H(64B) 108.8 H(11TC(11D}-H(11U)  109.5
C(57')-N(56")-C(58) 126.5(3) H(B4A)-C(64)-H(B4B) 107.7 C(10A}-C(11E)-H(11V)  109.5
C(60')-N(56')-C(58) 122.2(3) N(53')-C(62)-C(63) 113.4(3) C(10A)}-C(11E}-H(11TW)  109.5
C(55)-C(56)-C(57) 118.8(4) N(53')-C(62)-H(62A) 108.9 H(11V)-C(11E}-H(11W)  109.5
C(55)-C(56 )-C(60B) 123.2(4) C(B3)-C(62)-H(62A) 1089 C(10A}-C(11E}-H(1WW)  109.5
C(57)-C(56)-C(60B) 118.0(4) N(53')-C(62)-H(628) 1089 H(11V)-C(11E}-H(1WW)  109.5
C(60B)-C(61D)-H(BIM)  109.5 C(63)-C(62)-H(62B) 108.9 H(11W)-C(11E)}-HIWW)  109.5
C(BOB)-C(61D)-H(BIN)  109.5 H(B2A)-C(62)-H(628B) 107.7 C(10A}-C(11F}H(11X) 1095
H@B1M)}-C(B1D)H®BIN)  109.5 C(B0A)-C(61C)-H(B1P)  109.5 C(10A)-C(11F}H(11Y)  109.5
C(60B}-C(61D)}-H(B10)  109.5 C(60A)-C(B1C)-H(B1Q)  109.5 H(11X)-C(11F)}H(11Y)  109.5
H(BIM)-C(61D)-H(610)  109.5 H(61P)-C(61C}-H(B1Q)  109.5 C(10A}-C(11F)}H(112Z)  109.5
H(BIN)}-C(B1D)-H(B10)  109.5 C(BOA)-C(B1C)-H(B1R)  109.5 H(11X)}-C(11F}-H(11Z)  109.5
N(56')-C(57")}-N(58") 103.5(3) H(61P)-C(81C}-H(61R)  109.5 H(11Y)-C(11F)}-H(112)  109.5
N(56'-C(57"-Ir(2) 128.3(3) H(61Q)-C(61C)-H(B1R)  109.5 C(102)-C(101)-C(108)  120.0
N(58)-C(57"Ir(2) 128.0(3) C(64)-C(65)-H(65A) 109.5 C(102)-C(101)H(101) 1200
C(58)-C(57)-C(56) 123.0(4) C(64)-C(65)-H(65B) 109.5 C(106)-C(101)-H(101)  120.0
C(58)-C(57)-H(57) 1185 H(65A)-C(65)-H(65B) 109.5 C(103)}-C(102)-C(101)  120.0
C(56)-C(57 }H(57) 1185 C(64)-C(65)-H(65C) 109.5 C(103)-C(102)-H(102)  120.0
C(57)-C(58)-C(58A) 117.6(4) H(65A)-C(65)-H(65C) 109.5 C(101)}C(102)H(102)  120.0
C(57)-C(58)-N(56) 121.7(3) H(65B)-C(65)-H(65C) 109.5 C(102)-C(103)-C(104)  120.0
C(58A)-C(58)-N(56') 120.6(3) C(62)-C(63)-C(64) 111.2(4) C(102)}-C(103)-H(103)  120.0
G(57')}-N(58'-C(59) 111.3(3) C(62)-C(63)-H(63A) 109.4 C(104}-C(103)-H(103)  120.0
C(57')-N(58')-C(66) 123.7(3) C(64)-C(63)-H(63A) 109.4 C(105)-C(104)-C(103)  120.0
C(59')-N(58')-C(66) 124.9(3) C(62)-C(63)-H(63B) 109.4 C(105)}-C(104)-H(104)  120.0
C(BO')-C(59')-N(58") 107 5(4) C(B4)-C(63)-H(63B) 109.4 C(103)-C(104)-H(104)  120.0
C(60')-C(59')-H(59") 126.3 H(63A)-C(63)-H(63B) 108.0 C(106)-C(105)-C(104)  120.0
N(58')-C(59')}-H(59") 126.3 C(10A)-C(11A-H(11J)  109.5 C(106)-C(105)-H(105)  120.0
C(58A)-N(59)-C(51A) 105.2(3) C(10A)}-C(11A}-H(11K)  109.5 C(104)-C(105)}H(105)  120.0
C(58A)-N(59)-Ir(2) 126.2(3) H(11J)-C(11A)}H(11K)  109.5 C(105)}-C(106)-C(101)  120.0
C(51A)N(59)-Ir(2) 124.7(3) C(10A)-C(11A-H(11L)  109.5 C(105)-C(106)-H(106)  120.0
N(58')-C(66)-C(B7) 113.8(3) H(11J)-C(11A)}H(11L)  109.5 C(101)-C(106)-H(106)  120.0
N(58')-C(66)-H(BEA) 108.8 H(11K)-C(11A}H(11L)  109.5 C(108)-C(107)-C(112)  120.0
C(67)-C(66)-H(66A) 108.8 C(10A)-C(11B)}-H(11M)  109.5 C(108)-C(107)-H(107)  120.0
N(58')-C(66)-H(66B) 108.8 C(10A)-C(11B)}-H(11N)  109.5 C(112}-C(107)-H(107)  120.0
C(67)-C(66)-H(66B) 108.8 H(11M)-C(11B}-H(11N)  109.5 C(109)}-C(108)-C(107)  120.0
H(66A)-C(66)-H(66B) 107.7 C(10A)-C(11B}-H(110)  109.5 C(109)-C(108)-H(108)  120.0
C(59')-C(B0")}-N(56") 106.6(4) H(11M)-C(11B)}-H(110)  109.5 C(107)-C(108)-H(108)  120.0
C(59')-C(BO")-H(60') 126.7 H(11N)}-C(11B]-H(110)  109.5 C(108)-C(109)}-C(110)  120.0
N(56')-G(60')}-H(60') 126.7 C(10A)-C(11C}-H(11P)  109.5 C(108)}-C(109)-H(109)  120.0
N(59)-C(58A)-C(58) 128.0(4) C(10A)-C(11C}-H(11Q)  109.5 C(110}-C(109)-H(109)  120.0
N(59)-C(58A)-C(55A) 112.2(3) H(11P)}-C(11C}-H(11Q)  109.5 C(111)}-C(110)-C(109)  120.0
C(58)-C(58A)-C(55A) 119.5(3) C(10A)-C(11C)-H(11R)  109.5 C(111)}C(110)}H(110) 1200
C(5)-C(5A)-C(8A) 121.1(4) H(11P)-C(11C}-H(11R)  109.5 C(109}-C(110)-H(110)  120.0
C(5)-C(5A)-C(4A) 133.5(4) H(11Q)-C(11C)}-H(11R)  109.5 C(112}-C(111)-C(110)  120.0
C(BA)-C(5A)-C(4A) 105.2(3) C(10A)}-C(11D}-H(118)  109.5 C(112-C(111)}H(111) 1200
C(65)-C(64)-C(63) 113.7(4) C(10A)-C(11D}-H(11T)  109.5 C(110}-C(111)H(111) 1200
C(65)-C(64)-H(64A) 108.8 H(11S)-C(11D}-H(11T)  109.5 C(111)}C(112)-C(107)  120.0
C(63)-C(64)-H(B4A) 108.8 C(10A)}-C(11D}-H(11U)  109.5 C(111)-C(112}H(112) 1200
C(65)-C(64)-H(64B) 108.8 H(11S)-C(11D)}-H(11U)  109.5 C(107)}-C(112)H(112) 1200

Table $9. Torsion angles [°] for compound 7.

N(1')-C(2}-N(3 }-C(4) 1.5(4) C(10A)-C(3)-C(4)-C(4A) 177.4(4)
IF(1)-C(2)-N(3')-C(4") -173.6(3) N(3')%-C(4')-C(5')-N(1") 0.5(4)
N(1')-C(2'}N(3')-G(12) -179.6(3) C(2)N(1)-G(5'C(4") 05(5)
Ir(1)}-C(2')}-N(3')-C(12) 5.3(6) C(1)-N(1')}-C(5')}-C(4") -176.3(4)
C{1)-C(2)-C(3)-C(4) 1.2(6) C(5A)-C(5)-C(6)-C(7) 0.2(6)
C(1)-C(2)-C(3)-C(10A) -178.6(4) C(5A)-C(5)-C(6)-C(10B) 175.6(4)
N(3')-C(2')-N(1')-C(5") -1.2(4) C(10')-N(6')-C(7")-N(8") 1.6(4)
Ir(1)-C(2)-N(1)-C(5') 174.0(3) C(8)-N(6')}-C(7')}-N(8") 479.5(3)
N(3')-C(2')}-N(1')-C(1) 175.4(3) C(10)-N(6')-C(T"Ir(1) 172.2(3)
IF(1)-C(2')}-N(1-C(1) -9.4(5) C(8)-N(8')}-C(7')-Ir(1) 6.7(5)
C(2')-N(3')-C(4')-C(5") -1.3(5) C(5)-C(6)-C(7)-C(8) -0.6(6)
C(12)-N(3)-C(4')-C(5') 179.7(3) C(10B)-C(6)-C(7)-C(8) 175.5(4)
C(2)-C(3)-C(4)-C(4A) -2.3(6) N(6")-C(7")-N(&")-C(") -1.2(4)
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In(1)-C(7")-N(&')-C(9')
N(6"-C(7")-N(8')-C(16)
Ir(1)-C(7')-N(8")-C(16)
C(6)-C(7)-C(8)-C(8A)
C(6)-C(7)-C(8)-N(6")
C(7')-N(6')-C(8)-C(7)
C(10')-N(6')-C(8)-C(7)
C(T")-N(6')-C(8)-C(8A)
C(10')-N(6')-C(8)-C(8A)
C(7")-N(8')-C(9')-C(10')
C(16)-N(8')-C(9')-C(10)
C(3)-C(2)-C(1)-C(1A)
C(3)-C(2)-C(1)-N(1")
C(2)-N(1")-C(1)-C(2)
C(5")-N(1')-C(1)-C(2)
C(2')-N(1')-C(1)-C(1A)
C(5')-N(1)-C(1)-C(1A)
N(8')-C(9')-C(10")-N(8")
C(7')-N(6')-C(107)-C(9')
C(8)-N(B'>-C(10')-C(9")
C(7')-N(8')-C(16)-C(17)
C(9')-N(8')-C(16)-C(17)
C(5)-C(6)-C(10B)-C(111)
C(7)-C(B)-C(10B)-C(111)
C(5)-C(8)-C(10B)-C(11H)
C(T)-C(B)-C(10B)-G(11H)
C(5)-C(8)-C(10B)-C(11G)
C(7)-C(6)-C(10B)-C(11G)
C(4)-C(3)-C(10A)-C(11E)
C(2)-C(3)-C(10A)-C(11E)
C(4)-C(3)-C(10A)-C(11B)
C(2)-C(3)-C(10A)-C(11B)
C(4)-C(3)-C(10A)-C(11A)
C(2)-C(3)-C(10A)-C(11A)
C(4)-C(3)-C(10A)-C(11F)
C(2)-C(3)-C(10A)-C(11F)
C(4)-C(3)-C(10A)-C(11C)
C(2)-C(3)-C(10A)-C(11C)
C(4)-C(3)-C(10A)-C(11D)
C(2)-C(3)-C(10A)-C(11D)
C(1A)-N(9)-C(8A)-C(8)
Ir(1)-N(9)-C(BA)-C(8)
G(1A)-N(9)-C(8A)-G(5A)
Ir(1)-N(9)-C(BA)-C(5A)
C(7)-C(8)-C(8A)}N(9)
N(6')-C(8)-C(8A)-N(9)
C(7)-C(8)-C(8A)-C(5A)
N(6')-C(8)-C(8A)-C(5A)
N(8')-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-G(19)
C(8A)-N(9)-C(1A)-C(1)
Ir(1)-N(9)-C(1A)-C(1)
C(8A)-N(9)-C(1A)-C(4A)
Ir(1)-N(9)-C(1A)-C(4A)
C(2)-C(1)-C(1AXN(9)
N(1")-C(1)}-C(1A)-N(9)
C(2)-C(1)-C(1A)>-C(4A)
N(1)-C(1)-C{1A)-C(4A)
C(2')-N(3)-C(12)-C(13)
C(4')-N(3')-C(12)-C(13)

172.4(3)
-178.5(3)
-4.9(6)
0.7(6)
-177.9(3)
165.4(4)
-15.8(5)
-13.1(6)
165.7(4)
0.4(5)
177.8(4)
1.7(6)
179.7(4)
-160.4(4)
15.8(6)
17.5(6)
-166.2(4)
0.6(5)
-1.4(5)
179.6(3)
87.2(5)
-89.9(4)
-117 0(4)
87.2(5)
121.9(4)
-53.9(5)
4.1(5)
-171.7(4)
-178.8(10)
1.0(11)
-10.1(7)
169.7(6)
114.5(5)
-65.8(6)
-51.2(9)
128.5(8)
-131.8(5)
47.9(6)
59.3(9)
-121.0(8)
174.0(4)
12.8(6)
-1.7(4)
-162.9(3)
-176.0(4)
2.6(6)
-0.5(5)
178.1(3)
-171.8(3)
-176.8(4)
-175.6(4)
-14.4(6)
1.2(4)
162.4(2)
173.2(4)
-4.9(6)
-3.4(6)
178.5(3)
-104.6(5)
74.2(5)

C(14)-C(13)-C(12)-N(3)
C(12)-C(13)-C(14)-C(15)
N(59)-C(51A)-C(51)-C(52)
C(54A)-C(51A)-C(51)-C(52)
N(59)-C(51A)-C(51)-N(51)
C(54A)-C(51A)-C(51)-N(51")
C(52')-N(51"-C(51)-C(52)
C(55')-N(51)-C(51)-C(52)
C(52')-N(51-C(51)-C(51A)
C(55')-N(51"-C(51)-C(51A)
C(3)-C(4)-C(4A)-C(1A)
C(3)-C(4)-C(4A)-C(5A)
N(9)-C(1A)-C(4A)-C(4)
C(1)-C(1A}-C(4A)-C(4)
N(9)-C(1A)-C(4A)-C(5A)
C(1)-C(1A)-C(4A)-C(5A)
C(66)-C(67)-C(68)-C(69)
C(55')-N(51-C(52)-N(53))
C(51)-N(51)-C(52')-N(53")
C(55')-N(51")-C(52')}r(2)
C(51)-N(51)-C(52)-Ir(2)
C(51A)-C(51)-C(52)-C(53)
N(51)-C(51)-C(52)-C(53)
N(51-C(52')-N(53)-C(54")
Ir(2)-C(52'}-N(53')-C(54')
N(51')-G(52')}-N(53')-C(62)
Ir(2)-C(52')-N(53')-C(62)
C(51)-C(52)-C(53)-C(54)
C(51)-C(52)-C(53)-C(60A)
C(61C)-C(B0A)-C(53)-C(54)
C(61A)-C(BOA)-C(53)-C(54)
C(61B)-C(60A)-C(53)-C(54)
C(61C)-C(B0A)-C(53)-C(52)
C(61A)-C(B0A)-C(53)-C(52)
C(61B)-C(B0A)-C(53)-C(52)
C(52')-N(53')-C(54')-C(55))
C(62)-N(53)-C(54')-C(55")
C(52)-C(53)-C(54)-C(54A)
C(60A)-C(53)-C(54)-C(54A)
N(53')-G(54')-C(55')-N(51')
C(52')-N(51)-C{55')-C(54')
C(51)-N(51)-C(55')-C(54")
N(59)-C(51A)-C(54A)-C(54)
C(51)-C(51A)-C(54A)-C(54)
N(59)-C(51A)-C(54A)-C(55A)
C(51)-C(51A)-C(54A)-C(55A)
C(53)-C(54)-C(54A)-C(51A)
C(53)-C(54)-C(54A)-C(55A)
C(55)-C(55A)-C(54A)-C(51A)
C(58A)-C(55A)-C(54A)-C(51A)
C(55)-C(55A)-C(54A)-C(54)
C(58A)-C(55A)-C(54A)-C(54)
C(58A)-C(55A)-C(55)-C(56)
C(54A)-C(55A)-C(55)-C(56)
C(55A)-C(55)-C(56)-C(57)
C(55A)-C(55)-C(56)-C(60B)
C(61E)-C(60B)-G(56)-G(55)
C(61F)-C(B0B)-C(56)-C(55)
C(61D)-C(B0B}-C(56)-C(55)
C(61E)-C(60B)-C(56)-C(57)

-176.0(3)
175.0(4)
173.8(4)
-3.7(6)
-5.8(6)
176.6(3)
-157.1(4)
18.8(6)
22.5(6)
-161.6(4)
0.6(6)
-172.0(4)
174.7(3)
2.4(6)
0.3(4)
176.9(3)
-173.8(3)
-1.3(4)
174.9(3)
171.2(3)
-12.5(5)
1.7(6)
-178.6(3)
1.7(4)
-170.4(3)
-179.1(4)
8.7(6)
1.0(6)
-178.7(4)
-4.6(8)
116.4(4)
-124.3(4)
175.1(4)
-63.9(5)
55.4(5)
-1.5(5)
179.2(4)
-1.7(6)
178.0(4)
06(5)
0.5(5)
-175.9(4)
174.7(3)
3.1(6)
1.0(4)
178.9(3)
-0.3(6)
174.7(4)
-178.0(4)
-1.9(4)
-3.0(8)
173.1(4)
-1.7(6)
173.8(4)
-2.4(8)
176.5(4)
120.8(5)
-118.4(5)
14(7)
-60.3(6)
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C(61F)-C(60B)-C(56)-C(57) 60.5(6) C(57)-C(58)-C(58A)-N(59) A77.5(4)
C(61D)-C(B0B)-C(56)-C(57) -179.7(5) N(56')-C(58)-C(58A)-N(59) 1.8(6)
C(60')-N(56')-C(57")-N(58") -0.5(4) C(57)-C(58)-C(58A1C(55A) -5.3(6)
C(58)-N(56')-C(57')-N(58") 177.5(3) N(56)-C(58)-C(58A)-C(55A) 174.0(3)
C(60')-N(56'}-G(57")-Ir(2) -174.6(3) C(55)-C(55A)-C(58A)-N(59) 179.0(4)
C(58)-N(56')-C(57)-Ir(2) 3.5(5) C(54A)-C(55A)-C(58A)-N(59) 2.3(4)
C(55)-C(56)-C(57)-C(58) 2.6(6) C(55)-C(55A)-C(58A)-C(58) 57(6)
C(60B)-C(56)-C(57)-C(58) -176.3(4) C(54A)-C(55A)-C(58A)-C(58) 171.1(3)
C(56)-C(57)-C(58)-C(58A) 1.2(6) C(8)-C(5)-C(5A)-C(8A) -0.1(6)
C(56)-C(57)-C(58)-N(56") -178.0(4) C(6)-C(5)-C(5A)-C(4A) 173.1(4)
C(57')-N(56')-C(58)-C(57) 168.9(4) N(9)-C(8A)-C(5A)-C(5) 176.4(3)
C(60')-N(56'}-G(58)-C(57) 13.3(5) C(8)-C(8A)-C(5A)-C(5) 0.2(6)
C(57')}N(56')-C(58)-C(58A) -10.4(6) N(9)-C(8A)-C(5A)-C(4A) 1.6(4)
C(60')-N(56')-C(58)-C(58A) 167.5(3) C(8)-C(8A)-C(5A)-C(4A) 174.6(3)
N(56')-C(57')-N(58')-C(59") 0.6(4) C(4)-C(4A)-C(5A)-C(5) -1.3(8)
Ir(2)-C(57')}-N(58'}-C(59") 174.6(3) C(1A}-C(4A}-C(5A)-C(5) -174.7(4)
N(56')-C(57')-N(58')-C(66) 175.5(3) C(4)-C(4A)-C(5A)-C(8A) 172.7(4)
Ir(2)-C(57')-N(58')-C(66) -1.5(5) C(1A)-C{4A)-C(5A)-C(8A) -0.8(4)
G(57')-N(58')-G(59')-C(60") -0.4(4) C(52')-N(53'-C(62)-C(63) -101.9(5)
C(66)-N(58')-C(59')-C(60") 175.7(4) C(54')-N(53)-C(62)-C(63) 77.3(5)
C(54A)-C(51A)-N(59)-C(58A) 0.4(4) N(53")-C(62)-C(63)-C(64) 178.5(4)
C(51)-C(51A)-N(59)-C(58A) 177.3(4) C(65)-C(64)-C(63)-C(62) -70.0(5)
C(54A)-C(51A)-N(59)-r(2) 159.3(3) C(106}-C(101)-C{102)}-C(103) 0.0
C(51)-C(51A}-N(59)-Ir(2) -18.4(5) C(101)-C(102)-C(103)-C(104) 0.0
C(57')-N(58')-C(66)-C(67) 179.1(3) C(102)-C(103)-C(104)-C(105) 0.0
C(59')-N(58')-C(66)-C(67) 3.5(5) C(103)-G(104)-C(105)-C(106) 0.0
C(68)-C(67)-C(66)-N(58") -178.8(3) C(104)-C(105)-C(106)-C(101) 0.0
N(58')-C(59')-C(60')-N(56") 0.0(4) C(102)-C(101)-C(106)-C(105) 0.0
C(57')-N(56')-C(60')-C(59") 0.3(4) C(112)-C(107)-C(108)}-C(109) 0.0
C(58)-N(56')-C(60')-C(59") 177.8(3) C(107}-C(108)-C{109)}-C(110) 0.0
C(51A)-N(59)-C(58A)-C(58) 171.0(4) C(108)-C(109)-C(110)-C(111) 0.0
Ir(2)-N(59)-C(58A)-C(58) 12.5(6) C(108)-C(110)-C(111)-C(112) 00
C(51A)-N(59)-C(58A)-C(55A) 1.7(4) C(110}-C(111)-C(112}-C(107) 0.0
Ir(2)-N(59)-C(58A -G(55A) -160.2(3) C(108)-C(107)-C(112)-C(111) 0.0
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24. Compound 8

Figure S23. Solid-state molecular structure of 8. Atoms are shown with anisotropic atomic displacement
parameters at the 30% probability level. The co-crystallized benzene molecule and the hydrogen atoms (except
Rh-H) are omitted for clarity. Based on DFT calculations (see 3.2), the metal-hydrogen bond lengths and angles
were fixed at Rh1-H1a = 1.54, Rh1-H2a = 1.58, Rh2-H1b = 1.54, Rh2-H2b = 1.58 A. The structures of 7 and 8

are isomorphous.

Table $10. Crystal data and structure refinement for compound 8.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters

Compound 8

Crs4 Hea N1o Rh2

1333 .44

100(2) K

0.71073 A

Monoclinic

P21fC

a=18.2960(12) A a= 90°.

b =28.9467(17) A B=110.393(2)".

c=13.3801(8) A y = 90°.
6642.1(7) A3

4

1.333 Mg/m?

0.547 mm-!

2808

0.226 x 0.191 x 0.130 mm?

1.407 to 30.408°.

-26<=h<=26, -41<=k<=41, -19<=[<=18
134132

20068 [R(int) = 0.0757)

100.0 %

Semi-empirical from equivalents
Full-matrix least-squares on F2
20068/ 134/ 867
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Goodness-of-fit on F2 1.026

Final R indices [I1>2sigma(l)] R1=0.0393, wR2 = 0.0856
Rindices (all data) R1 =0.0589, wR2 = 0.0960
Extinction coefficient n/a

Largest diff. peak and hole 0.845 and -0.680 e A

Table $11. Bond lengths [A] and angles [°] for compound 8.

Rh(1)-C(7) 2029(2)  C(18)}C(17) 1514(3)  C(B1A)-C(BOA) 1.540(3)
Rh(1)-C(2') 2037(2)  C(18)}-H(16A) 08900  C(B1ANH(B1A) 0.9800
Rh(1)-N(9) 20624(16)  C(16)-H(16B) 09900  C(B1A)-H(61B) 0.9800
Rh(1)-Rh(2) 29335(3)  C(17)C(18) 1528(3)  C(B1A}-H(B1C) 0.9800
Rh(1)-H(1A) 1541(2)  C(17)-H(17A) 09900  C(BOB)-C(B1F) 1.514(5)
Rh(1)-H(2A) 1.580(2)  C(17)}-H(17B) 09900  C(BOB)-C(61E) 1.527(6)
Rh(2)-C(57") 2029(2)  C(1A)}N(9) 1.362(2)  C(60B)-C(61D) 1.534(4)
Rh(2)-N(59) 20348(17)  C(19)-C(18) 1511(4)  C(BOA}-C(61B) 1.530(3)
Rh(2)-C(52)) 2036(2)  C(19)}-H(19A) 09800  C{B0A)-C(B1C) 1.530(3)
Rh(2)-H(1B) 1.538(2)  C(19)-H(19B) 09800  C(61B)-H(61D) 0.9800
Rh(2)-H(2B) 1.579(2)  G(19)-H(19C) 09800  C(B1B)-H(B1E) 0.9800
C(1)-C(2) 1.385(3)  C(18)-H(18A) 09900  C(61B)-H(61F) 0.9800
C1)-C(1A) 1.407(3)  C(18)-H(18B) 09900  C(B1C)}-H(B1G) 0.9800
C(1)-N(1") 1431(2)  C(51)C(52) 1.384(3)  C(B1C)-H®B1H) 0.9800
N(1)-C(2') 1.383(3)  C(51)C(51A) 1401(3)  C(BI1C)H®B1I) 0.9800
N(1)-C(5') 1.397(3)  C(51)-N(51) 1420(3)  C(B0')-H(60) 0.9500
C(12)-N(3') 1476(3)  N(51)-C(52) 1.383(3)  C(61F)-H(61J) 0.9800
C(12)-C(13) 1496(3)  N(51)-C(55) 1.390(3)  G(B1F)-H(BIK) 0.9800
C(12)-H(12A) 0.9900  C(52)-C(53) 1415(3)  C{BIF)}H(BIL) 0.9800
C(12)-H(12B) 0.9900  C(52)-H(52) 09500  C(11G)-C(10B) 1.537(3)
G(2)-C(3) 1411(3)  C(52')-N(53) 1.361(3)  C(11G)}-H(11A) 0.9800
C(2)}-H(2) 0.9500  N(53)-C(54") 1.388(3)  C({11G)-H(11B) 0.9800
C(2)-N(3) 1.353(3)  N(53')-C(62) 1466(3)  C{11G)}-H(11C) 0.9800
C(13)-C(14) 1.530(3)  C(53)-C(54) 1.385(3)  C(10B)-C(111) 1.532(3)
C(13)-H(13A) 09900  C(53)}-C(60A) 1534(3)  C(10B)}-G(11H) 1.533(3)
C(13)-H(13B) 0.9900  C(54)-C(55 1.342(3)  C{10A}-C(11F) 1.431(9)
C(3)-C(4) 1.385(3)  C(54')-H(54") 09500  C(10A)-C(11A) 1.476(5)
G(3)-C(10A) 1.540(3)  G(54A)-C(54) 1.399(3)  G(10A}-G(11C) 1.495(5)
N(3)-C(4) 1.380(3)  C(54A)-C(51A) 1416(3)  C(10A}-C(11E) 1.524(8)
C(14)-C(15) 1.515@4)  C(54A)-C(55A) 1.444(3)  C(10A-C(11B) 1.596(5)
G(14)-H(14A) 0.9900  C(51A)-N(59) 1.378(3)  C(10A-C(11D) 1.646(9)
C(14)-H(14B) 09900  C(54)H(54) 09500  C(BA)N(9) 1.363(3)
Cl4A)-C(4) 1.396(3)  C(55')-H(55) 09500  C(8A)}C(8) 1.402(3)
Cl4A)-C(1A) 1.420(3)  C(55A)-C(55) 1.390(3)  C(69)-C(68) 1.522(3)
G(4A)-C(5A) 1441(3)  G(55A)-C(58A) 1422(3)  G(B9)-H(B9A) 0.9800
C4)H(@) 0.9500  C(55)-C(56) 1.391(3)  C(69)-H(69B) 0.9800
C{4)-C(5") 1.338(3)  C(55)-H(55) 09500  C(69)-H(69C) 0.9800
C(4')-H(4) 0.9500  N(56)-C(57") 1.378(3)  C(68)-C(67) 1.524(3)
C(15)-H(15A) 09800  N(56')-C(B0') 1397(3)  C(68)-H(68A) 0.9500
C(15)-H(15B) 0.9800  N(56')-C(58) 1429(3)  C(68)-H(68B) 0.9900
C(15)-H(15C) 0.9800  C(56)-C(57) 1412(3)  C(67)-C(66) 1.508(3)
C(5A)-C(5) 1.399(3)  C(56)-C(60B) 1.534(3)  G(B7)-H(B7A) 0.9900
C(5A)-C(8A) 1424(3)  C(57")-N(58") 1.363(3)  C(67)-H(67B) 0.9900
C(5)-C(8) 1.385(3)  C(57)-C(58) 1.389(3)  C(66)-H(66A) 0.9900
G(5)-H(5) 0.9500  G(57)-H(57) 09500  C(66)-H(66B) 0.9900
C(5)-H(5) 0.9500  N(58)-C(59") 1.382(3)  C(B5-C(84) 1.510(4)
C(6)-C(T) 1.413(3)  N(58')-C(68) 1472(3)  C(B5)-H(65A) 0.9800
C(6)-C(10B) 1.537(3)  C(58)-C(58A) 1402(3)  C(65)-H(65B) 0.9800
C(7)-C(8) 1.391(3)  C(59')-C(B0") 1.341(3)  C(B5)}-H(65C) 0.9800
C(7)-H(T) 0.9500  C(59')-H(59") 09500  C(B4)-C(63) 1.531(3)
C(16)-N(8") 1462(3)  N(59)-C(58A) 1.371(3)  C(B4)-H(B4A) 0.9900
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C(64)-H(64B)
C(63)-C(62)
C(63)-H(B3A)
C(63)-H(63B)
C(62)-H(62A)
C(62)-H(628)
C(61D)-H(B1M)
C(61D)H(61N)
C(B1D)-H(B10)
C(11H)H(11D)
C(11H)-H(11E)
C(11H)H(11F)
C(B1E)H(61P)
C(61E)-H(61Q)
C(61E)-H(61R)
C111)}-H(11G)
C111)-H(11H)
Ce11)-HA11)
C(8)N(E")
N(8')-C(7')
N(8')-C(9')
C(9)-C(107
C(@)-H(9)
C(10")-N(B")
C0-H(10Y)
C(11A)-H(11J)
C11A)}H(11K)
C(11A)H(11L)
C(11B)-H(11M)
C(11B)-H(11N)
C(11B)-H(110)
C(11C)H(11P)
C(11C)-H(11Q)
C(11C)H(11R)
C(11D)-H(11S)
C(11D)-H(11T)
C(11D)-H(11U)
C(1E)-H(11V)
CH1E)HA1W)
C(11E)H(11X)
C(11F)-H(11Y)
C(11F)-H(112)
G(11F)-H(110)
C(101)-C(102)
C(101)-C(108)
C(101)-H(101)
C(102)-C(103)
C(102)-H(102)
C(103)-C(104)
G(103)-H(103)
C(104)-C(105)
C(104)-H(104)
C(105)-C(1086)
C(105)-H(105)
C(106)-H(108)
C(107)-C(108)
C(107)-C(112)
C(107)-H(107)
C(108)-C(109)
C(108)-H(108)

0.9900
1.509(3)
0.9900
0.9900
0.9900
0.9900
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.433(2)
1.363(2)
1.377(3)
1.345(3)
0.9500
1.390(3)
0.9500
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.3900
1.3900
0.9500
1.3900
0.9500
1.3900
0.9500
1.3900
0.9500
1.3900
0.9500
0.9500
1.3900
1.3900
0.9500
1.3900
0.9500

C(109)-C(110)
C(109)-H(109)
C(110)-C(111)
C(110)-H(111)
C(111)-C(112)
C(111)-H(112)
C(112)-H(113)
N(6")-C(7")

C(7')-Rh(1-C(2")
C(7")-Rh(1)-N(9)
C(2')}-Rh(1}-N(8)
C(7'}-Rh(1)-Rh(2)
C(2')-Rh(1-Rh(2)
N(9)-Rh(1)-Rh(2)
C(7')}-Rh(1)}-H(1A)
C(2)-Rh(1-H(1A)
N(9)-Rh(1)-H(1A)
Rh(2)-Rh(1)-H(1A)
C(7')}-Rh(1)-H(2A)
C(2')-Rh(1)-H(2A)
N(9)-Rh(1)-H(2A)
Rh(2)-Rh(1)-H(2A)
H(1A}RR(1)-H(2A)
C(57")-Rh(2)-N(59)
C(57")-Rh(2)-C(52")
N(59)-Rh(2)-C(52')
C(57")-Rh(2)-Rh(1)
N(59)}-Rh(2)-Rh(1)
C(52')-Rh(2)-Rh(1)
C(57")-Rh(2)-H(1B)
N(59)-Rh(2)-H(1B)
C(52')-Rh(2)-H(1B)
Rh(1)-Rh(2)-H(1B)
C(57")-Rh(2)-H(2B)
N(59)}-Rh(2)-H(2B)
C(52')-Rh(2)-H(2B)
Rh(1)-Rh(2)-H(2B)
H(1B)-Rh(2)-H(2B)
C(2)-C(1)-C(1A)
C(2)-C(1)-N(1")
C1A}C(T1)-N(1")
C(Z)FN(1')-C(3)
C(Z)N(1)-C(1)
C(5')-N(1)-C(1)
N(3')-C(12)-C(13)
N(3')-C(12)-H(12A)
C(13)}-C(12)-H(12A)
N(3')-C(12)-H(12B)
C(13)}-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
N(3')-C(2')-N(1")
N(3')-C(2')-Rh(1)
N(1')-C(2')-Rh(1)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13A)

1.2900
0.89500
1.3900
0.8500
1.2900
0.9500
0.9500
1.383(3)

173.30(8)
88.73(7)
88.73(7)
86.55(6)

100.13(6)
107.53(5)
86.4(13)
88.3(13)

105.18(12)
146.3(3)
90.9(13)
92.0(13)
176.6(5)

69.0(5)
78.2(5)
88.62(8)
172.28(8)
89.37(7)
94.68(6)
108.97(5)
93.02(6)
87.4(11)

119.63(16)
87.1(11)

131.40(17)
91.9(11)
169.2(2)
91.5(11)

60.2(2)
71.21(9)

118.11(18)

120.94(18)

120.84(17)

111.08(17)

126.25(17)

122.51(17)

113.67(19)
1088
108.8
108.8
108.8
107.7

122.69(19)
187
187

102.67(17)

129.80(15)

127.31(14)
111.3(2)
1094
1004

C(12)-C(13)-H(13B)
C(14)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(4)-C(3)-C(2)
C(4)-C(3)-C(10A)
C(2)-C(3)-C(10A)
C(2'}-N(3')}-C(4")
G(2-N(3)-C(12)
C(4')-N(3)-C(12)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14A)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14B)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(4)-C(4A)-C(1A)
C(4)-C(4A)-C(5A)
C(1A)-C(4A)-C(5A)
C(3)-C4)-C(4A)
C(3)-C(4)H(4)
C(4A)-C(4)-H(4)
C(5')-C(4'}-N(3")
C(5-C(# }H(&)
N(3')-C(4'}H(4")
C(14)-C(15)-H(15A)
G(14)-G(15)-H(15B)
H(15A)-C(15)-H(158)
C(14)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(5)-C(5A)-C(8A)
C(5)-C(5A)-C(4A)
C(BA}-C(5A)-C(4A)
C(6)-C(5)-C(5A)
C(6)-C(5)-H(5)
C(5A)C(5)-H(5)
C(4'-C(5'}N(1)
C(4')-C(5'}-H(5")
N(1')}-C(5')}H(5")
C(5)-C(6)-C(7)
C(5)-C(6)-C(10B)
C(7)-C(6)-C(10B)
C(8)-C(T)-C(6)
C(8)-C(T)-H(7)
C(8)-C(7)-H(7)
N(8')-C(16)-C(17)
N(8')-C(18)-H(16A)
C(17)-C(16)-H(16A)
N(8')-C(16)-H(16B)
C(17)-C(16)-H(16B)
H(16A)-C(16)-H(168)
C(16)-C(17)-C(18)
C(16)-C(1T)-H(1TA)
C(18)-C(17)-H(17A)
C(18)-C(17)-H(17B)
C(18)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
N(9)-C(1A)-C(1)
N(9)-C(1A)-C(4A)
G(1)-C(1A)-C(4A)

109.4
109.4
108.0

119.03(19)

121.41(19)

119.56(19)

112.82(17)

126.70(18)

120.47(18)
113.5(2)
108.9
108.9
108.9
108.9
107.7

120.98(18)

133.87(19)

104.91(16)

119.58(19)
120.2
120.2

106.86(19)
126.6
126.6
109.5
109.5
109.5
109.5
109.5
1095

120.82(18)

134.10(18)

104.93(17)

119.86(18)
120.1
120.1

106.57(19)
126.7
126.7

118.57(18)

123.24(18)

118.13(18)

123.19(19)
118.4
118.4

113.52(17)
108.9
108.9
108.9
108.9
107.7

110.13(19)
109.6
109.6
109.6
109.6
108.1

128.13(18)

112.30(17)

119.49(17)
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C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(18)-C(19)-H(19C)
H(19A)}-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18A)
C(19)-C(18)-H(18B)
C(17)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(52)-C(51)-C(51A)
C(52)-C(51)-N(51")
C(51A)-C(51)-N(51")
C(52)}N(51)-C(55")
C(52')-N(51)-C(51)
C(55')-N(51')-C(51)
C(51)-C(52)-C(53)
C(51)-C(52)-H(52)
C(53)-C(52)-H(52)
N(53')-C(52')-N(51")
N(53')-C(52')}-Rh(2)
N(51')-C(52')-Rh(2)
C(52')-N(53')-C(54")
C(52')-N(53')-C(62)
C(54')}N(53')-C(62)
C(54)-C(53)-C(52)
C(54)-C(53)-C(B0A)
C(52)-C(53)-C(80A)
C(55')-C(54')-N(53")
C(55')-C(54')-H(54")
N(53')-C(54')-H(54")
C(54)-C(54A)-C(51A)
C(54)-C(54A)-C(55A)
C(51A)-C(54A)-C(55A)
N(59)-C(51A)-C(51)
N(59)-C(51A)-C(54A)
C(51)-C(51A)-C(54A)
C(53)-C(54)-C(54A)
C(53)-C(54)-H(54)
C(54A)-C(54)-H(54)
C(54')-C(55')-N(51")
C(54')-C(55')-H(55)
N(51')-C(55')-H(55")
C(55)-C(55A)-C(58A)
C(55)-C(55A)-C(54A)
C(58A)-C(55A)-C(54A)
C(55A)-C(55)-C(56)
C(55A)-C(55)-H(55)
C(56)-C(55)-H(55)
C(57")-N(56')-C(60")
C(57')-N(56'}-C(58)
C(B0')-N(56')-C(58)
C(55)-C(56)-C(57)
C(55)-C(56)-C(60B)
C(57)-C(56)-G(60B)
N(58')-C(57')}-N(56")
N(58)-C(57')}-Rh(2)
N(56')-C(57'}-Rh(2)

1095
1095
1095
1095
1095
1095
112.6(2)
109.1
1091
109.1
109.1
1078

118.05(18)

120.99(19)

120.96(18)

111.21(17)

125.69(17)

122.98(17)
122.8(2)
1186
1186

103.12(17)

129.92(15)

126.55(15)

111.78(18)

126.54(18)

121.68(18)

118.64(19)

123.49(18)

117.86(19)

107.18(19)
1264
1264

120.84(19)

133.84(19)

105.21(18)

128.01(18)

112.13(18)

119.82(18)

119.71(19)
1201
1201

106.64(19)
1267
1267
121.0(2)
133.8(2)

105.09(18)
119.7(2)
1202
1202

110.69(17)

126.42(17)

122.88(18)
118.6(2)
122.7(2)
1187(2)

103.68(18)

128.33(16)

127.85(15)

C(58)-C(57)-C(56)
G(58)-C(57)-H(57)
C(56)-C(57)-H(57)
C(57")-N(58'-C(59")
C(57")-N(58')-C(66)
C(59)-N(58')-C(66)
C(57)-C(58)-C(58A)
C(57)-C(58)-N(56')
C(58A)-C(58)-N(56")
C(60")-C(59')-N(58")
C(60')-C(59')-H(59")
N(58')-C(59'}-H(59")
C(58A)-N(59)-C(51A)
C(58A)-N(59)-Rh(2)
C(51A)-N(59)-Rh(2)
C(B0A)-C(B1A}-H(B1A)
C(60A)-C(61A)-H(618B)
H(61A)-C(61A)-H(618)
C(B0A)-C(61A}-H(B1C)
H(61A)-C(61A)-H(61C)
H(61B)-C(61A)-H(61C)
C(61F)-C(60B)-C(61E)
C(61F)-C(B0B)-C(56)
C(61E)-C(60B)-C(56)
C(61F)-C(60B)-C(61D)
G(61E)-C(60B)-G(61D)
C(56)-C(60B)-C(61D)
C(61B)-C(B0A)-C(61C)
C(61B)-C(B0A)-G(53)
C(61C)-C(B0A)-C(53)
C(61B)-C(B0A)-C(B1A)
C(61C)-C(BOA)-C(61A)
C(53)-C(B0A)-C(61A)
N(59)-C(58A)-C(58)
N(59)-C(58A)-C(55A)
C(58)-C(58A)-C(55A)
C(B0A)-C(B1B)-H(61D)
C(60A)-C(61B)-H(B1E)
H(61D)-C(61B)-H(61E)
C(60A)-C(61B)-H(B1F)
H(61D)-C(61B)-H(61F)
H(61E)-C(61B)-H(61F)
G(60A)-G(61C)-H(61G)
C(B0A)-C(61C)-H(BTH)
H(61G)-C(81C)-H(B1H)
C(60A)-C(61C)-H(611)
H(61G)-C(B1C)-H(B11)
H(61H)-C(61C)-H(B11)
C(59")-C(60')-N(56")
C(59")-C(B0")-H(60")
N(56')-C(B0'-H(60")
C(60B)-C(61F)-H(61J)
C(60B)-C(61F)-H(61K)
H(61J)-C(B1F }-H(B1K)
C(60B)-C(61F)-H(61L)
H(61J)-C(61F)-H(61L)
H(61K)-C(61F)-H(61L)
C(10B)-C(11G)-H(11A)
C(10B)-C(11G)-H(11B)
H(11A)-C(11G)-H(11B)

123.0(2)
1185
1185

111.54(18)

123.95(18)

124.48(18)
117.8(2)

121.25(19)

120.93(19)

107.40(19)
126.3
126.3

105.40(17)

126.69(14)

124.95(14)
1095
109.5
109.5
109.5
1095
109.5
110.8(3)
110.3(3)
109.1(3)
106.6(3)
107.8(3)
112.2(2)

108.14(19)

109.89(18)

112.29(19)
109.3(2)

107.68(19)

109.52(18)

128.02(19)

112.09(18)

119.74(19)
1095
109.5
109.5
1095
109.5
109.5
109.5
109.5
109.5
109.5
1095
109.5
106.7(2)
126.7
126.7
109.5
109.5
1095
109.5
109.5
109.5
1095
109.5
109.5

C(10B)-C(11G)}H(11C)
H(11A)-C(11G)-H(11C)
H(11B)-C(11G)-H(11C)
C(111)-C(10B)-C(11H)
C(111)-G(10B)-C(11G)
C(11H)-C(10B)}C(11G)
C(111)-C(10B)-C(8)
C(11H)-C(10B)-C(6)
C(11G)-C(10B)-C(8)
C(11A)-C(10A}C(11C)
C(11F)-C(10A)-C(11E)
G(11F)-C(10A)-C(3)
C(11A)-C(10A)-C(3)
C(11C)-C(10A)-C(3)
C(11E)-C(10A)-C(3)
C(11A)-C(10A)-C(11B)
C(11C)-C(10A)-C(11B)
C(3)-C(10A)-C(11B)
C(11F)-C(10A)-C(11D)
C(11E)-C(10A)-C(11D)
C(3)-C(10A)-C(11D)
N(9)-C(8A)-C(8)
N(9)-C(8A)-C(5A)
C(8)-C(8A)-C(5A)
C(68)-C(69)-H(69A)
C(68)-C(69)-H(69B)
H(B9A)-C(69)-H(69B)
C(68)-C(69)-H(69C)
H(69A)-C(69)-H(69C)
H(69B)-C(69)-H(69C)
C(69)-C(68)-C(67)
C(68)-C(68)-H(68A)
G(67)-C(68)-H(68A)
C(69)-C(68)-H(68B)
C(67)-C(68)-H(68B)
H(68A)-C(68)-H(68B)
C(66)-C(67)-C(68)
C(66)-C(67)-H(67A)
C(68)-C(67)-H(67A)
G(66)-C(67)-H(67B)
C(68)-C(67)-H(67B)
H(67A)-C(67)-H(67B)
N(58')-C(66)-C(67)
N(58')-C(66)-H(B6A)
C(67)-C(66)-H(66A)
N(58')-C(66)-H(66B)
G(67)-C(66)-H(66B)
H(66A)-C(66)-H(668)
C(64)-C(65)-H(65A)
G(64)-C(65)-H(65B)
H(B5A)-C(65)-H(65B)
C(64)-C(65)-H(65C)
H(65A)-C(65)-H(65C)
H(65B)-C(65)-H(B5C)
C(65)-C(64)-C(63)
C(65)-C(64)-H(64A)
C(63)-C(64)-H(B4A)
C(65)-C(64)-H(64B)
C(63)-C(64)-H(64B)
H(B4A)-C(64)-H(64B)

109.5
1095
109.5
1102(2)

108.38(18)

107.40(19)

110.02(19)

109.05(17)

111.77(17)
112.9(4)
114.3(6)
115.9(4)
114.0(2)
109.8(2)
110.3(4)
106.3(4)
104.6(4)
108.6(2)
106.0(6)
103.1(5)
105.8(3)

128.09(18)

112.06(17)

119.77(18)
109.5
109.5
109.5
109.5
109.5
109.5
112.6(2)
109.1
109.1
109.1
109.1
107.8
110.2(2)
109.6
109.6
109.6
109.6
108.1

114.84(19)
108.6
108.6
108.6
108.6
1075
109.5
109.5
109.5
109.5
109.5
1095
112.9(2)
109.0
109.0
109.0
109.0
107.8
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C(62)-C(63)-C(64)
C(62)-C(63)-H(63A)
C(64)-C(63)-H(63A)
C(62)-C(63)-H(63B)
C(64)-C(63)-H(63B)
H(63A)-C(63)-H(63B)
N(53')-C(62)-C(63)
N(53')-C(62)-H(62A)
C(63)-C(62)-H(62A)
N(53')-C(62)-H(62B)
C(63)-C(62)-H(62B)
H(62A)-C(62)-H(62B)
C(60B)-C(B1D)-H(61M)
C(60B)-C(61D)-H(61N)
H(61M)-C(61D)-H(61N)
C(B0B)-C(61D)-H(610)
H(61M)-C(61D)-H(610)
H(61N)-C(61D)-H(610)
G(10B)}-C(11H)-H(11D)
C(10B}-C(11H)-H(11E)
H(11D)-C(11H)}-H(11E)
C(10B)-C(11H)-H(11F)
H(11D)}-C(11H)}H(11F)
H(A1EXC(11H)-H(11F)
C(60B)-C(B1E}-H(61P)
C(60B)-C(61E)-H(61Q)
H(61P)-C(B1E)-H(61Q)
C(60B)-C(61E)-H(61R)
H(61P)}-C(61E)-H(61R)
H(61Q)-C(61E)}H(61R)
C(10B)-C(111)-H(11G)
C(10B)-C(111)-H(11H)
H(11G)-C(111)-H(11H)
C(10B)-C(111)-H(111)
HA1G)-C(111)-H(111)
HATHRG(111)-H(111)
C(1A)-N(9)-C(8A)
C(1A)-N(9)-Rh(1)
C(8A)-N(9)-Rh(1)
C(7)-C(8)-C(8A)
C(7)-C(8)-N(5')
C(8A)-C(8)-N(&')
C(T')-N(8)-C(9)

111.2(2)

109.4
109.4
109.4
109.4
108.0

113.47(19)
108.9
108.9
108.9
108.9
107.7
109.5
109.5
109.5
1095
109.5
109.5
109.5
109.5
109.5
109.5
1095
1095
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
1095
1095
109.5
109.5

105.79(16)

126.32(13)

126.52(13)

117.78(18)

120.90(18)

121.31(17)

112.18(17)

C(T')}-N(8')-C(16)
C(9)-N(8)-C(16)
C(10)-C(9')-N(8")
C(10)-C(9')-H(9")
N(8'-C(9')-H(9")
C(9)-C(10'+N(8")
C(9')-C(10'}-H(10")
N(6')}-C(10-H(10")
C(10A)}-C(11A)-H(11J)
C(10A)-C(11A}H(11K)
H(11J)-C(11A)-H(11K)
C(10A)-C(11A)-H(11L)
H(11J)-C(11A)H(11L)
H(11K)-C(11A}H(11L)
C(10A)-C(11B)-H(11M)
C(10A)}-C(11B)-H(11N)
H(11M)-C(11B)-H(11N)
C(10A)-C(11B)-H(110)
H(11M)-C(11B)-H(110)
H(11N)-C(11B)-H(110)
C(10A)-C(11C)-H(11P)
C(10A)-C(11CFH(11Q)
H(11P)-C(11C)}-H(11Q)
C(10A)-C(11C)-H(11R)
H(11P)-C(11C)}-H(11R)
H(11Q)-C(11C)-H(11R)
C(10A)-C(11D)-H(118)
C(10A)-C(11D}-H(11T)
H(11S)-C(11D)}-H{11T)
C(10A)-C(11D}-H(11U)
H(11S)-C(11D)}-H(11U)
H(11T)-C(11D)-H(11U)
C(10A)-C(11E)-H(11V)
C(10A)-C(11E)-H(11W)
HA1V)-C(11E)-H(11W)
C(10A)-C(11E)}-H(11X)
H(1TV)-C(11EF-H(11X)
HATW)-C(11E)-H(11X)
C(10A)-C(11F)}H(11Y)
C(10A)-C(11F)}H(11Z)
H(11Y)-C(11F)-H(112)
C(10A)-C(11F)-H(110)
H(11Y)-C(11F)H(110)

125.76(18)
122.05(17)
106.93(19)
126.5
126.5
106.92(19)
126.5
126.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
1095
109.5
109.5
1095
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

H(11Z)-C(11F)}-H(110)
C(102)-C(101)-G(106)
C(102)-C(101)-H(101)
C(106)-C(101)-H(101)
C(103)}-C(102)-C(101)
C(103)-C(102)-H(102)
C(101)-C(102)-H(102)
C(102)-C(103)-C(104)
C(102)-C(103)-H(103)
C(104)-C(103)-H(103)
C(105)-C(104)-C(103)
G(105)-C(104)-H(104)
C(103)-C(104)-H(104)
C(104)-C(105)-C(106)
C(104)-C(105)-H(105)
C(106)-C(105)-H(105)
C(105)-C(106)-C(101)
C(105)-C(106)-H(106)
C(101)-C(106)-H(106)
C(108)-C(107)-C(112)
C(108)-C(107)-H(107)
C(112)-C(107)-H(107)
C(109)-C(108)-C(107)
C(109)-C(108)-H(108)
C(107)-C(108)-H(108)
C(108)}-C(109)-C(110)
C(108)-C(109)-H(109)
C(110)-C(109)-H(109)
C(111)-C(110)-C(109)
C(111)-C(110)}H(111)
C(109)-C(110)-H(111)
C(112)}-C(111)-C(110)
C(112)-C(111)H(112)
C(110}-C(111)H(112)
C(111)-C(112)-C(107)
C(111)}C(112)H(113)
C(107)-C(112)H(113)
C(T')-N(B')-C(10")
C(7'}N(6")-C(8)
C(10')-N(6')-C(8)
N(8")-C(7')}-N(6")
N(8)-C(7")-Rh(1)
N(6')}-C(7')}-Rh(1)

109.5
1200
1200
120.0
1200
1200
120.0
120.0
1200
1200
120.0
120.0
1200
120.0
1200
1200
120.0
120.0
1200
1200
1200
120.0
1200
120.0
120.0
120.0
1200
120.0
120.0
1200
120.0
120.0
1200
1200
120.0
1200
1200

110.87(17)

126.34(17)

122.80(17)

103.10(17)

128.92(15)

127.76(14)
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Table §12. Torsion angles [°] for compound 8.

C(2)-C(1)-N(1)-C(2)
C(1A)-C(1)-N(1")-C(2')
C(2)-C(1)-N(1)-C(5")
C(1A)-C(1)}-N(1")-C(5')
C(1A)-C(1)-C(2)}-C(3)
N(1)-C(1}-G(2)-C(3)
C(5")-N(1')-C(2')}-N(3")
C(1)-N(1)-C(2)-N(3")
C(5)-N(1")-C(2')-Rh(1)
C(1)N(1-C(2')-Rh(1)
N(3')-C(12)-C(13)-C(14)
C(1)}-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(10A)
N(1)-C(2')}N(3)-C(4")
Rh(1)-C(2'}-N(3)-C(4")
N(1)-C(2)N(3)-C(12)
Rh(1)-C(2')}N(3)-C(12)
C(13)-C(12)-N(3')-C(2)
C(13)-C(12)-N(3')}-C(4")
C(12)-C(13)-C(14)-C(15)
C(2)-C(3)-C(4)-C(4A)
C(10A)-C(3)-C(4)-C(4A)
C(1A)-G(4A)-C(4)-C(3)
C(5A)-C(4A)-C(4)-C(3)
C(2')-N(3')-C(4')-C(5)
C(12)-N(3'}-C(4')-C(3)
C(4)-C(4A)-C(5A)-C(5)
C(1A)-C(4A)-C(5A)-C(5)
C(4)-C(4A)-C(5A)-C(8A)
C(1A)-C(4A)-C(5A)-G(8A)
C(8A)-C(5A)-C(5)-C(6)
C(4A)-C(5A)-C(5)-C(B)
N(3)-C(4}-C(5')-N(T")
C2)-N(T)-C(5)-C(4)
C(1)-N(1')-C(5')-C(4")
C(5A)-C(5)-C(6)-C(7)
G(5A)-G(5)-C(6)-C(10B)
C(5)-C(6)-C(7)-C(8)
C(10B)-C(6)-C(7)-C(8)
N(8')-C(16)-C(17)-G(18)
C(2}-C(1)-C(1A)}N(9)
N(1)-C(1)-C(1A)-N(9)
C(2)-C(1)-C(1AX-C(4A)
N(1')-C(1)}-C(1A)-C(4A)
C(4)-C(4A)-C(1A)-N(9)
C(5A)-C(4A)-C(1A)-N(9)
C(4)-C(4A)-C(1A)-C(1)
C(5A)-C(4A)-C(1A)-C(1)
C(16)-C(17)-C(18)-C(19)
C(52)-C(51)-N(51)-C(52)
C(51A)}-C(51)-N(51)-C(52")
C(52)-C(51)-N(51')-C(55')
C(51A)-C(51)-N(51')-C(55")
C(51A)-C(51)-C(52)-C(53)
N(51')-C(51)-C(52)-C(53)
C(55')-N(51')-C(52)-N(53")
C(51)-N(51')-C(52')-N(53")
C(55)-N(51')-C(52')-Rh(2)
C(51)-N(51')-C(52')}-Rh(2)

-162.8(2)
16.2(3)
12 4(3)

-168.8(2)
1.1(3)
179.9(2)
-0.8(2)

174.67(19)

174.20(16)
-10.3(3)

-176.9(2)
1.7(3)
A77.9(2)
0.6(2)

-174.28(17)

-178.19(19)
7.03)

-102.8(3)
78.5(3)
174.9(2)
2.3(3)
177.4(2)
0.0(3)
-173.4(2)
-0.1(3)
178.7(2)
-2.3(4)
176.4(2)
173.1(2)
-1.0(2)
-0.7(3)
174.2(2)
-0.4(3)
0.8(3)
-174.9(2)
1.1(3)

-176.01(19)
-1.1(3)

176.09(19)

-172.88(19)
173.3(2)
-5.5(3)
-3.4(3)

177.80(19)

174.25(19)
0.8(2)
2.9(3)

177.95(19)

A77.5(2)
-158.7(2)
21.0(3)
17.0(3)
-163.4(2)
1.73)

-178.59(19)
2.4(2)

173.64(19)

170.74(16)
-13.2(3)

N(51')-C(52')-N(53)-C(54')
Rh(2}-C(52')-N(53)-C(54")
N(51'+-C(52')-N(53)-C(62)
Rh(2)-C(52')-N(53-C(62)
C(51)-C(52)-C(53)-C(54)
C(51)-C(52)-C(53)-C(60A)
C(52')-N(53")-C(54')-C(55')
C(62)-N(53')-C(54')-C(55")
C(52)-C(51)-C(51A)-N(59)
N(51'+-C(51)-C(51A)-N(59)
C(52)-C(51)-C(51A)-C(54A)
N(51')1-C(51)-C(51A)-C(54A)
C(54)-C(54A)-C(51A)-N(59)
C(55A)-C(54A)-C(51A)-N(59)
C(54)-C(54A)-C(51A)-C(51)
G(55A)-C(54A)-C(51A)-C(51)
C(52)-C(53)-C(54)-C(54A)
C(B0A)-C(53)-C(54)-C(54A)
C(51A)-C(54A)-C(54)-C(53)
C(55A)-C(54A)-C(54)-C(53)
N(53')-C(54')-C(55')-N(51')
C(52'}-N(51)-C(55')-C(54')
C(51)-N(51')-C(55')-C(54")
C(54)-C(54A)-C(55A)-C(55)
C(51A)-C(54A)-C(55A)-C(55)
C(54)-C(54A)-C(55A)-C(58A)
G(51A)-C(54A)-C(55A)-C(58A)
C(58A)-C(55A)-C(55)-C(56)
C(54A)-C(55A)-C(55)-C(56)
C(55A)-C(55)-C(56)-C(57)
C(55A)-C(55)-C(56)-C(60B)
C(60')-N(56Y-C(57')-N(58')
C(58)-N(56')-C(57')-N(58")
C(B0")-N(56'-C(57')-Rh(2)
C(58)-N(56')-C(57')}-Rh(2)
C(55)-C(56)-C(57)-C(58)
C(B0B)-C(56)-C(57)-C(58)
N(56')-C(57')-N(58')-C(59')
Rh(2}-C(57)-N(58')-C(59")
N(56')-C(57')-N(58')-C(66)
Rh(2)-C(57")-N(58")-C (66)
C(56)-C(57)-C(58)-C(58A)
C(56)-C(57)-C(58)-N(56")
C(57")-N(56')-C(58)-C(57)
C(60')-N(56'-C(58)-C(57)
C(57')-N(56')-C(58)-C(58A)
C(60'}-N(56')-C(58)-C(58A)
C(57")-N(58)-C(59')-C(60')
C(66)-N(58')-C(59')-C(60")
C(51)-C(51A)-N(59)-C(58A)
C(54A)-C(51A)-N(59)-C(58A)
C(51)-C(51A)-N(59)-Rh(2)
C(54A)-C(51A)-N(59)-Rh(2)
C(55)-C(56)-C(60B)-C(61F)
C(57)-C(56)-C(60B)-C(61F)
C(55)-C(56)-C(60B)-C(61E)
C(57)-C(56)-C(60B)-C(61E)
C(55)-C(56)-C(60B)-C(61D)
C(57)-C(56)-C(60B)-C(61D)

2.8(2)
-170.06(17)
A77.7(2)
9.5(3)
1.0(3)
177.8(2)
-2.2(3)
178.3(2)
174.0(2)
-5.6(3)
-3.5(3)
176.87(19)
-175.31(19)
13(2)
2.6(3)
179.13(19)
-2.0(3)
176.74(19)
0.2(3)
175.2(2)
0.5(3)
1.2(3)
-175.0(2)
-2.9(4)
-178.8(2)
1735(2)
-2.5(2)
-0.6(3)
175.2(2)
2.9(4)
177.5(3)
0.5(2)
178.30(18)
-176.46(15)
2.3(3)
3.2(4)
A77.1(3)
0.4(2)
176.33(15)
-177.57(18)
-1.6(3)
0.1(4)
178.6(2)
171.2(2)
110.2(3)
-7.6(3)
171.1(2)
0.2(2)
177.81(19)
A77.42)
0.6(2)
-15.6(3)
162.09(14)
117.4(3)
62.2(4)
-120.6(3)
59.7(4)
-1.3(4)
179.1(3)
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C(54)-C(53)-C(60A)-C(618B)
C(52)-C(53)-C(80A)-C(51B)
C(54)-C(53)-C(BOA)-C(61C)
C(52)-C(53)-C(B0A)-C(61C)
C(54)-C(53)-C(80A)-C(61A)
C(52)-C(53)-C(B0A)-C(61A)
C(51A)-N(59)-C(58A)-C(58)
Rh(2)-N(59)-C(58A}-C(58)
C(51A)-N(59)-C(58A )-C(55A)
Rh(2)-N(59)-C(58A}-C(55A)
C(57)-C(58)-C(58A)-N(59)
N(56')-G(58)-C(58A)-N(59)
C(57)-C(58)-C(58A)-C(55A)
N(56')-C(58)-C(58A)-C(55A)
C(55)-C(55A)-C(58A)-N(59)
C(54A)-C(55A)-C(58A)-N(59)
C(55)-C(55A)-C(58A)-C(58)
C(54A)-C(55A)-C(58A)-C(58)
N(58')-C(59')-G(B0")-N(56")
C(57')-N(56')-C(60"-C(59")
C(58)-N(56')-C(60')-C(59)
C(5)-C(6)-C(10B)-C(111)
C(7)-C(B)-C(10B)-C(111)
C(5)-C(8)-C(10B)-C(11H)
C(7)-C(8)-C(10B)-C(11H)
C(5)-C(B)-C(10B)-C(11G)
C(7}-C(8)-C(10B)-C(11G)
C(4)-C(3)-C(10A)-C(11F)
C(2)-C(3)-C(10A)-C(11F)
C(4)-C(3)-C(10A)-C(11A)
C(2)-C(3)-C(10A)-C(11A)
C(4)-C(3)-C(10A)-C(11C)
C(2)-C(3)-C(10A)-C(11C)
C(4)-C(3)-C(10A)-C(11E)
C(2)-C(3)-C(10A)-C(11E)
C(4)-C(3)-C(10A)-C(11B)
C(2)-C(3)-C(10A)-C(11B)
C(4)-C(3)-C(10A)-C(11D)
C(2)-C(3)-C(10A)-C(11D)
C(5)-C(5A)-C(8A)-N(9)
C(4A)-C(5A)-C(8A)-N(9)
C(5)-C(5A)-C(8A)-C(8)
C(4A)-G(5A)-C(8A)-G(8)
C(69)-C(68)-C(67)-C(66)
C(57")-N(58')-C(66)-C(67)
C(59')-N(58'}-C(66)-C(67)
C(68)-C(67)-C(66)-N(58")
C(65)-C(64)-C(63)-C(62)

-122.6(2)
56.1(3)
2.2(3)

176.5(2)
117 4(2)
-63.9(3)
173.2(2)
12.1(3)
-2.2(2)
-163.36(14)
-178.8(2)
-0.1(3)
-3.7(3)
175.06(19)
179.9(2)
3.0(2)
4.0(3)

-172.85(19)
0.2(2)
0.4(2)

-178.42(19)

-116.2(2)
66.7(2)
122.9(2)
-54.2(3)
4.3(3)
-172.82(19)
178.0(6)
2.4(7)
-15.2(5)
164.5(4)
112.7(3)
-67.7(4)
-50.1(5)
129.5(5)
-133.5(3)
46.2(4)
60.8(5)
-119.6(5)

177.14(18)
1.0(2)
0.3(3)

-175.92(18)

-175.3(2)

179.54(19)
1.8(3)

-179.44(18)

-70.4(3)

C(52')-N(53)-C(62)-C(63)
C(54')N(53')-C(62)-C(63)
C(64)-C(63)-C(62)-N(53')
C(1)-C(1A)-N(8)-C(8A)
C(4A)-C(1A)-N(9)-C(8A)
C(1)-C(1A}N(9)-Rh(1)
C(4A)-C(1A)-N(9)-Rh(1)
C(8)-C(8A)-N(8)-C(1A)
C(5A)-C(8A)-N(9)-C(1A)
C(8)-C(8A)-N(9)-Rh(1)
C(5A)-C(8A)-N(9)-Rh(1)
C(B)-C(7)-C(8)}-C(8A)
C(6)-C(7)-C(8}-N(6)
N(9)-C(8A)-C(8)-C(7)
C(5A)-C(8A)-C(8)-C(7)
N(9)-C(8A)-C(8)-N(6')
C(5A)-C(8A)-C(8)-N(6)
C(17)-C(16)-N(8)-C(7')
C(17)-C(18)-N(8)-C(9))
C(7'»-N(8")-C(9'+-C(10")
C(16)-N(8"-C(9')-C(10")
N(8')-C(8')-C(10')-N(6")
C(106)-C(101)-C(102)-C(103)
C(101)-C(102)-C(103)-C(104)
C(102)-C(103)-C(104)-C(105)
C(103)-C(104)-C(105)-C(106)
C(104)-C(105)-C(106)-C(101)
C(102)-C(101)-C(106)-C(105)
C(112)-C(107)-C(108)-C(109)
C(107)-C(108)-C(109)-C(110)
C(108)-C(109)-C(110)-C(111)
C(109)-C(1101-C(111)-C(112)
C(110)-C(111)-C(112)-G(107)
C(108)-C(107)-C(112)-C(111)
C(9')-C(10)-N(6)-C(7")
C(9'-C(10)-N(6-C(8)
C(7)-C(8)-N(B)-C(7")
C(8A)-C(8)-N(6")-C(7")
C(7)-C(8)-N(6)-C(10)
C(BA)-C(8)-N(6)-C(10")
C(9')-N(8)-C({7')-N(6")
C(16)-N(8"-C(7')-N(8")
C(9'-N(8Y-C(7'}Rh(1)
C(16)-N(8'-C(7')-Rh(1)
C(10')-N(8)-C(7)-N(8")
C(8)-N(6'}-C(7')-N(8")
C(10)-N(B')-C(7")-Rh(1)
C(8)-N(6')}-C(7')}-Rh(1)

-101.4(3)
78.0(3)
178.6(2)
A77.4(2)
-0.2(2)
-9.8(3)
167.08(14)
176.1(2)
-05(2)
8.8(3)
-167.74(14)
0.7(3)
-178.50(19)
176.6(2)
-0.3(3)
2.6(3)
178.94(18)
88.7(2)
90.9(2)
-0.2(3)
179.5(2)
0.6(3)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-0.8(3)
178.92(19)
168.69(19)
-10.5(3)
-11.0(3)
169.8(2)
-03(2)
-179.96(18)
174.53(16)
-5.1(3)
0.7(2)
-179.02(18)
-174.26(16)
6.0(3)

25. Compound [Co(bimca"®™®),;]Br

X-ray Experimental Information and Comments for [Co(bimcaHomo)z]Br:

A gold colored thin plate crystal specimen was mounted inside a MiTiGen MicroLoop and single crystal
Bragg diffraction data were collected at 103 K using an Oxford Cryosystems, Cryostream 700 Plus N2
open flow blower, on the PILATUS@SNBL diffractometer* at the BMO1A station of the Swiss—
Norwegian Beamlines at the ESRF (Grenoble, France). The energy (wavelength) of the synchrotron
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radiation was set to E = 15.813 keV (0.78405 A) using 200 mA Top-Up Full Bunch electron storage
ring mode. The crystals scatter very weakly and the Bragg profiles are wide (streaky) and lamellar
twinning is present. The data were collected by way of four ¢ 360-degree scans of 3600 0.5 second
images, with an angular step of 0.1° in a shutter-free mode using the Dectris PILATUS2M detector.
The resulting 14400 raw frames were binned to finally produce 360, 1.0 degree frames.

The raw data were processed with the SNBL Toolbox;* the integrated intensities were extracted from
the frames, scaled and corrected for absorption with the CrysAlisPro software;* the crystal structure
was solved with SHELXT'® and refined with SHELXL version 2017/47¢.

The structural raw data suffer from wide Bragg profiles and overlaps due to twinning and the final
experimental resolution is 0.90 A despite the use of synchrotron light. Hence the structure presented
suffers from low precision in terms of geometric and displacement parameters. The peripheral allyl
groups all display disorder, and some are also split into two discrete conformers. All homoallyl groups
were refined isotropically and with idealized distances. The structure also contains one disordered
solvent site which was suppressed using the SQUEEZE routine in PLATON.? Therefore, this structure
is not to be discussed in detail nor deposited in the Cambridge Structural Database. However, the
integrity of the structural model is beyond doubt.

Acknowledgement: We are grateful to the Swiss-Norwegian beamlines at the ESRF, Grenoble,
France and to Dr. D. Chernyshov for assistance on beamline BMO1A.

Figure S24. Solid-state molecular structure of [Co(bimca*®™°);]Br. Atoms are shown with anisotropic atomic
displacement parameters at the 20% probability level except for the homoallyl moieties. This perfectly octahedral
structure has a chiral arrangement of the ligands, due to a torsion of the carbazole planes from the octahedron
edges into opposite directions. Thus, the planes spanned by the pyrrol rings (N9-C1a-Cda-C5a-C8a) and (N59-
C51a-C54a-C55a-C58a) measures a torsion angle of 43.5°(6), while the imidazole planes within one ligand (N1'-
C2-N3'-C4'-C5") and (N6'-C7'-N8'-C9'-C10") are tilted against each other by 53.4(5)".
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Table S13. Crystal data and structure refinement for [Co(bimca°™),]Br.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
y.4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Index ranges
Reflections collected
Independent reflections

Completeness to theta = 25.812°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I=2sigma(l)]

Rindices (all data)
Extinction coefficient

Largest diff. peak and hole

[Co(bimcato™),]Br

Css Hac Br Co Nw

1176.26

103(2) K

0.78405 A

Orthorhombic

Pcen

a=29.106(2) A a=90°.
b = 15.1466(5) A B=90°.
c=30.843(3) A y =90°.
13507.3(15) A3

8

1.149 Mg/m3

1.129 mm-1

4960

0.140 x 0.120 x 0.010 mm3
1.457 to 25.812°.

-19<=h<=19, -16<=k<=16, -32<=|<=32
38052

7046 [R(int) = 0.1201]

72.3 % [One axis Phi-scan]
Semi-empirical from equivalents
1.785 and 0.548

Full-matrix least-squares on F2
7046 / 732 /689

1.316

R1=0.1367, wR2 = 0.3550
R1=0.1886, wR2 = 0.3873

n/a

1.139 and -0.574 e.A-3

Table $14. Bond lengths [A] and angles [°] for [Co(bimcat®™);]Br.

Co(1)-N(9)
Co(1)-N(59)
Co(1)-C(2)
Co(1)-C(57")
Co(1)-C(T')
Co(1)-C(52))
N(1)-C(2)
N(1)-C(5")
N(1)-C(1)
N(3)-C(2)
N(3)-C(4")
N(31)-C(12)
N(6)-C(107)
N(6')-C(8)
N(B')-C(7')
N(8)-C(9")
N(8')-C(7")
N(8')-C(16A)
N(8)-C(16)
N(9)-C(1A)
N(9)-G(8A)

1.910(10)
1.939(10)
1.976(15)
2.008(11)
2.013(14)
2.017(12)
1.365(15)
1.423(17)

1.450(9)
1.361(16)
1.411(18)
1.436(16)
1.360(17)
1.378(16)
1.384(15)
1.338(15)
1.361(15)

1.475(9)

1.475(9)
1.343(15)
1.357(15)

N(51'-C(52) 1.370(16) C(3)-C(10A)
N(51')-C(55') 1.394(14) C(4)-C(4A)
N(51')-C(51) 1.416(16) C(4)-H(4)
N(53'-C(54') 1.364(17) C(4)-C(5)
N(53'-C(52') 1.380(14) C(4')-H(4")
N(53')-C(62A) 1.467(9) C(5)-C(6)
N(53')-C(62) 1.467(9) GC(5)-G(5A)
N(56'-C(58) 1.406(15) C(5)-H(5)
N(56')-C(57") 1.412(15) C(5')}H(5)
N(56')-C(60') 1.413(16) C(4A)-C(5A)
N(58"-C(57) 1.350(15) C(6)-C(T)
N(58"-C(59) 1.416(14) C(6)-C(10B)
N(58')-C(66) 1.466(9) C(5A)-C(8A)
N(59)-G(51A) 1.334(15) C(7)-C(8)
N(59)-C(58A) 1.384(14) C(7)-H(T)
C(1)}-C(2) 1.328(16) C(8)-C(8A)
C(1)-C(1A) 1.435(17) C(9')}-C(10")
C(2)-C(3) 1.377(18) C(9)H(9)
C(2)-H(2) 0.9500 C(10)-H(10')
C(1A)-C@A) 1.399(17) C(11C)-C(10A)
C(3)-C(4) 1.417(19) C(11C)-H(11A)

1.520(9)
1.431(18)
0.9500
1.314(19)
0.9500
1.34(2)
1.459(19)
0.9500
0.9500
1.478(17)
141(2)
1.523(10)
1.411(18)
1.380(18)
0.9500
1.400(17)
1.312(18)
0.9500
0.9500
1.541(10)
0.9800
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C(11C)-H(11B) 0.9800
C(11C)-H(11C) 0.9800
C(10A)-C(11A) 1.525(10)
C(10A)-C(11B) 1.533(10)
C(10B)-C(11F) 1.514(10)
C(10B)-C(11E) 1.523(10)
C(10B)-C(11D) 1,539(10)
C(12)-C(13) 1.516(9)
C(12)-H(12A) 0.9900
C(12)-H(12B) 0.9900
C(11A)-H(11D) 0.9800
C(11A}H(11E) 0.9800
C(11A}H(11F) 0.9800
C(11B)-H(11G) 0.9800
C(11B)-H(11H) 0.9800
C(11B)-H(111) 0.9800
C(11D)-H(11J) 0.9800
C(11D)-H(11K) 0.9800
C(11D)H(11L) 0.9800
C(11E)}-H(11M) 0.9800
C(11E)-H(11N) 0.9800
C(11E)-H(110) 0.9800
C(11F)}H(11P) 0.9800
C(11F)}-H(11Q) 0.9800
C(11F)-H(11R) 0.9800
C(13)-C(14) 1.4900(11)
C(13)-H(13A) 0.9900
C(13)-H(13B) 0.9900
C(14)-C(15) 1.2998(11)
C(14)-H(14A) 0.9500
C(15)-H(15A) 0.9500
C(15)-H(15B) 0.9500
C(16)-C(17) 1.526(10)
C(16)-H(16A) 0.9900
C(16)-H(16B) 0.9900
C(17)-C(18) 1.4900(11)
C(17)-H(17A) 0.9900
C(17)-H(17B) 0.9900
C(18)-C(19) 1.3000(11)
C(18)-H(18A) 0.9500
C(19)-H(19A) 0.9500
C(19)-H(19B) 0.9500
C(16A)-C(17A) 1.51(3)
C(16A)-H(16C) 0.9900
C(16A)-H(16D) 0.9900
C(17A)-C(18A) 1.4900(11)
C(17A}-H(17C) 0.9900
C(17A)-H(17D) 0.9900
C(18A)-C(19A) 1.3000(11)
C(18A)-H(18C) 0.9500
C(19A)-H(19D) 0.9500
C(19A)-H(19E) 0.9500
C(51)-C(52) 1.354(18)
C(51)-C(51A) 1.461(17)
C(52)-C(53) 1,396(18)
C(52)-H(52) 0.9500
C(51A)-C(54A) 1.376(17)
C(53)-C(54) 1.396(16)
C(53)-C(60A) 1.535(9)
C(54)-C(54A) 1.366(17)

C(54)-H(54)
C(54')-C(55)
C(54')-H(54')
C(55)-C(56)
C(55)1-C(55A)
C(55)-H(55)
C(55')-H(55')
C(54A)-C(55A)
C(56)-C(57)
C(56)-C(60B)
C(55A)-C(58A)
C(57)-C(58)
C(5T)H(57)
C(58)-C(58A)
C(59')-C(60')
C(59')-H(59)
C(60')-H(60')
C(60A)-C(61B)
C(B0A)-G(61A)
C(60A)-C(61C)
C(60B)-C(61F)
C(60B)-C(61D)
C(60B)-C(B1E)
C(61A)-H(B1A)
C(61A)-H(61B)
C(61A)-H(61C)
C(61B)-H(61D)
C(61B)-H(61E)
C(61B)-H(61F)
C(61C)-H(B1G)
C(61C)-H(B1H)
C(61C)-H(B1))
C(61D)-H(B1)
C(61D)-H(B1K)
C(61D)-H(B1L)
C(61E)-H(61M)
C(B1E)-H(BN)
C(61E)-H(810)
C(61F)-H(61P)
C(61F)-H(61Q)
C(61F)-H(61R)
C(62)-C(63)
C(62)-H(62A)
C(62)-H(628B)
C(63)-C(64)
C(63)-H(63A)
C(63)-H(63B)
C(64)-C(65)
C(64)-H(64)
C(65)-H(65A)
C(65)-H(65B)
C(62A)-C(B3A)
C(62A)-H(62C)
C(62A)-H(62D)
C(63A)-C(B4A)
C(63A)-H(63C)
C(63A)-H(63D)
C(64A)-C(B5A)
C(64A)-H(B4A)
C(65A)-H(B5C)

0.9500
1.31(2)
0.9500

1,363(17)
1.433(17)
0.9500
0.9500
1.427(17)
1.384(17)
1.543(9)
1.398(16)
1.417(16)
0.9500
1,395(16)
1.313(18)
0.9500
0.9500
1.528(10)
1.532(9)
1.545(10)
1.523(9)
1527(9)
1.529(9)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.525(10)
0.9900
0.9900

1.4900(11)
0.9900
0.9900

1.3001(11)
0.9500
0.9500
0.8500
1.34(3)
0.9900
0.9900

1.4901(11)
0.9900
0.9900

1.3001(11)
0.9500
0.9500

C(65A)-H(65D)
C(66)-C(67)
C(66)-H(66A)
C(66)-H(66B)
C(67)-C(68)
C(B7)H(E67A)
C(67)-H(67B)
C(68)-C(69)
C(68)-H(68)
C(69)-H(69A)
C(69)-H(69B)

N(9')-Co(1)-N(59)
N{9')-Co(1)-C(2')
N(59)-Co(1}-C(2))
N(9')-Co(1)-C(57")
N(59)-Co(1)-C(57")
C(2)-Co(1»-C(57")
N(9')}-Co(1)-C(7")
N(59)}-Co(1)}-C(7")
C{2')-Co(1)-C(7")
C(57")-Co(1)-C(T")
N(9')-Co(1)-C(52')
N(59)-Co(1)}-C(52")
C(2)-Co(1}-C(52')
C(57")-Co(1)-C(52))
C(7")}-Co(1}-C(52)
C(2)-N(1)-C(5")
C(2)-N(1-C(1)
C(5')N(1')-C(1)
C(2)-N(3)-C(d")
C(2)-N(3)-C(12)
C@)N(3')-C(12)
C(10')-N(6')-C(8)
C(10')-N(8')-C(T")
C(8)-N(8')-C(7)
C(9)-N(8)-C(7")
C(9')-N(8)-C(16A)
C(7')-N(8)-C(16A)
C(')-N(8')-C(16)
C(7')-N(8')-C(16)
C(1A)}N(9')-C(8A)
G(1A)}N(9')-Co(1)
C(8A}N(9')-Co(1)
C(52')-N(51'}-C(55')
C(52')-N(51'}-C(51)
C(55')-N(51')-C(51)
C(54')-N(53')-C(52')
C(54')-N(53")-C(62A)
C(52')-N(53')-C(62A)
C(54')-N(53')-C(62)
C(52')-N(53')-C(62)
C(58)-N(56')-C(57)
C(58)-N(56')-C(60')
C(57")-N(56')-C(60")
C(57")-N(58'}-C(59")
C(57")-N(58')-G(68)
C(59')-N(58')-C(86)
C(51A)-N(59)-C(58A)
C(51A)-N(59)-Co(1)

0.9500
1.521(10)
0.9500
0.9900
1.4900(11)
0.9900
0.9900
1.3000(11)
0.9500
0.9500
0.9500

178.8(5)
89.2(5)
89.7(5)
90.2(5)
89.4(5)
88.9(5)
88.0(5)
93.2(5)

176.4(5)
93.3(5)
92 8(5)
87.7(5)
92.9(5)

176.5(5)
85.0(5)

110.2(11)

127.6(11)

120.2(11)

111.7(13)

125.6(12)

122.7(13)

124.5(12)

107.6(12)

125.2(11)

111.4(11)

120.2(11)

126.7(11)

120.2(11)

126.7(11)

106.2(11)

126.5(9)

127 3(9)

108.2(11)

126.5(10)

123.0(12)

109.9(11)

119.9(10)

129.7(10)

119.9(10)

129.7(10)

125.5(10)

122.8(10)

109.7(11)

110.8(10)

126.2(10)

122.0(12)

104.9(10)

129.6(8)
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G(58A)-N(59)-Co(1)
C(2)-C(1)-C(1A)
C{2)-C(1)-N(1")
C1A)-C(1)-N(1)
G(1)-C(2)-C(3)
C(1}-C(2)H(2)
C(3)-C(2)-H(2)
N(9')-C(1A)-C(4A)
N(9)-C(1A}-C(1)
C4A)-C(1A)-C(1)
N(3)-C(2')}N(1)
N(3')-C(2')}-Co(1)
N(1)-C(2')}-Co(1)
C(2)-C(3)-C{4)
C(2)-C(3)-C(10A)
C(4)-C(3)-C(10A)
C(3)-C(4)-C(4A)
C(3)-C(4)-H(4)
C(4A)-C(4)-H(4)
C(5')-C(4")-N(3)
C(5)-C(4')}-H(4")
N(3)-C(4')}-H(4")
C(B)}C(5)-C(5A)
C(6)-C(5)-H(3)
G(5A)-C(5)-H(5)
G(4)-C(5')}N(1")
C(4")-C(5")-H(5")
N(1)-C(5')}H(5")
G(1A)-C(4A)-C(4)
C(1A)-C(4A-C(5A)
C(4)-C(4A)-C(5A)
C(5)-C(6)-C(7)
C(5)-C(6)-C(10B)
C(7)-C(6)-C(10B)
C(8A)-C(5A)-C(5)
C(8A)-C(5A)-C(4A)
C(5)-C(5A)-C(4A)
C(8)-C(7)-C(6)
C(8)-C(T}H(T)
C(B)-C(7)H(7)
N(8)-C(7')}N(6")
N(8')-C(7")}-Co(1)
N(6')-G(7')}-Co(1)
N(6')-C(8)-C(7)
N(6')-C(8)-C(8A)
C(7)-C(8)-C(8A)
C{10)-C(9')-N(8")
C{10')-C(9)-H(9)
N(8)-C(9')-H(9)
N(9)-C(BA)-C(8)
N(9')-C(BA)-C(5A)
C(8)-C(8A)-C(5A)
C(9')-C(10')-N(6")
C(9)-C(10)-H(10)
N(6')-C(10")-H(10")
C(10A)-C(11C)-H(11A)
G(10A)-C(11C)-H(11B)
H(11A)-C(11C)-H(11B)
C(10A)}-C(11C)-H(11C)
H(11A)-C(11C)-H(11C)

125.5(8)
119.8(11)
125.4(12)
114.4(11)
124.7(13)
1177
1177
114.0(12)
129.6(12)
116.4(12)
103.7(12)
132.7(10)
123.5(10)
119.2(12)
121.9(13)
118.9(13)
116.2(12)
1219
12189
106.3(15)
126.8
126.8
117.2(16)
1214
1214
107.7(14)
126.2
126.2
123.3(13)
102.9(12)
133.6(12)
121.4(14)
124.3(17)
113.5(17)
120.6(13)
105.1(11)
134.3(14)
122.8(15)
118.6
118.6
104.1(11)
130.7(10)
123.1(10)
122.9(13)
119.3(12)
117.5(14)
106.8(14)
126.6
126.6
128.2(13)
1115(12)
120.0(12)
110.0(14)
125.0
125.0
109.5
109.5
109.5
109.5
109.5

H(11B)-C(11C)-H(11C)
C(3)-C(10A)-C(11A)
C(3}-C(10A)-C(11B)
C(11A)-C(10A}-C(11B)
C(3)-C(10A)}-C(11C)
C{11A)-C(10A}-C(11C)
C{11B}-C(10A)}-C(11C)
C(11F)-C(10B)-C(6)
C(11F)-C(10B)-C(11E)
C(6)-C(10B)-C(11E)
C(11F)-C(10B)-C(11D)
G(6)-C(10B)-C(11D)
C(11E)-C(10B)-C(11D)
N(3')-C(12)-C(13)
N(3')-C(12)-H(12A)
C(13}-C(12)-H(12A)
N(3')-C(12)-H(12B)
C(13)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C{10A)-C(11A)}-H(11D)
C(10A)-C(11A}-H(11E)
H(11D)-C(11A}H(11E)
C(10AF-C(11A}-H(11F)
H(11D)-C(11A)-H(11F)
H(11E}-C(11A}H(11F)
G(10A)-C(11B)}H(11G)
C{10A)-C(11B)}-H(11H)
H(11G)-C(11B)-H(11H)
G(10A)}-C(11B)}-H(111)
H(11G)-C(11B)-H(111)
H(11H)-C(11B)-H(111)
G(10B)-C(11D)}-H(11J)
C(10B)-C(11D)-H(11K)
H(11)}-C(11D}-H(11K)
C(10B)-C(11D)-H(11L)
H(11J)-C(11D)}-H(11L)
H(11K)-C(11D)-H(11L)
C(10B}-C(11E)-H(11M)
C(10B)-C(11E)}-H(11N)
H(11M)}-C(11E)-H(11N)
C(10B}-C(11E)-H(110)
H(11M)-C(11E)-H(110)
H(11N)-C(11E)}-H(110)
C{10B)-C(11F)-H(11P)
C{10B)-C(11F)-H(11Q)
H(11P}-C(11F)-H(11Q)
C(10B)-C(11F)-H(11R)
H(11P}-C(11F)-H(11R)
H(11Q)-C(11F)-H(11R)
C(14)-G(13)-C(12)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13A)
C(14)-C(13)-H(13B)
C(12)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(15)-C(14)-C(13)
G(15)-G(14)-H(14A)
C(13)}-C(14)-H(14A)
C(14)-C(15)-H(15A)
G(14)-G(15)-H(15B)

109.5
112.8(13)
108.9(13)
106.8(16)
108.6(12)
105.6(12)
114.3(16)
113.2(15)
112.5(18)
110.5(16)
100.3(19)
119(2)
101(2)
111.6(11)
100.3
109.3
109.3
109.3
108.0
109.5
109.5
109.5
1095
109.5
109.5
109.5
109.5
1095
109.5
109.5
109.5
1095
109.5
109.5
109.5
109.5
109.5
109.5
109.5
1095
109.5
109.5
1095
1095
109.5
109.5
1095
109.5
109.5
121.6(14)
106.9
108.9
106.9
106.9
108.7
120(2)
119.9
119.9
120.0
120.0

H(15A)-C(15)-H(15B)
N(8')}-C(16)-C(17)
N(8')-C(16)-H(16A)
C(17)-C(16)-H(16A)
N(8'-C(16)-H(16B)
C(17)-C(16}-H(16B)
H(16A)-C(16)-H(16B)
C(18)-C(17)-C(16)
C(18}-C(17)-H(17A)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17B)
C(16)-G(17)-H(17B)
H(17A)-C(17)-H(17B)
C(19)-C(1B}-C(17)
C(19)-C(18)-H(18A)
C(17)-C(1B}-H(18A)
C(18)-C(19)-H(19A)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
N(8')-C(16A)-C(17A)
N(8')-C(16A)-H(16C)
C(17A)-C(16A)-H(16C)
N(8')-C(16A)-H(16D)
C(17A)-C(16A)-H(16D)
H(16C)-C(16A)-H(16D)
C(18A)-C(17A)-C(16A)
C(18A)-C(17A)-H(17C)
C(16A)-C(17A)}-H(17C)
C(18A)-C(17A)-H(17D)
C(16A)-C(17A)-H(17D)
H(17C)-C(17A)-H(17D)
C(19A)-C(18A)-C(17A)
C(19A)-C(18A)-H(18C)
C(17A)-C(18A)-H(18C)
C(18A)-C(19A)-H(19D)
C(18A)-C(19A)-H(19E)
H(19D)-C(19A)-H(19E)
C(52)-C(51)-N(51)
C(52)-C(51)-C(51A)
N(51%)-C(51)-C(51A)
C(51)-C(52)-C(53)
C(51)-C(52)-H(52)
G(53)-C(52)-H(52)
N(517)-C(52')-N(53')
N(51")-C(52')-Co(1)
N(53')-C(52')-Co(1)
N(59)-C(51A)-C(54A)
N(59)-C(51A)-C(51)
C(54A)-C(51A)-C(51)
C(54)-C(53)-C(52)
C(54)-C(53)-C(B0A)
C(52)-C(53)-C(B0A)
C(54A)-C(54)-C(33)
C(54A)-C(54)-H(54)
C(53)-C(54)-H(54)
C(55')-C(54')-N(53")
C(55')-C(54')-H(54")
N(53')-C(54')-H(54')
C(56)-C(55)-C(55A)
C(56)-C(55)-H(55)

120.0
119.1(17)
1075
1075
1075
1075
107.0
121(2)
1072
107.2
107.2
107.2
106.8
142(5)
109.0
109.0
120.0
120.0
120.0
110.4(13)
109.6
109.6
109.6
109.6
108.1
110.1(16)
109.6
109.6
109.6
109.6
108.2
124(2)
117.8
117.8
120.0
120.0
120.0
125.5(12)
116.1(13)
118.0(12)
125.2(13)
1174
117 4
105.0(10)
124.4(8)
129.8(10)
114.9(11)
126.5(12)
118.2(12)
117.2(11)
122.7(12)
119.5(12)
119.5(12)
1202
120.2
108.0(12)
126.0
126.0
122.0(13)
119.0
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C(55A)-C(55)-H(55) 119.0 H(61A)-C(61A)-H(61B) 109.5 H(63A)-C(63)-H(63B) 107.6
C(54")-C(55')-N(51") 108.8(14) C(BOA)-C(61A)-H(61C) 109.5 C(B5)-C(64)-C(63) 120(4)
C(54")-C(55")-H(55") 1256 H(B1A)-C(61A)-H(61C) 109.5 C(85)-C(64)-H(64) 119.9
N(51")-C(55")-H(55") 1256 H(81B)-C(61A)-H(61C) 109.5 C(83)-C(64)-H(64) 119.9
C(54)-C(54A)-C(51A) 123.2(12) C(B0A)-C(61B)-H(61D) 109.5 C(84)-C(65)-H(65A) 120.0
C(54)-C(54A)-C(55A) 133.4(12) C(BOA)-C(81B)-H(B1E) 109.5 C(B4)-C(65)-H(658B) 120.0
C(51A)-C(54A)-C(55A) 103.4(11) H(61D)-C(61B)-H(B1E) 109.5 H(B5A)-C(65)-H(65B) 120.0
C(55)-C(56)-C(57) 117.7(10) C({B0A)-C(61B)-H(B1F) 109.5 C(B3A)-C(62A)-N(53) 115.7(13)
C(55)-C(56)-C(60B) 123.9(12) H(B1D)-C(61B)-H(B1F) 109.5 C(B3A)-C(62A)-H(62C) 108.4
C(57)-C(56)-C(60B) 118.4(11) H(B1E)}-C(61B)-H(61F) 109.5 N(53")-C(62A)-H(62C) 108.4
C(58A)-C(55A)-C(54A) 107.0(10) C(B0A)-C(61C)-H(B1G) 109.5 C(B3A)-C(62A)-H(62D) 108.4
C(58A)-C(55A)-C(55) 117.9(11) C(80A)-C(61C)-H(B1H) 109.5 N(53")-C{B62A)-H(62D) 108.4
C(54A)-C(55A)-C(55) 135.1(12) H(B1G)-C(B1C)-H(61H) 109.5 H(62C)-C(62A)-H(B2D) 107.4
C(56)-C({57)-C(58) 123.6(11) C({B0A)-C(B1C)-H(B11) 109.5 C(B2A)-C(63A)-C(B4A) 111(2)
C(56)-C({57)-H(57) 118.2 H(61G)-C(61C}-H(611) 109.5 C(B2A)-C(63A)-H(63C) 109.4
C(58)-C(57)-H(57) 1182 H(B1H)-C(B1C)-H(B11) 109.5 C(B4A)-C(B3A)-H(B3C) 109.4
N(58")-C(57")-N(56") 103.9(9) C(80B)-C(61D)-H(61J) 109.5 C(B2A)-C(63A)-H(63D) 109.4
N(58")-C(57")-Co(1) 131.8(9) C(80B)-C(61D)-H(B1K) 109.5 C(B4A)-C(63A)-H(63D) 109.4
N(56")-C(87")-Co(1) 123.0(9) H(81J)-C(61D)-H(61K) 109.5 H(63C)-C(63A)-H(63D) 108.0
C(58A)-C(58)-N(586') 119.6(10) C(B0B)-C(81D)-H(B1L) 109.5 C(B5A)-C(B4A)-C(83A) 125.1(17)
C(58A)-C(58)-C(5T) 116.8(12) H(81J)-C(61D)-H(61L) 109.5 C(B5A)-C(64A)-H(64A) 117.4
N(56")-C({58)-C(57) 123.4(11) H(81K)}-C(61D)-H(B1L) 109.5 C(B3A)-C(64A)-H(B4A) 117.4
N(59)-C(58A)-C(58) 128.8(11) C(BOB)-C(B1E)-H(B1M) 109.5 C(B4A)-C(B5A)-H(B5C) 1200
N(59)-C({58A)-C(55A) 109.7(10) C(B0B)-C(B1E)-H(B1N) 109.5 C(B4A)-C(65A)-H(65D) 120.0
C(58)-C{58A)-C(55A) 121.4(11) H{B1M)-C(B1E}-H(61N) 109.5 H(85C)-C(65A)-H(65D) 120.0
C(60")-C(59')-N(58") 108.4(12) C({60B)-C(61E)-H(610) 109.5 N(58')-C{66)-C(67) 117.6(15)
C(B0')-C(59')-H(59") 1258 H(B1M)-C(B1E}-H(610) 109.5 N(58"-C(BB}-H(BBA) 107.9
N(58")-C(59')-H(59") 125.8 H(B81N)-C(61E)-H(610) 109.5 C(67)-C(86)-H(66A) 107.9
C(59")-C(B0")-N(56") 107.1(11) C({60B)-C(61F)-H(61P) 109.5 N(58")-C(66}-H(66E) 107.9
C(59')-C(B0")-H(60") 1264 C(BOB)-C(61F)-H(61Q) 109.5 C(B7)-C(66)-H(66B) 107.9
N(56")-C(80")-H(60") 1264 H(B1P)-C(61F)-H(61QY) 109.5 H(BBA)-C(66)-H(6EB) 107.2
C(61B)-C(60A)-C(61A) 110.6(14) C({60B)-C(61F)-H(61R) 109.5 C(68)-C(67)-C(66) 111.9(14)
C(B1B)-C(BDA)-C(53) 109.8(11) H(B1P)-C(61F)-H(61R) 109.5 C(68)-C(BT)-H(BTA) 109.2
C({61A)-C(B0A)-C(53) 112.3(11) H(B1Q)}-C(61F)-H(61R) 109.5 C(BB)-C(BT)-H(6TA) 109.2
C(61B)-C(60A)-C{61C) 107.0(15) N(53")-C{62)-C(83) 113.1(12) C(68)-C(67)-H(867B) 109.2
C(61A)-C(60A)-C(61C) 108.8(13) N(53")-C(62)-H(82A) 109.0 C(66)-C(67)-H(67B) 109.2
C(53)-C(BDA)-C(B1C) 108.2(11) C(B3)-C(62)-H(62A) 109.0 H(B7A)-C(67)-H(67B) 107.9
C(61F)-C(60B)-C(61D)  106.5(11) N(53")-C(62)-H(62B) 109.0 C(89)-C(68)-C(67) 127.8(19)
C({61F)-C(60B)-C(61E)  108.8(12) C(63)-C(62)-H(62B) 109.0 C(69)-C(68)-H(68) 116.1
C(61D)-C(60B)-C(B1E)  108.7(12) H(62A)-C(62)-H(62B) 1078 C(67)-C(68)-H(68) 1161
C(61F)-C(60B)-C(56) 112.7(10) C(B4)-C(83)-C(62) 114.4(18) C(68)-C(69)-H(69A) 120.0
C(61D)-C(60B)-C(56) 108.9(10) C(84)-C(83)-H(63A) 108.7 C(68)-C(69)-H(69B) 120.0
C({B1E)-C(60B)-C(586) 111.1(10) C{62)-C(63)-H(B3A) 108.7 H(B9A)-C(69)-H(69B) 120.0
C(BOA)-C(B1A)-H(B1A) 109.5 C(B4)-C(63)-H(63B) 108.7

C(60A)-C(B1A)-H(61B) 109.5 C(62)-C(83)-H(63B) 108.7

Table S15. Torsion angles [°] for [Co(bimca™*™)J]Br.

C(2')-N(1)-C(1)-C(2) -176.7(12) Co(1)-N(9)-C(1A)-C(1) 2.7(19)
C({5")-N(1)-C(1)-C(2) -14.7(18) C(2)-C(1)-C(1A)}-N(2") -171.1(13)
C({2')-N(1)-C(1)-C(1A) -5.0017) N{1")-C(1)-C(1A)-N(9'") 16.7(18)
C(5'-N(1')-C(1)-C(1A) 157 .0(11) C(2)-C(1)-C(1A)-C(4A) 7.3(18)
C{1A)-C(1)-C(2)-C(3) -4(2) N{1"}-C(1)-C{1A)-C(4A) -165.0(11)
N(1')-C(1)-C(2)-C(3) 166.9(13) C(4")-N(3")-C(2')-N(1") 6.0(12)
C(BA)-N(9)-C(1A)-C(4A) 4.0(14) C12)-N(3")-C(2")-N(1") -174.8(10)
Co(1)-N(9')-C(1A)-C(4A) -175.7(8) C(4')-N(3')-C(2')-Co(1) -170.0(9)
C(BA)-N(9)-C{1A}-C(1) -177.6(12) C(12)-N{3")-C(2")-Co(1) 9.1(17)
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G(5)-N(1')-C(2')}-N(3) -3.3(12) N(8')-C(9')-C(10°)-N(8') 1.3(17)
C(1)-N(1')-C@)-N(3) 160.1(11) C(8)-N(B')-C(10')-C(9) -163.8(13)
C(5')-N(1')-C(2'-Co(1) 173.2(8) C(7")-N(6')-C(10')-C(9) -1.6(17)
C(1)-N(1")-C(2")-Co(1) -23.3(16) C(2)-C(3)-C(10A)}-C(11A) -166.6(15)
G(1)-C(2)-C(3)-C(4) 0(2) C(4)-G(3)-C(10A)}-C(11A) 11(2)
C(1)-C(2)-C(3)-C(10A) 178.5(14) C(2)-C(3)-C(10A)-C(11B) 75.1(19)
C(2)-C(3)-C(4)-C(4A) 0(2) C(4)-C(3)-C(10A)}-C(11B) -106.8(18)
G(10A)-C(3)-C(4)-C(4A) A77.7(13) C(2)-C(3)-C(10A)}-C(11C) -50(2)
C(2')-N(3')}-C(4')}C(5") B.7(15) C(4)-C(3)-C(10A)}C(11C) 128.2(16)
C(12)-N(3'-C(4')-C(5') 174.2(11) C(5)-C(6)-C(10B)}-C(11F) 1(4)
N(3)-C(4')-C(5')N(1) 4.2(15) C(7)-C(6)-C(10B)-C(11F) -169(2)
C(2)-N(1')-C(5')-C(4") -0.7(15) C(5)-G(6)-C(10B)-C(11E) -126(2)
C(1)-N(1')-C(5')-C(4) -165.5(11) C(7)-C(6)-C(10B)-C(11E) 64(3)
N(9)-C{1A}-C(4A)-C(4) 171.9(11) C(5)-C(B)-C(10B)-C(11D) 118(3)
C(1)-C(1A)-C(4A)-C(4) 56.7(18) C(7)-C(6)-C(10B)-C(11D) -52(3)
N(9')-C(1A)-C(4A}-C(5A) -4 .6(14) C(2')}-N(3)-C(12)-C(13) 142 6(12)
C(1)-C(1A)-C(4A}-C(5A) 176.8(11) C(4')-N(3)-C(12)-C(13) -38.4(16)
C(3)-C(4)-C(4A})-C(1A) 3(2) N(3')-C(12)-C(13)-C(14) 177.7(15)
C(3)-C(4)-C(4A)-C(5A) 178.3(14) C(12)-C(13)-C(14)-G(15) 43)
C(5A)-C(5)-C(6)-C(T) 3(3) C(9')-N(8)-C(16)-C(17) 36(3)
C(5A)-C(5)-C(6)-C(10B) 167(2) C(7")-N(8")-C(16)-C(17) -160(2)
C(6)-C(5)-C(5A)-C(8A) 2(3) N(8')-C(16)-C(17)-C(18) 44(5)
C(B)-C(5)-C(5A)-C(4A) 180.0(18) C(16)-C(17)-C(18)-C(19) -139(5)
C(1A)-C(4A)-C(5A)-C(8A) 3.3(13) C(9')-N(8')-C(16A)-C(17A) -55.8(17)
GC(4)-C(4A)-C(5A)-C(8A) 172.7(13) C(7')-N(8')-C(16A)-C(17A) 107.9(15)
G(1A)-C(4A)-C(5A)-C(5) -174.6(16) N(8)-C(16A)}C(17A}FC(18A)  -61(2)
C(4)-C(4A)-C(5A)-C(5) 9(3) C(16A)-C(17A)}-C(18A)-C(19A) -121(3)
C(5)-C(6)-C(7)-C(8) 2(3) C(52')-N(51)-C(51)-C(52) -167.0(14)
G(10B)-C(6)-C(7)-C(8) 168.7(19) C(565)-N(51-G(51)-C(52) 6(2)
C(9)-N(8")-C(7')}N(6") -0.5(14) C(52)-N(51-C(51)-C(51A) 6(2)
C(16A)-N(8')-C(7")-N(8') -165.4(12) C(55)-N(51-C(51)-C(51A) 166.5(14)
C(16)-N(8)-C(T)-N(8") 165.4(12) N(51')-C(51)-C(52)-C(53) 171.3(14)
C(9)-N(8")-C(7')}-Co(1) -164.0(10) C(51A)-C(51)-C(52)-C(53) 2(2)
C(16A)-N(8')-C(7")-Co(1) 31.1(18) C(55)-N(51'-C(52')-N(53') 2.1(15)
C(16)-N(8')-C(T'}-Co(1) 31.1(18) C(51)-N(51')-C(52')-N(53") 160.8(13)
C(10')-N(6')-C(7")-N(8) 1.3(14) C(55)-N(51'%-C(52')-Co(1) 168.9(11)
C(8)-N(6')-C(7"}-N(8') 163.3(12) C(51)-N(51')-C(52')-Co(1) 28(2)
C{10")-N(6')-C(7")-Co(1) 166.4(10) C(54')-N(53-C(52')-N(51") 2.7(16)
C(8)-N(8')-C(7")-Co(1) -31.5(18) C(62A)}N(53)-C(52'-N(51)  -169.0(13)
C(10-N(8')-C(8)-C(7) -8(2) C(62)-N(53')-C(52')-N(51") -169.0(13)
C(7)-N(B')-C(8}-C(7) -166.8(14) C(54')-N(53'%-C(52)-Co(1) -167.6(11)
C(10')-N(6')-C(8)-C(8A) 165.5(13) C(62A)-N(53')-C(52')-Co(1) 21(2)
G(7')-N(6')-C(8)-C(8A) 8(2) C(62)-N(53')-C(52")-Co(1) 21(2)
C(B)-C(7)-C(8)-N(6') 169.3(17) C(58A)-N(59)-C(51A)}-C(54A)  -0.9(16)
C(6)-C(7)-C(8)-C(8A) 4(3) Co(1)-N(59-C(51A}-C(54A)  179.3(9)
C(7)-N(8')-C(9)-C(10") -0.4(16) C(58A}N(59)-C(51A)-C(51)  -173.4(14)
C(16A)-N(8'-C(9')-C(10') 165.5(12) Co(1)-N(59)-C(51A)-C(51) 7(2)
C(16)-N(8'}-C(9)-C(10') 165.5(12) C(52)-C(51)-C(51A)-N(59) 179.5(14)
C(1A)-N(9)-C(8A)-C(8) -175.8(12) N(51)-C(51)-C(51A)-N(59) 6(2)
Co(1)-N(9')-C(8A)-C(8) 3.8(18) C(52)-C(51)-C(51A)-C(54A)  T(2)
C(1A)-N(9)-C(8A)-C(5A) -1.5(14) N(51)-C(51}-C(51A)-C(54A)  -166.3(13)
Co(1)-N(9')-C(8A)-C(5A) 178.1(8) C(51)-C(52)-C(53)-C(54) 5(2)
N(6')-C(8)-C(8A)-N(9) 9(2) C(51)-C(52)-C(53)-C(60A) -176.2(13)
C(7)-C(8)-C(8A)-N(9) -177.3(13) C(52)-C(53)-C(54)-C(54A) 6(2)
N(B')-C(8)-C(8A)-C(5A) -164.9(12) C(B0A)}-C(53)-C(54}-C(54A)  177.1(13)
C(7)-C(8)-C(8A)-C(5A) 8.7(19) C(52')-N(53')-C(54')-C(55') 2.3(19)
G(5)-C(5A)-C(BA)-N(9) 177.0(13) C(B2A)-N(53')-C(54')-C(55') 170.3(14)
C(4A)-C(5A)-C(BA)-N(9') -1.3(14) C(62)-N(53')-C(54')-C(55") 170.3(14)
C(5)-C(5A)-C(8A)-C(8) -8.1(19) N(53')-C(54')-C(55')-N(51) 12)

C(4A)-C(5A)-C(BA)-C(8) 173.6(11) C(52')-N(51')-C(55')-C(54') 0.8(19)
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G(51)-N(51)-C(55')-C(54')
C(53)-C(54)-C(54A)-C(51A)
C(53)-C(54)-C(54A)-C(55A)
N(59)-C(51A)-C(54A)-C(54)
G(51)-C(51A)-C(54A)-C(54)
N(59)-C(51A)-C(54A)-C(55A)
C(51)-C(51A)-C(54A)-C(55A)
G(55A)-C(55)-C(56)-C(57)
C(55A)-C(55)-C(56)-C(60B)
C(54)-C(54A)-C(55A)-C(58A)
C(51A)-C(54A)-C(55A)-C(58A)
C(54)-C(54A)-C(55A)-C(55)
C(51A)-C(54A)-C(55A)-C(55)
C(56)-C(55)-C(55A)-C(58A)
C(56)-C(55)-C(55A)-C(54A)
C(55)-C(56 )-C(57)-C(58)
C(B0B)-C(56)-C(57)-C(58)
C(59")-N(58')-C(5T')-N(56")
G(66)-N(58')-C(57)-N(56")
C(59')-N(58')-C(57')-Co(1)
C(66)-N(58'-C(57')-Co(1)
C(58)-N(56')-C(57)-N(58")
C(BO")-N(56')-C(57)-N(58")
C(58)-N(56')-C(57")-Co(1)
C(60)-N(56')-C(57")-Co(1)
G(57")}N(56')-C(58)-C(58A)
C{B0'}N(56'-C(58)-C(58A)
C(57")-N(56')-C(58)-C(57)
C(60")-N(56')-C(58)-C(57)
C(56)-C(57 )-C(58)-C(58A)
C(56)-C(57)-C(58)-N(55')
C(51A)-N(59)-C(58A)-C(58)
Co(1)-N(59)-C(58A)-C(58)
C(51A)-N(59)-C(58A)-C(55A)
Co(1)-N(59)-C(58A)-C(55A)
N(56')-C(58)-C(58A)-N(59)

-162.9(15)
-1(2)
-178.3(14)
179.4(13)
-6(2)
-1.1(16)
172.0(13)
4(2)
-176.7(13)
-179.3(15)
2.7(15)
3(3)
-174.6(16)
2(2)
179.3(15)
-4(2)
176.6(12)
-1.9(15)
-170.9(12)
-168.5(11)
22(2)
165.5(12)
1.2(15)
26.4(18)
169.4(10)
1(2)
163.8(13)
-172.8(13)
-11(2)
-2(2)
172.5(13)
-173.9(14)
5.8(19)
2.7(14)
-177.5(9)
10(2)

C(57)-C(58)-C(58A)-N(59)
N(56')-C(58)-C(58A)-C(55A)
G(57)-C(58)-C(58A)-C(55A)
C(54A)-C(55A)-C(58A})-N(59)
C(55)-C(55A)-C(58A)-N(59)
C(54A)-C(55A)-C(58A}-C(58)
C(55)-C(55A)-C(58A)-C(58)
C(5T')-N(58')-C(59')-C(60')
C(66)-N(58')-C(59')-C(60")
N(58')-C(59')-C(60')-N(56')
C(58)-N(56')-C(60')-C(59")
C(57')-N(56')-C(60")-C(59)
C(54)-C(53)-C(60A)-C(6 1B)
C(52)-C(53)-C(60A)-C(B1B)
C(54)-C(53)-C(60A)-C(61A)
C(52)-C(53)-C(BOA)-C(B1A)
C(54)-C(53)-C(B0A)-C(61C)
C(52)-C(53)-C(60A)-C(61C)
C(55)-C(56)-C(60B)-C(61F)
C(57)-C(56)-C(60B)-C(61F)
C(55)-C(56)-C(60B)-C(61D)
C(57)-C(56)-C(60B)-C(61D)
C(55)-C(56)-C(60B)-C(B1E)
C(57)-C(56)-C(60B)-C(B 1E)
C(54'1-N(53')-C(62)-C(63)
C(52')-N(53')-C(62)-C(63)
N(53')-C(62)-C(63)-C(64)
C(62)-C(63)-C(64)-C(65)
C(54')-N(53')-C(62A)-C(63A)
C(52'N(53')-C(B2A)-C(63A)
N(53')-C(62A}-C(63A)-C(64A)
C(62A)-C(63A)-C(64A)-C(65A)
C(57'}-N(58')-C(66)-C(67)
C(59')-N(58')-C(66)-C(67)
N(58')-C(66)-C(67)-C(68)
C(66)-C(67)-C(68)-C(69)

175.2(12)
-166.2(12)
8(2)
-3.5(15)
174.4(12)
173.5(12)
9(2)
2.0(18)
171.6(14)
-1.1(17)
-164.8(13)
0.0(17)
-103.0(17)
67.6(18)
20.5(19)
-169.0(14)
140.5(14)
-48.9(18)
8(2)
-174.2(13)
-111.4(16)
67.9(16)
128.9(15)
51.8(17)
57(2)
-131.8(18)
-173.1(19)
127(4)
66(2)
105(2)
172(2)
29(6)
128(2)
-40(2)
155(2)
97(4)
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3. DFT calculations

General information. Calculations were performed based on density functional theory at the BP86/def2-
SVP and/or BP86/def2-TZVPH'% level implemented in Turbomole'*-'¥). The Rl-approximation!?®?5 was
used all over and the Grimme dispersion correction D3-BJi28-271 where indicated. Several structures were
optimized differing in the conformation of the rings formed by the coordination of the double bonds. The
mononuclear complexes 1, 2, 3, 4 and 7-mono, 8-mono, and 9-mono were verified to be minimum
structures at the BP86/def2-SVP level by calculating the Hessian matrix and ensuring that it has no
imaginary frequency. The dimers 7, 8 and 9 (Co) were too large for this purpose. The Cartesian

coordinates are provided as a separate xyz-file.

3.1. Geometry optimized structures of 1.

Figure $25. Geometry optimized structures of 1 in the low-spin (S = 1/2) (left) and high-spin (S = 3/2) state (right).

Table $16. Characteristic data from the geometry optimized complexes 1 in the low-spin and in the high-spin state

and comparison of the bond lengths with the experimental values from X-ray diffraction analysis.

Complex | SCF energy /H Lﬁ(ﬂg)"‘“g\}) Co-Br(A) | Co-C2'(A) | CoCT (A) | Co-N9 (A)
11S |-5551.8822133961|  0.981 2.485 1.909 1.950 1.918
1-HS | -5551.842741142 | 0.555 2.374 1.986 1.990 1.907

1 (X-ray) - = 2515(1) | 1917(4) | 1.9784) | 1.915(3)

547



Publications: Part 3

3.2. Geometry optimized structures 2-4.

Figure $26. Exemplary representation of the geometry optimized structure of compound 4 and the angles described
in Tabel S1.

Table $17. Characteristic data from the geometry optimized complexes 2-4.

Complex | SCF energy / H L?J(!\'A-ig)h%g}) C14=C15 (A) MEE;E’ Miﬁ;" x ((35'1’},9)'3 o g;”sg;ie
2 | -2077.395912188 |  1.996 1413 | 2049 | 2.008 | 35487 | 35152
3 |-1705.081043977 |  2.083 1424 | 2159 | 2193 | 35387 | 351.13
4 | -1698.922919483 |  2.091 1446 | 2156 | 2.170 | 351.40 | 34856

All optimizations with BP86/def2-TZVP and D3-BJ. The distances and angles are given as the mean value of the two
olefin moieties.
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3.3. Geometry optimized structures of the hydrogenated complexes 7 and 8.

Figure S27. Exemplary representation of the geometry optimized structures of monomeric complexes
M(bimca™B¥)Hz. Here: Ir(bimca™®)Hz (7-mono).

,\‘ I r
o :,III:I 2 h‘ | . :

Figure S28. Exemplary representation of the geometry optimized structures of the dimeric complexes
[M(bimca™B¥)H,],. Here: [Ir(bimca™)H;]; (7).
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Table S18. Fixed geometry optimization to obtain the M-H distances for the X-ray structure refinement of 7 and 8.

Complex SCF energy /H M-H distances
1.579/1.577 (Hax)
7-fixed -3400.603229
1.628 1 1.627 (Hey)
1.54171.538 (Hax)
8-fixed -3412.862656
1.583/1.580 (Heq)

All coordinates except for the hydrido ligands were taken from the X-ray structure analysis and fixed, the
hydrido ligands were added and then refined (BP86/def2-SVP, D3-BJ).

Table $19. Geometry optimization of 7 and 8 and their monomeric forms 7-mono and 8-mono with (DFT-D3) and
without (DFT) taking into account intramolecular London dispersion.

A SCF (dimer — A SCF (dimer —
Gompiex SCF energy /H 2-monomer) / H 2-monomer) / kJ-mol!
7-mono -1700.639572
+0.001747 +4.6
7 -3401.277397
7-mono (D3) -1700.837913
-0.101942 -267.6
7(D3) -3401.777768
8-mono -1706.784014
-0.00093 -2.4
8 -3413.5683958
8-mono (D3) -1706.979810
-0.098588 -258.8
8 (D3) -3414.058408
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Abstract: The seleclive isomernzation of various terminal N-Boc
protected aziridines to enamides was realized using the highly
reactive nucleophilic rhodium catalyst C with the Lewis acid LiNTT: as
co-catalyst under moderate conditions. The reaction proceeds
smoothly with only 1 mol% catalyst bading and excellent vields were
achieved. An intermediate containing an enamide with a non-
conjugated terminal C=C double bond was detected during the course
of the reaction, which isomerizes to form the thermodynamically
favored 2-amido styrene. Mechanistic insight is gained based on
these observations

Catalytic isomerizations of small molecules are of great
importance for synthetic chemistry due to the ready availability of
the substrates and the ideal atom economy of the transformation.
The Isomerization of epoxides, known as the Meinwald
rearrangement, is an efficient method for the conversion of
epoxides to carbonyl compounds, such as aldehydes and methyl
ketones, which Is catalyzed by Lewls acids to obtain aldehydes!"!
and promoted by Lewis acids with nucleaphilic catalysts to yield
methyl ketones.! Recently, our group has realized the chemo-
and regioselective isomerization of a diverse range of epoxides
including the challenging a-aryl oxiranes, with the highly
nucleophilic rhodium bis(NHC) pincer catalysts A-C to obtain
almost exdusively methyl ketones in excellent yields under very
mild conditions.22#¢l Aziridines, the analogue of epoxides, are
quite useful building blocks in both arganic and pharmaceutical
chemistry.®! The most popular reaction for an aziidine
transformation ks the generation of g-lactams catalyzed by
transition-metal complexes under the exposure of carbon
monoxide. Most recently, thering opening of aziridines was well-
studied and it behaves as an effective pathway to gain g
functionalized amines which can easily be transformed further, !

However, the Isomelization of azirdines has been rarely
investigated. In 2002, the Nakayama group reported a Lewis acid
catalyzed aza-pinacol rearrangement of various N-tosyl aziridines
to N-tosyl imines with BF:.® One vyear later, the Wolfe group
introduced the palladium-catalyzed isomerization of terminal N-
tosyl aziridines to sulfonyl ketimines (Scheme 1, (a))."! Recently,
Liedés, Riera and co-workers described an iridium-catalyzed

isomerization of geminal disubstituted N-sulfonyl aziridines to allyl
amines (Scheme 1, (b)).[®

The potential products of the aziridine isomerization are manifold,
such as the mentioned N-losyl imines and allyl amines. Another
kind of products expected are enamides which are valuable
subsirates for the asymmetric hydrogenation to gain access to
oplically pure amides.™ Common methods lo generate enamides
usually include reacting ketones with amides™ or applying its
derivatives such as vinyl halides, triflates and tosylates with
amides through transittion-metal catalyzed cross-coupling
reactions.!" Recenlly, the Beller group described the Pd-
catalyzed carbonylation reaction ofimines to enamides.['?Herein,
we provide an alternative synthetic strategy for the preparation of
various enamides via the seleclive isomerization of terminal
azindines catalyzed by highly nucleophilic rhodium catalysts
{Scheme 1, (c)).

{a) Wolfe group
Ts s
! 2-4 mol% Pd[PCy; N
PN St el Il
= tnluene, 70 °C R~
(b} Liedds and Riera group _| ELAH:
CysP I |
N
i Rl —
ey L -
| o Tmelm HM-80,R*
7"—\ T CHOh 2Bt 2-48h, 1t
i 4 /
{£) This work 1 mol% C
,/‘j/\(\ _1Dmals LINTE, "/\v’x\rﬁ
PG f:|,|:ua 4h, 80°C K./) SN,

Scheme 1. Isomerization of terminal azinidines with transition-metal complexkes.

The synthesis of the aziridine candidates usually started from
commerdially available phenylalanine derivatives. They were
reduced firstly with NaBHz as the reducing agent and |z as the

This article is protected by copyright. All rights reserved.
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catalyst to obtain the comresponding amino alcohols in almost
quantitative yields.!'¥ Afterward, the amino substituent of the
amino alcohols was protected with the respective protecting
group.l' The last step was a one pot reaction that consisted of
converting the hydroxyl group into a better leaving group by
tosylation and the ring closure with the strong base KOH in
refluxing THF 1" All desired terminal aziridines were generated in
moderate to good yields.

With the successfully prepared terminal aziridines, different
protecting groups on the nitrogen atom were tested at the
beginning (Scheme 2). The initial reaction conditions were 5 mol%
in situ generated BY™ 24 and aziridines In CsDs at 60 °C for 24 h.
Non-protected azirndine 1a was not reactive under these
conditions. N-Acetyl aziridine 1b was isomerized, but the desired
product 2Zb was only formed in 40% yield along with 28% of
dihydrooxazole. The latter is formed in a Lewis acid catalyzed side
reaction with LIEr, as confrmed in a blank reaction. When the N-
tosyl protected substrate 1c was applied, the reaction went quite
fast even at room temperature and full conversion was achieved
after 2 h. However, the desired enamides were not obtained due
lo polymerization as a side reaction. AL 60 °C, 1d possessing the
N-Cbz group was converted smoathly to obtain the desired 2d in
77% vyield. To our delight, the A-Boc aziridine 1e can be
rearranged at rcom temperature to yleld the corresponding
enamides in 75% yield. Therefore, the N-Boc protecling group
was chosen for all further aziridines.
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Scheme 2. Isomerization of terminal aziridines with different protecting groups
(PG). The yield of 2 was determined oy 'H NMR calibrated to 1,3 5-trimethoxy-
berzene (internal standard). ¥ Along with 28% of dibydrooxazole. ® i 12 [

We lested the isomerization of N-Boc-2-benzylaziridine (1e) as
the model substrate. A series of isolated rhodium catalysts
efficient for epoxide rearrangement was applied. With the CO-
containing catalyst A, only traces of the desired enamide were
detected afler 24 h (Table 1, entry 1). Under the identical
conditions, a better yield (28%) was obtained with the more
nucleophilic CO-free catalyst B and the best result was achieved
using catalyst € to yield enamide 2e in 57% vield (Table 1, entries
2 and 3). This can be rafionalized with the enhanced
nucleaphilicity of the 16 & complex C with a high-lying HOMO,
while the 18 e~ catalyst B requires the dissociation of one olefin
moiety to react as a nucleophile. A stronger Lewis acid, necessary
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for the pre-activation of the aziridine was beneficial for the
catalyfic reaction and the yield was increased to 66% when LiNTf;
was used as the co-catalyst (Table 1, entry 4). Furthermore, the
reaction proceeds considerably fast when it is carrled out at
elevated temperatures and the desired product 2e is obtained in
96% after 4 h at 80 °C (Table 1, entries 5, 8 and 7). To check the
role of the additive, LINTf: was omitted and no reaction was
observed after 4 h at 80 °C, which shows that the Lewis acid is
essential for the catalytic reaction (Table 1, entry 8). This also
explains why the reaction almost stands still when the solvent
CgDs is replaced by THF-dg or CD3CN, which indicates com-
petitive binding between THF-d= or CD:CN and the substrate to
the Lewis acid co-catalyst (Table 1, entries 9 and 10). Surprisingly,
full conversions were also obtained with lower catalyst loadings
and 1 mol% catalyst € proved sufficient for a fast and selective
isomerization (Table 1, entries 11 and 12).

Table 1. Rh-catalyzed isomerization of 1e- Optimization of the reaction
conditions

[Cat]

©/\v(|l‘ Adaithie i
: ‘Boe Sokent, T (*C) NHBoc
1= 2e
‘Bu 'Bu
‘Bu 'Bu = =
- S
] N
h (T
Chh—< Y
" co H 5
A c ’
Yield
Gaalys  Agditive T l
Entry t ” Time
” [mol%] G}
[mol%a] [ (Z:E)
1 5 (A) 10 (LiBr) it 24h <5
2 5(B) 10 (LiBr) it 24h 28 5050
3 5(C) 10 [LiBr) it 24h 57 5050
4 5(C) 10 (LINTH) t 24h 85 4753
5 5(C) 10 (LINTT:) 40 4h 87 47:53
6 5(C) 10 (LiNTT2) 60 4h a7 4555
7 5(C) 10 (LiNTT2) 80 4h 26 4159
g 5(C) - a0 4h 0 -
oFl 5(C) 10 (LINTt:) t 24h <h
104 5(C) 10 (LINTT:) it 24h <5 =
11 a(c) 10 (LiNTf2) a0 4h 91 40:60
4h a0 64:46
12 1 10 (LINTF: 80
0 EINTE) 24h a0 3367
13 1(C) 20 (LiNTHz) 80 4h 23 4555
14 1(C) 5 (LiNTI:) a0 7h 6 2872
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15 1(C) 70 (BiGsFs)s) it 2h 23w 57:43
167 1(C) 10 (LiNTH) 80 4h 88 3565
178 1(C) 10 (LiNTHz) 80 4h 88 36.64

fa] All reactons were camied out in J. Young NMR tubes and the additive
was pre-activated with 10 pL THF-ds. [b] The yield ("H NMR) of 2e was
determined using 1,3 5-trimethoxybenzene as intemal standard. [c] THF-
ds as the solvenL [d] CDsCN as the sclvenL [g] along with 40 % N-Boc
deprotected product; full conversion of 1e [{] 0.2 Mof 1e [g] 0 4 M of 1e

\When extending the reaction time from 4 h to 24 h the Z/E ratio
changes from 54:46 to 33:67, without influencing the overall yield.
This indicates an isomerization of the kinetically favored Z-(2e)
isomer inte the thermodynamically favored E-(2e) isomer. The
Ioadings ofthe Lewis acid co-catalyst were examined as well. The
yield of enamide 2e improved slightly with 20 mel% LiNTf; and a
longer reaction time was needed when only 5 mol% Lewis acid
were used (Table 1, entries 13 and 14). Usually strong Lewis
acids are not compatible with carbamate protecting groups.['®
Nevertheless, we used 70 mal% of B(CsFsk and found full
conversion after 2 h room temperature, but besides 23 % of the
product, also 40 % of the deprotected product was obtained (entry
15). Higher aziridine concentrations (0.2 mol/lL and 0.4 mol/L,
respectively) rarely influence the reaction rate and the desired
enamide was obtained in comparable yields (Table 1, entries 16
and 17). The Z'E selectivity varies between 54:46 and 28:72.
Finally, a blank test without rhodium catalyst € showed no
conversion (Table 1, entry 20). Thus, the optimized reaction
conditions (1 mal% €, 0.1 M aziridine, C:Ds, 80 "C) were applied
lo explore the generality of this protocol.

With the optimized conditions In hand, various N-Boc terminal
arziridines were converted successiully into the desired enamides
(Scheme 3). The terminal aziridines 1f and 1g, possessing weak
electron-withdrawing chloro and bromo substituents on the phenyl
fing, were isomerized smoothly to yield the corresponding ena-
mides in excellent yield {94% and 93%, respeciively). Interesting-
ly, aziridine 1h bearing a moderate electron-withdrawing fluoro
group was rearranged much slower and full conversion was ob-
tained after 24 hin 95% yield. To confirm this tendency, substrate
1i bearing a strong electron-withdrawing nitro group was tested.
Harsher reaction conditions were reguired and the reaction can
only be completed with 5 mol% catalyst € In 24 h (86% yield for
1i). Notably, the Intermediate bearing a terminal C=G double
bond was observed, which is fully rearranged to the desired
product after 24 h (see S| for details). In comparison, aziridine 1j
with a strongly electron-denating methoxy substituent was
converted considerably fast finished within 3 h and no
intermediate was detected. The corresponding enamides 2j were
obtained in 95% vyield. A closer look at the 'H NMR spectra
menitoring the reaclion of the other substrates 1e and 1h revealed
the formation of the respective intermediates as well. While the
isomerization is fast for the substrate with an electron donating
substituent (1j), it becomes even rate limiting in the case of 1h
(14% left after 18 h) and 1i bearing electron-withdrawing
substituents. To check the feasibility of this novel method for
synthetic chemistry, a scaled-up reaction using 1e (1.3 mmol) and
1 mol% catalyst € was prepared and the desired enamide 2e was
isolated by column chromatography in 72% yield with a Z/E ratio
of 54:46.
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Scheme 3. Subsfrate scope of the rhodum-catalyzed isomenzation of M-
Boc tenminal aziridines. The yield of 2 was determined by 'H NMR against
the intemal standard 1,3 5-trimethoxybenzene and Z:E ratios are given in
brackets ®0.3 g of 1e (1.3 mmol) and 1 mol% catalyst C used; isolated
yield of 2e in brackets. B15 mol% catalyst C.

A nucleophilic mechanism for the aziridine isomerization by a
palladium(0) catalyst was suggested by the Wolfe group.l”!
Together with the nuclecphilic dual-activation mechanism
(substrate pre-activation by a Lewis acid) we have reported for
the epoxide isomerization, an analogous mechanism for the
aziridines was proposed.?”¢! The fact that the Lewis acid additive
and non-coordinating solvents are required indicates a pre-
activation of the terminal aziridines (Scheme 4, step (i)). This is
followed by a nucleophilic attack of the 16 e~ Rnh' catalyst € at the
maost electrophilic side of the aziridine, which is also the least
hindered position in this case (i) and formation of intermediate I-
1 which Is likely stabilized by the Lewis acid as well. Subsequent
f-hydride elimination (iii) could lead to the Rh'"" hydrido complex i=
2 which releases the Intermediate by reductive elimination (iv)
under regeneration of complex €. In case of aziridines containing
electron donating substituents, i-2 could also isomerize directly to
intermediate i=3 (v) from which the thermodynamically favored
product is released by reductive elimination under recovery of
catalyst € (vi). As the isomerization rate of the Intermediate to
the product 2 (step vii) is substrate depending and slows down in
case of more electron-withdrawing subsfituents, we assume that
this step is Lewis-acid catalyzed. [1,3]-H shifts are thermally
forbidden and a resting state that requires the oxidative addition
of the Intermediate to the nucleophilic catalyst C under re-
formation of the Rh" hydrido complex i-2 would require the
breaking of a strong WH bond and thus seems less likely.
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Scheme 4. Proposed mechanism of the isomerizatbion of terminal aziridines with
the highly nucleophilic Rh-pincer complex C.

In conclusion, we have presented the selective isomerization of a
series of terminal aziridines to yield the desired enamides using
the highly reactive nucleophilic rhodium catalyst € under
maderate conditions. Most of the tested aziridines were converted
smoothly with only 1 mol% catalyst loading and excellent yiglds
were obtained. Intermediates containing the terminal C=C double
bond were detected during the course of the reaction with
substrates containing an electron poor group. The double bond

migrates to the internal C=C double bond to complete the reaction.

Based on these observations, a dual-activation mechanism
including the activation of the substrate by the Lewis acid and the
nucleophilic opening by Rh catalyst is proposed. This novel
transformation provides an allernative strateay for the synthesis
of enamides.
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1. General information

Unless otherwise noted, all reactions were carried out under an argon atmosphere in dried and degassed
solvents using Schlenk technique. Toluene, pentane, dichloromethane and tetrahydrofuran were
purchased from Sigma Aldrich and dried using an MBraun SPS-800 solvent purification system. All liquid
aziridines were degassed through freeze-pump-thaw cycles prior to use. Rhodium catalysts A, B and C
were synthesized according to the literature procedures.'?! 'H and '*C NMR specira were recorded
using a Bruker ARX 300 and AVANCE II+ 400 spectrometer. Chemical shifts d (ppm) are given relative
to the solvent’s residual proton and carbon signal relative to tetramethyl silane: C¢Ds: 7.16 ppm ("H NMR)
and 128.39 ppm (13C NMR); CDCls: 7.27 ppm ('"H NMR) and 77.00 ppm ('3C NMR). Coupling constants
(J) are reported in Hz. Multiplets were assigned as s (singlet), br s (broad singlet), d (doublet), dd (doublet
of doublets), dt (doublet of triplets), dtd (doublet of triplet of doublets), t (triplet) and tt (triplet of triplets),

m (multiplet). Silica gel was used for column chromatography.
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2. Synthesis of aziridines with different protecting groups

2-Benzylaziridine (1a)“

D s
Ol . ol o MeSH 0SO;  ag. NaOH (6M) WH
NH, : 0°Ctort NH3 Toluene, reflux
OH b 1a

2-Amino-3-phenylpropan-1-ol (2.30 g, 15.2 mmol) was dissolved in acetonitrile (110 mL), and the
reaction mixture was cooled to 0 °C followed by the dropwise addition of chlorosulfonic acid (1.77 g, 15.2
mmol). The reaction mixture was stirred for 18 h at room temperature. After completion, the reaction was
filtered under vacuum, followed by washing with ethyl acetate (3 x 2 mL) and diethyl ether (3 x 5 mL).
The residue was dried under reduced pressure. The product was obtained as a colorless solid (2.59 g,

11.1 mol, yield: 73%).

The generated aminosulfate salt (11.1 mmol) was dissolved in NaOH (80 mL, ag. 6 M) followed by the
addition of toluene (80 mL). The resulting mixture was stirred and heated under reflux for 20 h. After
completion, the organic phase was extracted with ethyl acetate, dried over MgSQ4, and evaporated
under reduced pressure to afford the aziridine 1a (1.32 g, 9.88 mmol, yield: 89%) as a pale yellow oil. 1a

was used without further purification. The '"H NMR was in accord with the literature.

N-Acetyl-2-benzylaziridine (1b)®

O 33 e
in 0 THF, rt i ):o
To a suspension of the sodium hydride (300 mg, 7.51 mmol, 60%) in THF (20 mL) was added the
aziridine 1a (1.00 g, 7.51 mmol) dissolved in THF (5 mL). The reaction mixture was stirred for 30 min at
room temperature followed by the addition of acetic anhydride (767 mg, 7.51 mmol) and then stirred for
another 2 h. The reaction mixture was poured into diethyl ether (30 mL) and washed with water (30 mL).
The organic phase was evaporated to yield the raw product. The residue was purified by column

chromatography (methanol/dichloromethane, 1 : 40) to yield the aziridine 1b (1.01 g, 5.78 mmoal, yield:

77%) as a white solid.
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H NMR (400 MHz, CDCl3) 8 7.36 — 7.25 (m, 6H), 2.90 — 2.80 (m, 2H), 2.65 (dtd, J = 6.5, 5.8, 3.3 Hz,
1H), 2.42 (d, J= 5.8 Hz, 1H), 2.09 (d, J = 3.3 Hz, 1H), 1.96 (s, 3H). 13C NMR (101 MHz, CDCls) & 183.2,

137.8, 128.9, 128.6, 126.8, 38.7, 38.0, 30.8, 23 4.
N-Tosyl-2-benzylaziridine (1c)®

/ PhNMe4Br; K,CO4
+ TsNCINa+3H,0 N
MeCN, rt, 18 h MeCN Ts

ic

To a solution of TsNCINa-3H20 (5.24 g, 18.6 mmol) and allylbenzene (2.00 g, 16.9 mmol) in acetonitrile
(40 mL) was added PhNMe3Br3 (636 mg, 1.69 mmol). The reaction mixture was vigorously stirred for 18
h at room temperature. After completion, the reaction was concentrated, dissolved in dichloromethane
(10 mL) and filtered through a short column with ethyl acetate and petrol ether as the eluent (1:10). The
organic solution was dried and dissolved in acetonitrile (20 mL). To the solution was added K2COs3 (9.34
g, 67.6 mmol) and the reaction was stirred for another 2 h at 45 °C. Afterward, the reaction mixture was
diluted with diethyl ether (20 mL), filtered through a pad of Celite® and the filtrate was evaporated to yield
the raw product. Pure product 1c (1.89 g, 6.59 mmol, vield: 39%) was obtained by column

chromatography (EtOAc/petrol ether, 1 : 10) as a white solid.

'H NMR (400 MHz, CDCls) 6 7.70 (d, J= 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 7.19-7.13 (m, 3H), 7.07 - 7.04 (m,
2H), 2.96 (tt, J = 7.1, 4.9 Hz, 1H), 2.85 —2.67 (m, 3H), 2.43 (s, 3H), 2.18 (d, J = 4.5 Hz, 1H). "*C NMR (101 MHz,

CDClz) 0 144.3, 137.0, 134.8, 129.5, 128.7, 1284, 127.8, 126.5, 41.1, 37.4, 32.8, 21.6.

N-Benzyloxycarbonyl-2-benzylaziridine (1d)"

©/‘\<LH @\OAU NEts @/\(IL
' DCM, 0°Ctort Cbz

1a 1d

To a solution of the aziridine 1a (200 mg, 1.50 mmol) and triethyl amine (228 mg, 2.25 mmal) in
dichloromethane (25 mL) at 0 °C was added benzyl chloroformate (256 mg, 1.50 mmol). The mixture was
warmed up to room temperature and stirred overnight. After completion, the reaction mixture was washed

with water (5 mL) and brine (5 mL). The solvent was removed at reduced pressure and the residue was
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purified by column chromatography (n-hexane/EtOAc, 12 : 1) to yield 1d (361 mg, 1.35 mmol, yield: 90%)

as a colorless oil.

'H NMR (400 MHz, CeéDg) 5 7.15 — 7.02 (m, 10H), 4.98 (s, 2H), 2.69 — 2.63 (m, 1H), 2.34 —2.31 (m, 2H),
1.98 (d, J = 5.7 Hz, 1H), 1.66 (d, J = 3.4 Hz, 1H). °C NMR (101 MHz, CDCl3) & 163.2, 137.6, 135.7,

128.8, 128.5, 128.5, 128.2, 128.0, 126.6, 68.1, 38.5, 38.3, 31.6.
N-tert-Butyloxycarbonyl-2-benzylaziridine (1e)®

OH Boc0 OH 1) TsCI/ KOH, THF reflux _ ©/\4N
NH, MeCN, 0 °C to rt HNs g 2) KOH, reflux Boc

4h ie

Toa solution of the 2-amino-3-phenylpropan-1-ol (2.00 g, 13.2 mmol) in acetonitrile (30 mL), Boc2O (2.89
g, 13.2 mmol) was added dropwise at 0 °C and the resulting mixture was stirred for 4 h at room
temperature. The mixture was dried under reduced pressure to yield the raw Boc protected aminoalcohol

which was used without purification.

Under argon atmosphere, KOH (2.96 g, 52.8 mmol) was added to a solution of the raw Boc protected
aminoalcohol in THF (40 mL) and TsClI (3.02 g, 15.8 mmol) was added. The reaction was stirred under
reflux for 4 h. A second portion of KOH (2.96 g, 52.8 mmol) was added and the reaction was refluxed for
another 2 h. After completion, the reaction was cooled down to room temperature and washed with brine.
The agueous phase was extracted with dichloromethane (2 x 20 mL) and the organic layers were
combined. After removal of solvent, the raw product was purified by column chromatography (n-
hexane/EtOAc, 12 : 1) to yield the desired product 1e (1.32 g, 5.68 mmoal, yield: 43%) as a colorless

liquid.

'H NMR (400 MHz, CDCls) 5 7.35 — 7.22 (m, 5H), 2.97 (dd, J = 14.1, 5.5 Hz, 1H), 2.68 — 2.61 (m, 2H),
2.32 (d, J= 5.7 Hz, 1H), 2.04 (d, J = 3.6 Hz, TH), 1.45 (s, 9H). °C NMR (101 MHz, CDCls) & 162.4,
138.0, 128.8, 128.4, 126.5, 81.1, 38.4, 38.3, 314, 27.9.
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3. General procedure for the synthesis of the N-Boc terminal aziridine derivatives 1f-j**!

5 s GOOH NaBH, /1, . 2 OH Boc,O RY S OH

: 5 ey Gtk

~” NHp THF, D°C to rt L~ NH, MeCN, 0 °C to rt “o# HN,
4h

18h Boc

1) TeCl/ KOH, THF reflux e 4

N
[ \
2) KOH, reflux ~F 1tj Boc

A suspension of the amino acid (12.0 mmol) in dry THF (40 mL) was cooled down to 0 °C and sodium
borohydride (1.13 g, 30.0 mmol) was added in one portion. A solution of iodine (7.61 g, 30.0 mmol) in
dry THF (10 mL) was added to this suspension over 10 min. Once the addition was completed, the
cooling was removed and the reaction was warmed to reflux for 18 h. After completion, the reaction
mixture was cooled to room temperature and methanol (10 mL) was added very slowly until the mixture
became a clear solution. After 30 min stirring, the solution was concentrated and the residue was
dissolved with an aqueous solution of KOH (3.5 M, 30 mL) and stirred for 30 min at room temperature.
The aqueous layer was extracted with dichloromethane (3 x 30 mL) and the combined organic layers
dried over anhydrous MgSO., filtered and concentrated under reduced pressure to yield the

corresponding amino alcohols which were used in the next step without further purification.

To a solution of the amino alcohol (12.0 mmoal) in acetonitrile (30 mL), Boc,O (2.62 g, 12.0 mmol) was
added dropwise at 0 °C and the resulting mixture was stirred for 4 h at room temperature. The mixture
was dried under reduced pressure to yield the Boc protected aminoalcohol which was used without

purification.

Under an argon atmosphere, KOH (2.69 g, 48.0 mmol) was added to a solution of the Boc protected
aminoalcohol in THF (40 mL) and TsClI (2.75 g, 14.4 mmol) was added. The reaction was stirred under
reflux for 4 h. A second portion of KOH (2.69 g, 48.0 mmol) was added and the reaction was refluxed for
another 2 h. After completion, the reaction was cooled down to room temperature and washed with brine.
The agueous phase was extracted with dichloromethane (2 x 20 mL) and the organic layers were
combined. After removal of the solvent, the raw product was purified by column chromatography (n-

hexane/EtOAG = 12 : 1) to yield the desired products 1f.
N-tert-Butyloxycarbonyl-2-(3-chlorobenzyl)aziridine (1f) was obtained as a white solid (36%).
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Cl
U\(‘I\
1f Boc

H NMR (400 MHz, CDCls) 6 7.33 (d, J = 1.7 Hz, 1H), 7.27 - 7.17 (m, 3H), 2.83 (dd, J = 14.8, 6.7 Hz,
1H), 2.73 (dd, J = 14.8, 5.3 Hz, 1H), 2.64 — 2.55 (m, 1H), 2.33 (d, J = 6.0 Hz, 1H), 2.01 (d, J = 3.7 Hz,
1H), 143 (s, 9H). 3C NMR (101 MHz, CDCls) 5 162.2, 140.1, 134.1, 129.6, 128.8, 127.0, 126.7, 81.2,

38.1,37.8,312, 27.8.

N-tert-Butyloxycarbonyl-2-(3-bromobenzyl)aziridine (1g) was obtained as a white solid (28%).

Br
\©/\(‘\
1g Boc

"H NMR (400 MHz, CDCly) 5 7.48 (s, 1H), 7.38 (d, J=7.9 Hz, 1H), 7.26 (d, J= 8.7 Hz, 1H), 7.18 (d, J =
7.9Hz, 1H), 2.84 (dd, J=14.8,6.7 Hz, 1H), 2.72 (dd, J = 14.8, 5.5 Hz, 1H), 2.62 — 2.57 (m, 1H), 2.33 (d,
J=6.0Hz 1H), 2.02 (d, J=3.6 Hz, 1H), 1.44 (s, 9H). *C NMR (101 MHz, CDCl;) 6 162.2, 1404, 131.8,

1300, 129.7,127 4,122 4, 812,381, 37.9, 313,27 9.

N-tert-Butyloxycarbonyl-2-(3-fluorobenzyl)aziridine (1h) was obtained as a colorless liquid (34%).

F
\@/\(P‘q\
1ih Boc

'H NMR (400 MHz, CDCls) 6 7.30 — 7.24 (m, 1H), 7.09 — 7.08 (m, 2H), 6.96 — 6.91 (m, 1H). 2.85 (dd, J
=14.8, 6.7 Hz. 1H), 2.72 (dd, J = 14.8, 5.3 Hz, 1H), 2.61 (m. 1H), 2.34 (d, J = 6.0 Hz, 1H), 2.02 (d, J =
3.7 Hz, 1H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3) & 162.9 (d, "Jor = 245.4 Hz), 162.2, 140.57 (d, %Jcr
=7.5 Hz), 129.8 (d, 3Jor = 8.5 Hz), 124.4 (d, “Jor = 2.8 Hz), 115.7 (d, 2Jor = 21.2 Hz), 113.4 (d, 2Jer =

21.2 Hz), 81.2,38.1 (d, Jor = 1.9 Hz), 37.9, 31.2, 27.8. "°F NMR (376 MHz, CDCl3) 5 = -113.5.
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N-tert-Butyloxycarbonyl-2-(3-nitrobenzyl)aziridine (1i) was obtained as a colorless liquid (30%).

@M \
1i Boc

H NMR (400 MHz, CDCl3) 6 8.18 (s, 1H), 8.11 (d, J=8.2Hz, 1H), 7.71 (d, J=7.6 Hz, 1H), 749 (t, J=
7.9Hz, 1H), 2.97 (dd, J=14.8, 4.8 Hz, 1H), 2.85 (dd, J=14.8, 7.1 Hz, 1H), 2.66 —2.61 (m, 1H), 2.37 (d,
J=6.1Hz, 1H), 2.04 (d, J= 3.6 Hz, 1H), 1.40 (s, 9H). *C NMR (101 MHz, CDCl,) 6 162.1, 148.3, 140.1,

135.1,129.3,123.7, 121.7, 81 4, 38.0, 37.5, 31.2, 27.8.

N-teri-Butyloxycarbonyl-2-(4-methoxybenzyl)aziridine (1j) was obtained as a white solid (28%).

o
MeO 1j Boc

H NMR (400 MHz, CDCls) 8 7.23 (d, J = 8.6, 2H), 6.86 (d, J = 8.6 Hz, 2H), 3.80 (s, 3H), 2.94 — 2.88 (m,
1H), 2.64 — 2.56 (m, 2H), 2.30 (d, J = 5.8 Hz, 1H), 2.01 (d, J = 3.4 Hz, 1H), 1.45 (s, 9H). *C NMR (101

MHz, CDCl3) 6 162.4, 158.3, 130.0, 129.7, 113.8, 81.0, 55.2, 38.5, 37.5, 31.3, 27.9.
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4. Process 'H NMR spectra of 1e, 1h and 1i

5 mol% C
@A{IL 10 mol% LiNTf, m
Boc  CsDs 80°C NHBoc
1e 2e
Intermediate-e
2e
d) Catalysis after 4 h .

3¢ 2e I

c) Catalysis after 2h

b) Catalysis after 1 h

A
A A l
1 o J PR i 1 LJL\JL J i R R | S
#
*
a)1ein CgDs &
® * *
*
M NE
T T T T T T T T T T T T T T T T T Ly T T

9.0 8.5 8.0 7.5 7.0 6.5 6.0 b.b 50 4.5 1.0 3.5 3.0 25 20 LB 1.0 0.5 0.0

chemical shift (ppm)

Figure S1. a) 1e (*) in CsDs (#). b) The isomerization of 1e using 5 mal% € and 10 mol% LiINTf: in CsD¢ at 80 °C for 1 h reveals the
presence of the Intermediate-e (7). c) After 2 h: Intermediate-e still present. d) After 4 h only 2e is observed.
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F 5mol% C r
10 mol% LiNTf, =
N -
\Boc CgDe, 80 °C NHBoc
1h 2h
F\@/\(
HN.,
Boc
Intermediate-h
b) Catalysis after 24 h A
i
h ' i
LT Y A J - 4 o A
a) Catalysis after 18 h
=
A A
S 2 N LL_‘_‘____‘__
85 80 7.5 7.6 &5 &0 55 &0 45 40 %5 30 25 20 15 L0 05 0.0

chemical shift (ppm)

Figure S2. a) The isomerization of 1h using 1 mal% € and 10 mol% LiNTf; in CsDs (#) at 80 °C for 18 h reveals the presence of the
Intermediate-h (A). b) After 24 h only 2h is observed.
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5 mol% C
02”\©/M 10 mol% LiNTf, OZNW
N -
Boc CgDg, 80 °C NHBoc
1i 2i
Oz:N
HN.

Boc
Intermediate-i

d) Catalysis after 48 h %

i L_J_u_.m JL- | T ST

c) Catalysis after 24 h

e Jol ok L a0y | Ll l M »

A
b) Catalysis after 4 h A A
. M_L_..__ -Jl\ i_i a A ."'.___I. | = _l_ _4.._J»..L;_\ _I_ ..I\JUH\‘_A_‘._._._—
r
*
*
# -
*
*

a) 1iin CeDg " " L

*

| ll ‘ L |
‘3]1"_ 8’5 H.lfl ?.'Fl T..ﬂ 6.‘5 H.b" .'-I'I_I ﬁlll -1.5 I.Il] '.{.IF! .'Ll{l EIE\ ?“ 1 Ii |'fl l)'ﬁ {J.rll

chemical shift (ppm)

Figure S3. a) 1i ("} in CgD; (#). b) The isomerization of 1i using 5 mal% € and 10 mol% LINTT in CzDg at 80 °C for 4 h reveals the
presence of the Intermediate-i (A). c) After 24 h: Intermediate-i is still present. d) After 48 h only 2iis observed.
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5. Isomerization of 1e with BCF

5mol% C
Q/\GN 70 mol% BCF m 3 =
Boe CeDe, 1t NHBoc NH;
1e 2e side product
A
b) Catalysis with BCF after 2h
A
2e
2 2e
Ze I
M . i Lahal i l 1 I-Lk 1
a) 1e in CgDs
*
*: * ¥
*
i h |
85 80 75 7.0 65 6.0 55 50 45 4.0 35 30 25 2.0 L5 10 05 00
chemical shift (ppmd

Figure $4. a) 1e (*) in CeDs (#). b) The isomerization of 1e using 5 mol% € and 70 mol% B{CeFs)z (BCF) in CsDs at rt for 2 h reveals
full conversion and the deprotected side product (A) was generated along with 2e.
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6. Experimental procedures for the isomerization of terminal aziridines with catalyst C
1mol% C

10 mol% LiNTf X
R N - R
Boc  CeDe. 80 °C. 4h NHBoc

1e-j 2e-j

Method 1 for 1e-h and 1j

THF-ds (10 pL) was added into a J. Young NMR tube containing LiNTf2 (1.2 mg, 4.0 umol) to solubilize
this salt. Catalyst C (0.3 mg, 0.4 ymol), the respective terminal aziridine (40 pmol) and a defined amount
of the internal standard 1,3,5-trimethoxybenzene and CsDs (0.4 mL) were added successively. The
reaction was heated at 80 °C for the given time. All yields were determined according to the internal
standard 1,3,5-timethoxybenzene (defined amount) by 'H NMR spectroscopy. The NMR signals of the

obtained enamides were confirmed by comparison with isclated 2e.

The up-scaling of this method was tested with 1e (1.3 mmol). THF-dgs (20 pL) was added into a round
bottom flask containing LINTT; (36.9 mg, 0.129 pmol) to solubilize it. Catalyst C (7.5 mg, 13 pmol), 1e
(300 mg, 1.29 mmol) and toluene (12.8 mL) were added successively. The reaction was heated at 80 °C
for 4 h. After removal of the solvent by rotary evaporation, the crude product was purified by column
chromatography at silica gel (EtOAc/hexane, 1 : 50) to afford the desired product 2e (214 mg, 0.917

mmol, yield: 71%) as a colorless liquid [(Z)-2e (114 mg) and (E)-2e (100 mg)].

Method 2 for 1i

THF-ds (10 pL) was added into a J. Young NMR tube containing LiNT, (1.2 mg, 4.0 umol) to pre-activate
the additive. Catalyst € (1.2 mg, 2.0 umol). the aziridine 1i (11.1 mg, 39.9 umol) and a defined amount
of the internal standard 1,3,5-trimethoxybenzene and CsDs (0.4 mL) were added successively. The
reaction was heated at 80 °C for 24 h. The yield of 2i was determined by 1,3,5-trimethoxybenzene
(defined amount) as the internal standard by '"H NMR spectroscopy. The NMR signals of the obtained

enamide 2i were assigned by comparison with isolated 2e.
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S
NHBoc

2e

2-N-tert-Butyloxycarbonylamido-1-phenylprop-1-ene (2e, yield: 90%). 'H NMR (400 MHz, CsDs) 0 7.21
—6.92 (m, 4.5H), 6.57 (br s, 0.48H), 5.68 (br s, 0.43H), 5.42 (s, 0.53H), 2.31 (d, J= 1.1 Hz, 1.6H), 1.72
(d, J=1.1 Hz, 1.38H), 1.44 (s, 4.18H), 1.35 (s, 4.82H). Z:E = 54:46. Broken integrals are given due to

the mixture of the isomers.

Cl R
NHBoc

2f

2-N-tert-Butyloxycarbonylamido-1-(3-chlorophenyl)prop-1-ene (2f, vield: 94%). 'H NMR (400 MHz,
CsDs) © 7.06 —6.71 (m, 4.2H), 6.33 (br s, 0.27H), 5.64 (br s, 0.75H), 5.20 (s, 0.28H), 2.19 (s, 0.84H),
1.53 (d, J=0.9 Hz, 2.15H), 1.42 (s, 6.48H), 1.34 (s, 2.53H). Z.E = 28:72.

Br o
NHBoc

29

2-N-tert-Butyloxycarbonylamido-1-(3-bromophenyl)prop-1-ene (2g, vield: 93%). '"H NMR (400 MHz,
CeDs) 8 7.33 — 7.32 (m, 1.06H), 7.13 — 6.64 (m, 4.48H), 6.30 (br s, 0.36H), 5.63 (br s, 0.66H), 5.18 (s,

0.32H), 2.18 (s, 0.99H), 1.52 (d, J = 0.9 Hz, 2.01H), 1.42 (s, 6.01H), 1.34 (s, 2.98H). Z:E = 33:67.

F s
NHBoc

2h
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2-N-tert-Butyloxycarbonylamido-1-(3-fluorophenyl)prop-1-ene (2h, yield: 95%). '"H NMR (400 MHz
CeDe) 6 6.88 — 6.80 (m, 3.70H), .71 — 6.59 (m, 1.13H), 6.42 (br s, 0.38H), 5.8 (br s, 0.52H), 5.25 (s,

0.41H), 2.20 (s, 1.22H), 1.57 (d, J=0.9 Hz, 1.77H), 142 (s, 5.28H), 1.33 (s, 3.70H). Z:E = 41:59.

0O,N N
NHBoc

2i

2-N-tert-Butyloxycarbonylamido-1-(3-nitrophenyl)prop-1-ene (2i, yield: 86%). 'H NMR (400 MHz, C¢Ds)
57.95-7.91 (m, 1.04H), 7.69— 7.60 (m, 1.15H), 7.04 — 6.96 (m, 1.68H), 6.74 — 6.63 (M. 1.09H), 6.17
(br s, 0.36H), 5.70 (br s, 0.57H), 5.14 (s, 0.40H), 2.12 (d, J = 1.1 Hz, 1.21H), 1.44 — 1.43 (m, 7.15H),
1.36 (s, 3.65H). Z:E = 34:66.

m
NHBoc
MeQO .

2j

2-N-tert-Butyloxycarbonylamido-1-(4-methoxyphenyl)prop-1-ene (2j, yield: 95%). '"H NMR (400 MHz,
CsDe) 6 7.13 —7.07 (m, 2.05H), 8.91 (br s, 0.56H), 6.76 (dt, J=8.9, 2.7 Hz, 1.23H), 6.68 (dt, J=8.7, 2.4
Hz, 0.96H), 6.52 (br s, 0.37H), 5.73 (br s, 0.55H), 5.44 (s, 0.42H), 3.32 (s, 1.72H), 3.27 (s, 1.31H), 2.32
(s, 1.27H), 1.77 (d, J= 0.5 Hz, 1.73H), 1.44 (s, 5.19H), 1.37 (s, 3.80H). Z:E = 42:58.

™
NHBoc

(2)-2e

(2)-2-N-tert-Butyloxycarbonylamido-1-phenylprop-1-ene [(2)-2e]. 'H NMR (300 MHz, CDCls) 8 7.38 —
7.34 (m, 2H), 7.27 - 7.19 (m, 3H), 6.51 (br s, 1H), 5.55 (s, 1H), 2.27 (d, J= 1.1 Hz, 3H), 1.47 (s, 9H). °C

NMR (75 MHz, CDCl3) 8 152.9, 136.2, 133.8, 128.8, 128.1, 126.3, 111.0, 80.2, 28.3, 21.3.
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m NHBoc

(E)-2e

(E)-2-N-tert-Butyloxycarbonylamido-1-phenylprop-1-ene [(E)-2e]. 'H NMR (300 MHz, CDCls) 6 7.32 —
7.13 (m, 5H), 6.78 (s, 1H), 5.87 (br 5, 1H), 2.05 (d, J = 1.1 Hz, 3H), 1.50 (s, 9H). *C NMR (75 MHz,

CDCls) © 152.7, 137.5, 132.7, 128.0, 125.6, 112.5, 111.0, 80.2, 28.3, 17.8.
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7. NMR spectra
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Figure §5. 'H NMR (CDClz, 400 MHz) spectrum of compound 1b.
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Figure S6. '°C NMR (CDCl;, 101 MHz) spectrum of compound 1b.
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Figure 510. '*C NMR (CDCIs, 101 MHz) spectrum of compound 1d.
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Figure S11. 'H NMR (CDCls, 400 MHz) spectrum of compound 1e.
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Figure 522, 'H NMR (CDCls, 400 MHz) spectrum of compound 1j.
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Figure $23. '*C NMR (CDClI3, 101 MHz) spectrum of compound 1j.
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Figure S31. 3C NMR (CDCls, 75 MHz) spectrum: isolated (Z)-2e from the up-scaling experiment of 1e.
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acac
bimca
Boc
b.p.
Cbz
COD
COSY
DCM
DMF
DMSO
€q
EtOAc
FG
HMBC
HOMO
HSQC
Bu
-l-effect
iPr
KHMDS
LIHMDS
LUMO
m-CPBA
+M-effect
m.p.
nBu
NHCs
nJ
NMR
NOE
PG

Abbreviations

acetylacetonate
1,8-bis(imidazolin-2-ylidene)-3,6-di(tert-butyl)carbazolide
tert-butyloxycarbonyl

boiling point

benzyloxycarbony

1,5-cyclooctadiene

correlation spectroscopy
dichloromethane
N,N’-dimethylformamide

dimethyl sulfoxide

equivalent

ethyl acetate

functional group

heteronuclear multiple bond correlation
highest occupied molecular orbital
heteronuclear single quantum coherence
2-methylpropyl

electron-withdrawing inductive effect
iso-propyl

potassium bis(trimethylsilyl)amide
lithium bis(trimethylsilyl)amide

lowest unoccupied molecular orbital
meta-chloroperoxybenzoic acid
mesomeric effect

melting point

butyl

N-heterocyclic carbenes

coupling constant over n bonds
nuclear magnetic resonance

nuclear overhauser effect

protecting group
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tBu
TEA
Tf
THF
Ts

room temperature
tert-butyl

triethylamine
trifluoromethanesulfonate
tetrahydrofuran

4-toluenesulfonyl
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