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Abstract (English)

With the interest in N-heterocyclic carbenes (NHCs), this thesis deals with the design

and synthesis of CNHCNCNHC-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(bimcaHomo)]. 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(bimcaMe,Homo)] and the substrate scope was

extended to internal epoxides. In addition, mechanistic investigations showed that the

catalytic cycle follows a β-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(I) complex [Co(bimcaHomo)] have been developed. The first

route relies on the direct transmetallation of the in situ generated lithium complex

[Li(bimcaHomo)] with Co(PPh3)3Cl. The second one is a two-step synthesis that

consists of the transmetallation of [Li(bimcaHomo)] with CoCl2 followed by reduction of

the Co(II) complex to yield the desired Co(I) complex. The analogous rhodium and

iridium complexes were prepared by transmetallation of [Li(bimcaHomo)] or

[K(bimcaHomo)] with [M(COD)(μ-Cl)]2. The catalytic activity of [Co(bimcaHomo)] and

[Ir(bimcaHomo)] in the epoxide isomerization was tested with and without the presence

of H2. When [M(bimcaHomo)] (M = Rh or Ir) were exposed to 1 bar H2 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(bimcan-Bu) (H)2]2
and [Rh(bimcan-Bu) (H)2]2.



II

In the fourth chapter, the selective isomerization of various N-Boc protected terminal

aziridines to enamides is presented using the highly reactive nucleophilic

[Rh(bimcaMe,Homo)] with the Lewis acid LiNTf2 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(bimcaHomo)]. 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.
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Abstract (German)

Aufgrund des generellen Interesses an N-heterocyclischen Carbenen (NHCs)

handelt diese Doktorarbeit vom Design und der Synthese von CNHCNCNHC-Pincer-

Komplexen mit Übergangsmetallen der Gruppe 9. Zusätzlich wird ihre Anwendung in

der Isomerisierung kleiner Moleküle 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(bimcaHomo)]-Katalysatorvorstufe dargestellt. Es liegt eine hervorragende,

erstmalige Regio- und Chemoselektivität für Aryl-Oxirane vor.

Im zweiten Kapitel werden weitere Errungenschaften in der Meinwald-Umlagerung

mittels des reaktiveren [Rh(bimcaMe,Homo)]-Komplexes vorgestellt. Die

Substratbandbreite kante für interne Epoxide erweitert werden. Zusätzlich erfolgte

der Nachweis, dass der Katalysezyklus nach einer nukleophilen Ringöffnung des

Epoxids über einen β-Hydrideliminierung–reduktiven Eliminierungs-Mechanismus

abläuft.

Im dritten Kapitel werden zwei Methoden zur Synthese des Bis(imidazolin-2-

ylidene)carbazolid Cobalt(I)-Komplexes [Co(bimcaHomo)] vorgestellt. Der erste

Syntheseweg verläuft über die direkte Transmetallierung des in situ generierten

Lithium-Komplexes [Li(bimcaHomo)] mit Co(PPh3)3Cl. Die zweite Route geht über eine

zweistufige Synthese mit einer Transmetallierung des Lithiumkomplexes

[Li(bimcaHomo)] mit CoCl2 und einer anschließenden Reduktion des Co(II) zu dem

gewünschten Co(I)-Komplex. Die analogen Rhodium- und Iridiumkomplexe wurden

über eine Transmetallierungsreaktion von [Li(bimcaHomo)] oder [K(bimcaHomo)] mittels

[M(COD)(μ-Cl)]2 dargestellt. Die katalytischen Aktivitäten von [Co(bimcaHomo)] und

[Ir(bimcaHomo)] in der Epoxidisomerisierungs-Reaktion wurden sowohl in Anwesenheit

von H2 als auch ohne durchgeführt. Durch das Vorhandensein von einem bar H2 bei

80 °C bei den Komplexen [M(bimcaHomo)] (M = Rh or Ir) konnten Einkristalle isoliert

werden, welche Röntgenkristallographisch analysiert wurden. Die Molekülstrukturen
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zeigten eine Hydrierung der N-Homoallyleinheiten und Bildung der dimerisierten

Hydridokomplexe [Ir(bimcan-Bu) (H)2]2 und [Rh(bimcan-Bu)(H)2]2.

Das vierte Kapitel dieser Arbeit behandelt die selektive Isomerisierung von

verschiedenen N-Boc geschützten, endständigen Aziridinen zu Enaminen. Dies kann

durch den hochreaktiven, nucleophilen [Rh(bimcaMe,Homo)]-Komplex und der Lewis-

Säure LiNTf2 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 endständigen C=C-Doppelbindung enthält, konnte im Verlauf der

Reaktion detektiert werden. Diese isomerisiert zu dem thermodynamisch stabileren

2-Amidostyrol. Anhand dieser Beobachtung können mechanisistische Einblicke

werden erhalten.

Im letzten Kapitel wird die Teilhydrierung sowohl von terminalen als auch von

internen Alkinen behandelt, welche mit dem [Co(bimcaHomo)]-Komplex entwickelt

worden ist. Die katalytischen Reaktionen erfolgten unter Umgebungsbedingungen.

Einige terminale und interne Alkine wurden teilhydriert um Olefine zu erhalten, ohne

diese zu überreduzieren. Im Falle von internen Alkinen werden ausschließlich cis-

Olefine erhalten. Die gesamte Reduktion von Alkinen zu Alkanen kann durch

Anpassung der Reaktionsbedingungen erreicht werden.
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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 sp2 hybrid structure. Triplet carbenes have two

unpaired electrons.[1] 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 π-

electron donating and σ-electron withdrawing effects, which leads to a four electron

3-center π-system (Figure 1).[2]

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.[3] 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-workers[4] 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 σ-donor and weak π-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.[5,6] There are three orbital contributions of the metal-(NHC)

bond. The starting hypothesis that NHCs were simple σ-donors is abandoned, while it

is clear that both d→π* (π*-backdonation) as well as π→d (π-donation) have to be

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

Figure 2. The three bonding contributions to the M–(NHC) bond.

NHC to metal σ-donation

metal to NHC π*-backdonation

NHC to metal π-donation
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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.[7]

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

The pioneer work was initiated by the Lin group in 2000, of which the neutral

CNHCNCNHC-pincer ligand was successfully generated and the corresponding helical

dimercury compound was synthesized as well.[8] The year after, the Crabtree group

reported the modified CNHCNCNHC-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.[9] In addition to

neutral bis(NHC) pincer ligands, monoanionic ones are also known. The Hollis group

synthesized a monoanionic CNHCCCNHC-pincer ligand in 2003 and demonstrated its

efficiency in Pd-catalyzed Suzuki−Miyaura cross-coupling reaction.[10] Afterward, the

Douthwaite group succeeded in the generation of a CNHCNCNHC-pincer ligand in which

the two NHC units are linked via an amido function and the corresponding palladium

complexes were first generated as well.[11] 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).[12]
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Bimca Ligands

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.[12,13] 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.[14] The

synthesis of the unsymmetrically ligand bimcaMe,Homo requires two separate

monoalkylation steps which was tuned by different solvents.[13,15] Several new

transition-metal complexes [M(bimcaR)(CO)] and CO-free ones [M(bimcaHomo)] and

[Rh(bimcaMe,Allyl)] based on the bimca ligands were obtained smoothly in our group.[15]

The study of the [Rh(bimcaMe)(CO)] complex showed a relatively small wavenumber

in the IR spectrum for the ν (CO) band, thus indicating strong σ-donor and weak π-

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

complex reported, indicating a strong nucleophilicity (Figure 4).[13]

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

catalyst. (b) The isomerization of terminal epoxides into methyl ketones with [Rh(bimcaMe)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 ipso 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.[16] Another homogeneous catalysis in which [Rh(bimcaMe)(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]

References

(1) Bourissou, D.; Guerret, O.; Gabbaï, F. P.; Bertrand, G. Chem. Rev. 2000, 100,
39–91.

(2) Jacobsen, H.; Correa, A.; Poater, A.; Costabile, C.; Cavallo, L. Coord. Chem. Rev.

2009, 253, 687–703.
(3) Wanzlick, H. W.; Schönherr, H. J. Liebigs Ann. Chem. 1970, 731, 176–179.
(4) Arduengo,A. J.; Harlow R. L.; Kline, M. J. Am. Chem. Soc. 1991, 113, 361–363.

https://en.wikipedia.org/wiki/Liebigs_Ann._Chem.
https://en.wikipedia.org/wiki/J._Am._Chem._Soc.
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Research Purpose

Based on the successful application of [Rh(bimcaMe)CO] in the selective

isomerization of terminal epoxides into methyl ketones,[1] 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.

Synthesis of the challenging group 9 complexes [M(bimcaHomo)] (M = Co, Rh, Ir),

which are extremely air and moisture sensitive, and the more nucleophilic

unsymmetric rhodium complex [Rh(bimcaMe,Homo)], which is supposed to be more

reactive in the Meinwald rearrangement (Figure 1).

Figure 1. The synthesis of challenging [M(bimcaHomo)] and unsymmetric rhodium(I) complexes.

Improving the catalytic reactivity and regio- and chemoselectivity of CNHCNCNHC-

transition-metal complexes in the epoxide isomerization, enlarging the substrate

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

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

(1) Jürgens, E.; Wucher, B.; Rominger, F.; Törnroos, 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).

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

The semihydrogenation of both terminal and internal alkynes to obtain (E)- or (Z)-

olefins will be investigated with the novel CNHCNCNHC-pincer Co(I)-complex (Scheme

3).

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

Epoxide Isomerization with [Rh(bimcaHomo)]
The research started from [Rh(bimcaMe)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 (LiNTf2) 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.[1]

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(bimcaMe)CO] in the Meinwald reaction.

Epoxide Methyl ketone Time Yield [%][a,b]

1c 2c
9.7 d 50

1e 2e
3 h 98

1f 2f
2 h 50

1g 2g
24 h 20
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1h 2h
24 h 67

1i 2i
24 h 37

1j 2j
24 h 33[c]

1k 2k
24 h 17[c]

1l 2l
24 h 99

3a 4a
24 h 26 (Ketone, 4a)

44 (Aldehyde, 5a)

[a] Standard reaction conditions: Substrates (40 μmol), [Rh(bimcaMe)CO] (2.0 μmol), C6D6 (0.4 mL), 60 °C.
All reactions were carried out using J. Young NMR tubes. [b] Yield of methyl ketones was determined by
1H 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.[2] The earlier

reported N-homoallyl substituted ligand HbimcaHomo·2HBr[3] 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(bimcaHomo)] (6LiX) was achieved by deprotonation of

HbimcaHomo·2HBr with LiHMDS and subsequent addition of [Rh(μ-Cl)(COD)]2. To

obtain the isolated complex, the deprotonation of HbimcaHomo·2HBr was conducted

initially with KHMDS at room temperature in order to generate [K(bimcaHomo)],

however it would decompose at room temperature into butadiene and the

bisimidazole carbazolide [K(imi)2carb]. Isolation of complex 6 was achieved

successfully via transmetalation from the potassium complex [K(bimcaHomo)]

generated in situ by deprotonation of HbimcaHomo·2HBr with KHMDS at -30 °C. After

filtering off potassium halides and removing volatile species, complex 6 was obtained
in 63% yield (Scheme 1).



Results and Discussion

11

Scheme 1. Synthesis of both in situ and isolated [Rh(bimcaHomo)] (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 13C NMR spectrum to 185.5 ppm (carbene), 55.9 (C15) and 51.1 ppm (C14), but

also by the 1JRhC coupling of 33.9 (carbene), 6.7 (C15) and 11.3 Hz (C14). The four
1H 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-15cis), 1.67

ppm (H-15trans)) 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 6LiX, 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 μL)

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% 6LiX, 0.1 M
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epoxide, C6D6, 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 6LiX 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 (1c), 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 α-acidity.

Furthermore, 2-benzyloxirane (1l) 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.

Scheme 2. The isomerization of alkyl oxiranes with catalyst 6. Standard reaction conditions: Substrate (50.0 µmol), 6LiX (5

mol%), C6D6 (0.5 mL), r.t. at the given time. Carried out in J. Young NMR tubes. Yield (1H NMR) calibrated to 1,3,5-

trimethoxybenzene (internal standard). [a] 14 % of epoxide 1j left. [b] cis-2,3-epoxybutane (1aa), 80 ℃. [c] trans-2,3-epoxybutane

(1ab), 80 ℃.
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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.[1,4] Therefore, the new catalyst 6LiX 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 C6D6 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.

Scheme 3. The isomerization of terminal aryl oxiranes with catalyst 6. Standard reaction conditions: epoxide (50.0 µmol), 6LiX (5
mol%), C6D6 (0.5 mL), rt. Carried out in J. Young NMR tubes. Yields (1H NMR) calibrated to 1,3,5-trimethoxybenzene (internal

standard). [a] At 80 °C for 2 days. [b] 22 h.
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Epoxide Isomerization with [Rh(bimcaMe,Homo)]
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(I) complex 6 requires the dissociation of one

olefin moiety to react as a nucleophile, thus a new complex, such as a 16 e Rh(I)

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.

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

The unsymmetrically substituted bimca ligand was generated according to the

method discovered by E. Jürgens.[2] The preparation of 7LiX was achieved by

deprotonation of HbimcaMe,Homo·HI·HBr with LiHMDS and subsequent addition of

[Rh(μ-Cl)(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(bimcaHomo)] generated in situ by deprotonation of HbimcaMe,Homo·HI·HBr

with KHMDS at -60 °C. The potassium halides formed could be readily removed by

filtration and complex 7 was isolated in 52% yield 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 1JRhC coupling

constants of 13.2 Hz (C16) and 13.7 Hz (C17) in the 13C 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-17cis) and 2.94 ppm (3J = 11.5 Hz, H-17trans) 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.

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 C6D6 (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 4J 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, C6D6, 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-(tert-butyl)oxirane (1c) 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[a].

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

Entry substrate product time Yield [%][b] Ratio (4:5)

1
3a 4a

1 h 99 >99:1

2
3b 4b

1 h 98 >99:1

3
3k 4k

1 h 77 50:1

4
3l 4l

1 h 42 22:1

5
3m 4m

24 h 92 33:1

6
1f 2f 24 h 90

-
1 h 42[e,g]

7
1g 2g 24 h 83

-
1 h 94[e,g]

8
1i 2i 24 h 67[c,e]

-
1 h 80[e,g]

9[d-f]
1c 2c

24 h 99 -

10[d-f]
1aa 2aa

24 h 99 -

11[d-f] 1ab 2aa 24 h 7 -

12[d-f]
1ac 2ac

24 h 99 -

[a] Carried out in J. Young NMR tubes and with 10 mol% LiBr and 5 μL THF-d8, 0.2 M concentration of epoxides. [b] Yield of
ketones (1H NMR) calibrated to 1,3,5-trimethoxybenzene (internal standard). [c] At 60 °C. [d] 20 mol% LiNTf2 instead of LiBr.

[e] 5 mol% catalyst 7. [f] At 80 °C. [g] 50 mol% LiBr.



Results and Discussion

18

yielded 99% of butan-2-one (2aa) in 24 h. In contrast, the conversion of trans-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)Al(THF)2]+[Co(CO)4]- as the

catalyst.[5] 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.

Scheme 6. The initially proposed catalytic cycle (pathway I and pathway II) for [Rh(bimcaMe)CO] (L = CO) and the evidence for

pathway II 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(bimcaMe)CO], which starts with pre-activation of the epoxide by

the Lewis acid additive followed by a nucleophilic attack of the RhI 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 β-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).[1]

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 II 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(III)

complex 9 (Figure 1, left), in which the N-homoallyl substituent is coordinated in a η3-

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% LiNTf2 (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(III)(η3-allyl) complex 10 (Figure 1, right). In the solid state the 16e– Rh-d6

complex forms a Lewis-pair dimer between the rhodium and the carbazol nitrogen

atoms with a mean distance of 2.74 Å. 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(bimcaMe,Homo)]
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

group[6] and the groups of Lledós and Riera[7]. 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 6LiX and
aziridines in C6D6 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 11c, 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.

Scheme 7. Isomerization of terminal aziridines with different protecting groups (PG). [a]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 C6D6 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 1H 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.

Scheme 8. Isomerization of diverse N-Boc terminal aziridines with rhodium catalyst 7. The yield of 12 was determined by 1H

NMR against the internal standard 1,3,5-trimethoxybenzene and Z:E ratios are given in brackets. [a] 0.3 g of 11e (1.3 mmol) and

1 mol% catalyst 7 used; isolated yield of 12e in brackets. [b] 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‒ RhI

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 β-

hydride elimination (iii) would lead to the RhIII 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 RhIII 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.

Scheme 9. Proposed mechanism for the isomerization of terminal aziridines with transition-metal complexes.
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Synthesis and Characterization of [M(bimcaHomo)] (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 bimcaHomo ligand, the

synthesis and characterization of [Co(bimcaHomo)] (14) was studied.
The preparation of complex 14 commenced with the generation of [Li(bimcaHomo)] and
followed by transmetalation with CoCl(PPh3)3 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 1H NMR spectrum with a

symmetric coordination mode of the ligand. However, the purpose to obtain pure

complex failed as residual PPh3 could not be removed completely by

chromatography at silica gel.

Scheme 10. Synthesis of [Co(bimcaHomo)] (14) by two methods.

Triggered by the work of Braunstein[8] and Nishibayashi[9], who obtained diamagnetic

Co(I) complexes via reduction of the corresponding Co(II) complexes with KC8, the

paramagnetic [Co(bimcaHomo)Br] (13) was prepared first by addition of solid CoCl2
into the freshly generated [Li(bimcaHomo)] (Scheme 10, method b). Instant halogen

exchange occurs to transform [Co(bimcaHomo)Cl] into [Co(bimcaHomo)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)º. Both Co-CNHC bond lengths are within the range reported for Co(II)-CNHC

bonds of 1.791-2.152 Å.[10] In the coordinated homoallyl moiety, the C=C bond is

elongated (C16−C17 = 1.384(6) Å) due to a good π-backbonding ability of the cobalt

center. This is the first structural report of a cobalt(II) NHC complex with a

coordinated olefin. Besides, single crystals of the cobalt(III) complex

[Co(bimcaHomo)2]Br with two coordinated bimcaHomo 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 KC8. 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 1H

NMR spectrum which indicates a C2-symmetric ligand environment with both N-

homoallyl substituents coordinated to the cobalt(I) 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-

15trans)). The 13C 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[11]). 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(I) 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)º), c(C15,C14)−Co−c(C15′,C14′) = 139.2º;

(c: mid-point of bond)). The Co−CNHC bond lengths (Co−C2′ = 1.911(5) Å, Co−C2a′ =

1.913(5) Å) are comparable to reported (CNHCNCNHC)-pincer cobalt(I) complexes,[9,12]

while the Co−N bond (1.947(4) Å) in 2 is substantially longer than the pyridine Co−N

bond (e.g. 1.839(4) Å[12]), possibly due to steric reasons. The bond lengths of

C14−C15 (1.401(8) Å) and C14′−C15′ (1.400(7) Å) are elongated compared to the

non-coordinated olefinic bond in the Co(II) complex 13 (C20 − C21 = 1.274(10)Å),

confirming a certain amount of metallacyclopropane character in 14.

Scheme 11. Synthesis of both in situ generated 15LiX and isolated [Ir(bimcaHomo)] (15).

In addition, [Ir(bimcaHomo)] (15) was generated as well to fulfill the generation of group
9 transition-metal complexes with the bimcaHomo ligand. In situ generated iridium

complex 15LiX was achieved applying the same route as for [Rh(bimcaHomo)] (6LiX),
(Scheme 11). To obtain the pure complex 15, the transmetalation was conducted

with freshly generated [K(bimcaHomo)] 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 1H NMR spectrum (3.77-3.69 (H-14), 1.63 (H-15cis), 0.78
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ppm (H-15trans)) as well as in the 13C NMR spectrum, 39.7 (C15) and 27.7 ppm (C14).

The carbene signal is found at typical 164.5 ppm. In comparison with the 1H 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(bimcaHomo)][a]

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.

Entry Epoxide [Cat.] H2
(bar) Time Conversion (%) Yield (%)

1 14 - 6 days 32 18

2 6 - 30 min 100 92

3 15 - 6 days 100 92

4 14 1 24 h 19 11

5 15 1 24 h 81 52

6 14 - 6 days 0 0

7 6 - 30 min 100 88

8 15 - 6 days 100 26

9 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 μL THF-d8 and yield of the products was
calibrated to 1,3,5-trimethoxybenzene (internal standard).
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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 C6D6 (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% yield (entry 3), but interestingly with a much slower rate

compared with 6. With substrate 3a, only 26% yield was achieved despite full

conversion (entry 8). It is supposed that the low reactivity of the Co(I) complex 14
results from a higher energy barrier of 14 in the nucleophilic ring opening to form the

Co(III) 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% yield 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 1H NMR spectroscopy, as well as a polymerization side reaction.

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

Scheme 12. Hydrogenation of [M(bimcaHomo)].
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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 H2 at 80 °C in C6D6 (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(III) 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 Å in 16 is comparable to those phosphine

complexes containing the [Ir(H)(μ-H)]2 motif (2.73 Å and 2.77 Å) [13], however, the

hydride atoms in 16 are less symmetrically bridged, possibly due to steric reasons.

The hydrogen bridges in 16 measure 2.50 Å (Ir1-H2b) and 2.53 Å (Ir2-H2a) and were

also confirmed by DFT geometry optimizations. In addition, London dispersion[14] 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-CNHC (2.03 Å, mean) are comparable with those of a CNHCCCNHC-Ir complex from

Braunstein.[15]

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 Å. 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 Å; Rh2-H2a = 2.79 Å,

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 1H NMR spectrum, possibly due to a

paramagnetic influence.

Semihydrogention of Alkynes with [Co(bimcaHomo)]
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,[16] but only one report from the Fout group studied the semihydrogenation of

internal alkynes with a bis(NHC) cobalt catalyst (Figure 4).[16c] 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.

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 1H NMR spectroscopy and compared with the literature.[17]

With the same strategy, the semihydrogenation of the terminal alkyne

ethynylbenzene (20) was explored. The optimized conditions currently are 5 mol% 14,
10 bar H2 in C6D6 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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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.
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Introduction

Epoxides are important intermediates in organic synthesis as they undergo various

useful transformations.[1] Among those, the isomerization to carbonyl compounds

(Meinwald reaction) has gained increased attention, and various kinds of catalysts

have been reported so far.[2,3] 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).[4-6] 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).[7] 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.[7d]

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.

Scheme 1. Catalytic isomerisation pathways of terminal epoxides: formation of aldehydes versus methyl ketones.[10]

So far all nucleophilic Meinwald reactions require a pre-activation of the epoxide by

Lewis acids. In the first report in 1962 by Eisenmann,[7a] the Co(II)–Lewis acid co-

catalyst and the nucleophilic [Co(CO)4]
 catalyst are formed in situ by

disproportionation of [Co2(CO)8] 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(II).[7e]

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+[7b-d] or Sm2+.[7f] Recently,
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we have shown that the combination of the nucleophilic Rh-pincer complex 1[8]

(Figure 1) and LiNTf2 is suitable for the regioselective isomerization of terminal alkyl

epoxides to methyl ketones[9] and soon after Coates reported the highly active

complex [Al(porphyrin)]+ [Co(CO)4].[7g] 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.

Figure 1. Examples of nucleophilic epoxide isomerisation catalysts.

Catalyst 1 requires elevated temperature (60 ℃) and a co-catalyst (20 mol% LiNTf2)

to achieve full conversion within 2 h in the case of terminal alkyl oxiranes.[9] 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(μ-Cl)(COD)]2 or [Rh(μ-Cl)(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.[11] 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 bimcaHomo[12] to fulfil

these criteria (Scheme 2). Preparation of 2 was achieved by deprotonation of

HbimcaHomo·2HBr with LiHMDS and subsequent addition of [Rh(μ-Cl)(COD)]2.

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 2LiX for catalysis. To obtain the pure

complex 2, we transmetalated from the potassium complex [K(bimcaHomo)] generated

in situ by deprotonation of HbimcaHomo·2HBr with KHMDS.[13] The potassium halides

formed were readily removed by filtration.

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 1JRhC 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.[14] The four 1H 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-15cis), 1.67 ppm (H-15trans)) 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 tert-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 2LiX in THF-d8
revealed only low conversion at room temperature (Table 1, entry 1), which improved

by raising the reaction temperature to 60 ℃ and adding LiNTf2 as co-catalyst (Table

1, entry 2). Interestingly, full regioselectivity and quantitative yields were obtained in

short reaction times at room temperature when toluene-d8 (3 h) or C6D6 (2 h) were

used as solvent (Table 1, entries 3 and 4). We suppose that the poor conversion in

THF-d8 derives from competitive binding between THF and the substrate to the Lewis

acid co-catalyst.[15] To test whether the residual lithium halides are still necessary as

a Lewis acid co-catalyst we applied the isolated catalyst 2 in C6D6. 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 μL)

restored the catalytic activity fully, which can be explained by the enhanced solubility

of LiBr[16] (entries 6 and 7). As lithium halides are known catalysts for the Meinwald

reaction, albeit at elevated temperature,[7b–d] we tested them under our conditions at

room temperature. Neither lithium bromide nor solubilized lithium bromide (by 20 μL

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.[a]

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.[7g] 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,

Entry Catalyst [mol%] +
additive [mol%] Solvent Conc. 3b

[mol/L] Time Yield [%][b]

1 5 (2LiX) THF-d8 0.1 2 h < 5

2[c,f] 5 (2LiX) THF- d8 0.1 5.5 d 88

3 5 (2LiX) Toluene
-d8 0.1 3 h >99

4 5 (2LiX) C6D6 0.1 2 h > 99

5 5 (2) C6D6 0.1 2 h 0

6 5 (2) + 10 (LiBr) C6D6 0.1 1 h 0

7[d] 5 (2) + 10 (LiBr) C6D6 0.1 3 h > 99

8 10 (LiBr) C6D6 0.1 24 h 0

9[d] 10 (LiBr) C6D6 0.1 24 h 0

10 4 (2LiX) C6D6 0.1 3 h > 99

11 3 (2LiX) C6D6 0.1 8 h > 99

12 2 (2LiX) C6D6 0.1 9 h > 99

13 1 (2LiX) C6D6 0.1 7 d > 99

14[e] 1 (2LiX) C6D6 0.1 4 d 87

15[f] 1 (2LiX) C6D6 0.1 3 d 93

16 1 (2LiX) C6D6 0.2 24 h > 99

17 1 (2LiX) C6D6 0.4 14 h > 99

18 1 (2LiX) C6D6 1.0 3 h 98

[a] Carried out in J. Young NMR tubes. [b] Yield (1H NMR) of 4b calibrated to 1,3,5-trimethoxybenzene (internal

standard); conversion = yield. [c] With 20 mol% LiTNf2. [d] With 20 μL THF. [e] At 40 °C. [f] At 60 °C.

https://de.wikipedia.org/wiki/Grad_Celsius
https://de.wikipedia.org/wiki/Grad_Celsius
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the optimized reaction conditions (5 mol% 2LiX, 0.1 M epoxide, C6D6, room

temperature) were applied to explore the generality of this protocol.

Using complex 2LiX 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 2LiX 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 α-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.§

Scheme 3. Rh-catalyzed regio- and chemoselective isomerisation of terminal epoxides. Standard reaction conditions: Substrate

(50.0 µmol), 2LiX (5 mol%), C6D6 (0.5 mL), r.t. at the given time. Carried out in J. Young NMR tubes. Yield (1H 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.[a]

Entry Epoxide 5 6 Yield [%][b] Ratio (6:7)

1 5a 6a, 95 40:1

2 5b 6b, 98 > 99:1

3[c] 5c 6c, 91 > 99:1

4 5d 6d, 99 > 99:1

5 5e 6e, 99 > 99:1

6 5f 6f, 99 > 99:1

7 5g 6g, 99 > 99:1

8 5h 6h, 85 91:1

9 5i 6i, 92 > 99:1

10 5j 6j, 82 > 99:1

11 5k 6k, 77 21:1

12 5l 6l, 57 10:1

13[d] 5m 6m, 75 7:1

[a] Standard reaction conditions: epoxide (50.0 µmol), 2LiX (5 mol%), C6D6 (0.5 mL), rt. Carried out

in J. Young NMR tubes. [b] Yields (1H 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.[7e, f, 9] Therefore, we

applied our new catalyst 2LiX 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 6l 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 C6D6 at room temperature. In two control

experiments without catalyst 2, 10 mol% of LiBr and 5 mol% of LiCl as well as 10

mol% LiI were added to the aryl oxirane 5l in C6D6. After few days (LiBr/Cl) or 23 h

(LiI), only formation of the aldehyde 7l and other, possibly polymerization products,

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.

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 2LiX: Li(N(SiMe3)2) (7.4 mg, 44.0 mmol) was added to a

suspension of HbimcaHomo·2HBr (10.0 mg, 14.7 mmol) in 0.5 mL of THF-d8 at room

temperature. After 10 min, [Rh(μ-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 2LiX) 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.

Notes and References

§ At 80 °C, but under otherwise identical conditions, the conversion of 77 % cis-2,3-
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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 β-hydride elimination-reductive elimination pathway after the nucleophilic

ring opening of the epoxide.

Tian, Y.; Jürgens, 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),[1] which leads to the formation of aldehydes via generation of the

more stable carbenium intermediate,[2] the isomerization by nucleophilic catalysts is

rare and results in the formation of methyl ketones (Scheme 1).[3] 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,[3a] 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.

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)6]2+ formed in

situ by disproportionation of [Co2(CO)8] 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 LiNTf2 at 60 °C.[3h] A

more active system was reported by Coates using [Al(salen)][Co(CO)4].[3i] 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 bimcaHomo (1,8-

bis(imidazolin-2-ylidene)-3,6-di(tert-butyl)carbazolide) carbene-pincer-ligand.[3j] 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.

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, -NH2, 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 bimcaMe,Homo 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,[4] 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

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 4LiX was achieved by deprotonation of 3 with LiHMDS and

subsequent addition of [Rh(μ-Cl)(COD)]2. 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(bimcaMe,Homo)] 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 1JRhC coupling constants

of 13.2 Hz (C16) and 13.7 Hz (C17) in the 13C 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-17cis) and 2.94 ppm (3J = 11.5 Hz, H-17trans) is based on the vicinal coupling

constants, which are smaller than those typically observed in non-coordinated olefins

(e.g. in compound 3: 3JHH = 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



Chapter 2

50

energy obtained by DFT-calculations, the NOE data is in accordance with the

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

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

rhodium catalyst 4.[a]

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 μL THF-d8) in C6D6 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

Entry Catalyst [mol%] Conc.5a [mol/L] Time Yield [%][b] 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

4[c] 1 0.1 24 h 7 5:1

5[d] 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 μL THF-d8. [b] Yield (1H NMR) of 6a calibrated to
1,3,5-trimethoxybenzene (internal standard). [c] Without LiBr. [d] THF-d8as the solvent.
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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-d8 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, C6D6,

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 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 (6c, 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[a].

Entry substrate product time Yield [%][b] Ratio
(6:7)

1
5a 6a

1 h 99 >99:1

2
5b 6b

1 h 98 >99:1

3
5c 6c

1 h 77 50:1

4
5d 6d

1 h 42 22:1

5
5e 6e

24 h 92 33:1

6
5f 6f 24 h 83

-
1 h 94[e,g]

7
5g 6g 24 h 90

-
1 h 42[e,g]

8
5h 6h 24 h 67[c,e]

-
1 h 80[e,g]

9[d-f]
5i 6i

24 h 99 -

10[d-f]
5j 6j

24 h 99 -

11[d-f]
5k 6k

24 h 99 -

12[d-f]
5l 6k

24 h 7 -

[a] Carried out in J. Young NMR tubes and with 10 mol% LiBr and 5 μL THF-d8,0.2 M concentration of epoxides. [b] Yield (1H
NMR) of ketones calibrated to 1,3,5-trimethoxybenzene (internal standard). [c] At 60 °C. [d] 20 mol% LiNTf2 instead of LiBr. [e]

5 mol% catalyst 4. [f] At 80 °C. [g] 50 mol% LiBr.
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converted to the desired product 6i, albeit with higher catalyst loading (5 mol%) and

reaction temperature.

The internal epoxides 5j-l 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 (5l) 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 trans-2-hexene oxide applying

[(salcy)Al(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 4J 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).

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 4LiX is stable in THF-d8, 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-d6 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 μL THF-d8, 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.

Scheme 3. The initially proposed catalytic cycle (pathway I and pathway II) for complex B (L = CO) and the evidence for

pathway II 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).[3h] 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 β-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%).

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(III) intermediate Int-1 in the catalytic cycle.

Based on these observations, we favor pathway II 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 RhCl(PMe3)3 with neat methyl or phenyl oxirane.[3g] In this
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case, the reductive elimination to the acetone or acetophenone is the rate limiting

step.[6]

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(III) complex, in which the N-homoallyl substituent is

coordinated in a η3-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 Å (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 (15.1 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(III)(η3-allyl) complex 10
(Figure 5). In the solid state the 16e– Rh-d6 complex forms a Lewis-pair dimer

between the rhodium and the carbazol nitrogen atoms with a mean distance of 2.74

Å. The allyl rhodium bonds measure 2.143 (Rh-C17), 2.124 (Rh-C16) and 2.243 Å

(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 β-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.[3j] 1H and 13C NMR spectra were recorded using

a Bruker AVANCE II+ 400 spectrometer. Chemical shifts δ (ppm) are given relative to

the solvent’s residual proton and carbon signal respectively: THF-d8: 3.58 ppm (1H

NMR) and 67.57 ppm (13C{H} NMR); C6D6: 7.16 ppm (1H NMR) and 128.39 ppm

(13C{H} NMR); DMSO-d6: 2.50 ppm (1H NMR) and 39.51 ppm (13C{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·HI·HBr (3). a) Synthesis of 2: To a suspension of 1
(0.74 g, 1.8 mmol) in 10 mL THF was added MeI (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%). 1H NMR

(250.13 MHz, DMSO-d6) δ = 11.24 (s (br), 1H, NH), 9.69 (s (br), 1H, H-7’), 8.57 (d,
4JHH = 1.7 Hz, 1H, H-5), 8.42 (d, 4JHH = 1.7, 1H, H-4), 8.21 (s (br), 1H, H-2’), 8.19 (ps t,
3JHH = 1.8 Hz, 1H, H-10’), 7.98 (ps t, 3JHH = 1.7 Hz, 1H, H-9’), 7.73 (ps t, 3JHH = 1.3 Hz,

1H, H-5’), 7.66 (d, 4JHH = 1.7 Hz, 1H, H-7), 7.50 (d, 4JHH = 1.7 Hz, 1H, H-2), 7.22 (ps t,
3JHH = 1.0 Hz, 1H, H-4’), 3.99 (s, 3H, H-18), 1.45 (s, 18H, H-11 and H-13). 13C{H}

NMR (62.90 MHz, DMSO-d6) δ = 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). C27H32N5I (553.50): calcd 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%). 1H NMR (250.13 MHz, DMSO-d6) δ = 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, 4JHH =

1.3 Hz) and 7.75 (d, 4JHH = 1.4 Hz) (2H, H-2 and H-7), 5.92 (ddt, 3JHH = 17.2 Hz, 3JHH
= 10.3 Hz, 3JHH = 6.8 Hz, 1H, H-16), 5.23 (dd, 3JHH = 17.2 Hz, 2JHH = 1.0 Hz, 1H, H-

17trans), 5.16 (d (br), 3JHH = 10.3 Hz, 1H, H-17cis), 4.44 (t, 3JHH = 7.2 Hz, 2H, H-14),

4.03 (s, 3H, H-18), 2.78 (dt, 3JHH = 6.8 Hz, 3JHH = 7.2 Hz, 2H, H-15), 1.47 (s, 18H, H-

11 and H-13). 13C{H} NMR (62.90 MHz, DMSO-d6) δ = 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 C5a), 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 4LiX. a) In situ generation of [Li(bimcaMe,Homo)]: Lithium
bis(trimethylsilyl)amide (7.3 mg, 44 μmol) was added to the suspension of 3 (10.0 mg,
14.5 μmol) in 0.5 mL of THF-d8 at room temperature and a light yellow solution with

blue fluorescence was formed. After 10 min, the quantitative formation of

[Li(bimcaMe,Homo)] was confirmed by 1H NMR spectroscopy. 1H NMR (400 MHz,

THF-d8) δ = 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, 3JHH = 16.5 Hz, 1H, H-17trans), 5.04 (d, 3JHH = 10.5 Hz, 1H, H-
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17cis), 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 4LiX: [Rh(μ-Cl)(COD)]2 (0.5 eq) was added to the previous

prepared solution of [Li(bimcaMe,Homo)] (1.0 eq) at room temperature. The solution

was stirred for 10 min. Catalyst 4LiX was obtained as an orange solution in

quantitative yield as determined by NMR spectroscopy. 1H NMR (400 MHz, THF-d8)

δ = 8.17 (d, 3JHH = 2.2 Hz, 1H, H-10’), 8.10 (d, 3JHH = 2.3 Hz, 1H, H-5’), 8.08-0.09 (m,

2H, H-4 and H-5), 7.73 (d, 4JHH = 1.5 Hz, 1H, H-2), 7.70 (d, 4JHH = 1.5 Hz, 1H, H-7),

7.17 (d, 3JHH = 2.3 Hz, 1H, H-4’), 7.16 (d, 3JHH = 2.2 Hz, 1H, H-9’), 4.65-4.58 (m, 1H,

H-16), 4.28 (ps td, 2/3JHH = 12.4 Hz, 3JHH = 2.2 Hz, 1H, H-14ax), 4.09 (d ps t, 2JHH =

13.0 Hz, 3JHH = 3.6 Hz, 1H, H-14eq), 3.92 (s, 3H, H-18), 3.50 (d, 3J = 7.7 Hz, 1H, H-

17cis), 2.94 (d, 3J = 11.5 Hz, 1H, H-17trans), 2.67 (br dd, 2JHH = 15.1 Hz, 3JHH = 12.4 Hz,

1H, H-15ax), 2.33-2.25 (m, 1H, H-15eq) (overlap with COD signal), 1.53 and 1.52

(each s, 18H, H-11 and H13). 13C{H} NMR (101 MHz, THF-d8) δ = 184.8 (d, 1JRhC =

43.3 Hz, C7’), 179.0 (d, 1JRhC = 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, 1JRhC = 13.2 Hz, C16), 47.5 (C14), 38.9 (C18), 37.0 (d, 1JRhC = 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 μmol), potassium

bis(trimethylsilyl)amide (86.9 mg, 436 μmol) and [Rh(μ-Cl)(COD)]2 (35.8 mg, 72.6

μmol) 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 × 5 mL). Pure catalyst 4 was obtained after removal of

solvent as a yellow solid (43.6 mg, 75.0 μmol, yield: 52%). The NMR data (THF-d8)

correspond to the results obtained from using [Li(bimcaMe,Homo)]. C31H36N5Rh

(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: C31H36N5Rh·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 μmol) and 20 μL of THF-d8, was added catalyst 4 (23.2
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mg, 40.0 μmol) with C6D6 (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. 1H
NMR (400 MHz, THF-d8) δ = 8.19 (d, 3JHH = 2.2 Hz, 1H, H-10’), 8.14 and 8.13 (each

d, each 4JHH = 1.6 Hz, each 1H, H-5 and H-4), 8.02 (d, 3JHH = 2.2 Hz, 1H, H-5’), 7.81

(d, 4JHH = 1.6 Hz, 1H, H-7), 7.73 (d, 4JHH = 1.6 Hz, 1H, H-2), 7.27 (d, 3JHH = 2.0 Hz,

1H, H-4’), 7.17 (d, 3JHH = 2.0 Hz, 1H, H-9’), 4.56 (br ps t, 1H, 3JHH = 7.2 Hz, H-15),

4.45 (dd, 2JHH = 11.7 Hz, 3JHH = 6.8 Hz, 1H, H-14a), 4.09 (d ps quint, 3JHH = 6.2 Hz,
4JHH = 2.3 Hz, 1H, H-16), 3.97 (br d, 2J = 11.7 Hz, 1H, H-14b), 3.71 (s, 3H, H-18),

1.55 and 1.54 (each s, 18H, H-11 and H-13), 1.17 (dd, 3JHH = 6.3 Hz, 4JHH = 0.6 Hz,

3H, H-17). 13C{H} NMR (101 MHz, THF-d8) δ = 187.9 (d, 1JRhC = 42.4 Hz, C7’), 187.2

(d, 1JRhC = 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 C5a), 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,
1JRhC = 14.1 Hz, C16), 53.8 (d, 1JRhC = 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). 1H NMR (400

MHz, C6D6) δ = 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, 3JHH = 6.0 Hz, 1H,

H-16), 4.09 (dd, 2JHH = 11.2 Hz, 3JHH = 6.8 Hz, 1H, H-14a), 3.66 (br d, 2JHH = 11.7 Hz,

1H, H-14b), 3.12 (s, 3H, H-18), 1.55 (br s, 18H, H-11 and H-13), 1.37 (br d, 3JHH = 6.0

Hz, 3H, H-17).

DFT calculations Performed based on density functional theory at the BP86/def2-

SVP and/or BP86/def2-TZVP[7] level implemented in Turbomole[8]. The RI-

approximation[9] and the Grimme dispersion correction D3-BJ[10] 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(I)

complex [Co(bimcaHomo)] (2) have been developed. The first route relies on the direct

transmetallation of the in situ generated lithium complex [Li(bimcaHomo)] with

CoCl(PPh3)3. The second one is a two-step synthesis that consists of the

transmetallation of [Li(bimcaHomo)] with CoCl2 followed by reduction of the Co(II)

complex to yield the desired Co(I) complex 2. The analogous iridium complex

[Ir(bimcaHomo)] (4) was prepared by transmetallation of [Li(bimcaHomo)] or

[K(bimcaHomo)] with [Ir(μ-Cl)(COD)]2. The catalytic activity of complexes 2 and 4 in the

epoxide isomerization was tested in the absence and presence of H2. When

[M(bimcaHomo)] (M = Ir (4), Rh (3)) were exposed to 1 bar H2 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(bimcan-Bu)(H)2]2
(7) and [Rh(bimcan-Bu)(H)2]2 (8).

Tian, Y.; Maulbetsch, T.; Jordan, R.; Törnroos, 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.[1] Electronically, NHCs usually possess strong σ-

donor and weak π-acceptor properties. This leads to strong metal-ligand bonds and

electron-rich metal centers and imparts these complexes nucleophilic character.[2]

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 (CNHCNCNHC)-pincer ligand represents one of the most active base

metal catalysts for the hydrogenation of unactivated, sterically hindered olefins and

(CNHCCarylCNHC)-pincer cobalt complexes from the Fout group are used for the

hydrogenation of unsaturated bonds.[3,4] We reported on several highly reactive

nucleophilic Rh(I) complexes bearing the electron-rich bis(NHC)-pincer ligand called

bimca, such as bimcaMe, bimcaHomo and bimcaMe,Homo (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.[5] Rh complexes with

the neutral, macrocyclic CNHCNarylCNHC ligands from the Chaplin group were found to

be active in the selective en-yne dimerization.[6] (CNHCCarylCNHC)-pincer complexes of

iridium are well studied by Chianese and coworkers and are active in the

acceptorless alkane dehydrogenation and in the alkene isomerization.[7]

To continue our interest in low-valent, nucleophilic transition-metal catalysts, we

report herein the synthesis and characterization of both [Co(bimcaHomo)] (2) and

[Ir(bimcaHomo)] (4), and their catalytic activity together with the earlier reported Rh-

complex [Rh(bimcaHomo)] (3)[5b] 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(I) complexes is their extreme air

and moisture sensitivity. The ligand precursor HbimcaHomo·2HBr and its lithium

complex were generated according to previously reported methods.[5b] The

transmetallation of [Li(bimcaHomo)] was initially explored with the addition of 1.0 equiv

of CoCl(PPh3)3 in THF at room temperature. A color change from light yellow to red

was observed immediately and the single signal set in the 1H 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 PPh3, even

after chromatography on silica in the glovebox.

Scheme 1. Synthesis of [Co(bimcaHomo)] by two methods.

An alternative route was inspired by the work of Braunstein[8] and Nishibayashi[9], 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 KC8 at room temperature afforded the corresponding diamagnetic

Co(I) complexes. To explore the analogous chemistry with our own ligand,

paramagnetic [Co(bimcaHomo)Br] (1) was prepared by treatment of freshly generated

[Li(bimcaHomo)] in THF with solid CoCl2. We suppose that [Co(bimcaHomo)Cl] is

generated firstly, but instant halogen exchange occurs with the bromide anion still

present in the solution from the ligand precursor HbimcaHomo·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) = 129.0º; c: mid-point of bond). The

NHC moieties take in the apical positions with a C2’−Co−C7′ angle of 174.0(2)º. Both

Co-CNHC bond lengths are within the range reported for Co(II)-CNHC bonds of 1.791-

2.152 Å.[10]

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 (Å) 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−CNHC bond (Co−C2′ = 1.917(4)

Å) is shorter than the other (Co−C7′ = 1.978(4) Å). Danopoulos[11] reported an

intermediate bond length for the symmetric complex Co(CNHCNCNHC)Br2 (CNC = 2,6-

bis(arylimidazolin-2-ylidene)pyridine) of 1.942(6) Å. In the coordinated homoallyl

moiety, the C=C bond is elongated (C16−C17 = 1.384(6) Å) due to a good π-

backbonding ability of cobalt center. This is the first structural report of a cobalt(II)

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 d7 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(III) complex [Co(bimcaHomo)2]Br with two

coordinated bimcaHomo 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 +III.[12] Starting from Co(II) 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 (Å) 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 KC8 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 1H NMR spectrum of 2 in THF-d8 is consistent with a C2-symmetric

ligand environment with both N-homoallyl substituents coordinated to the cobalt(I)

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-15trans)). The 13C 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[13]). About the same difference (Δ ~ 22 ppm) is

found when the reported Co(CNHCCarylCNHC)N2 complex[14] 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(I) 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)º), c(C15,C14)−Co−c(C15′,C14′) = 139.2º; (c: mid-point of

bond)). The Co−CNHC bond lengths (Co−C2′ = 1.911(5) Å, Co−C2a′ = 1.913(5) Å) are

comparable to reported (CNHCNCNHC)-pincer cobalt(I) complexes,[3,9] while the Co−N

bond (1.947(4) Å) in 2 is substantially longer than the pyridine Co−N bond (e.g.

1.839(4) Å[9]), possibly due to steric reasons. The bond lengths of C14−C15 (1.401(8)

Å) and C14′−C15′ (1.400(7) Å) are pronouncedly elongated compared to the non-

coordinated olefinic bond in the Co(II) complex 1 or in the respective imidazolium

salt[15] (1.28 - 1.32 Å), which confirms a certain amount of metallacyclopropane

character in 2.
In situ generation of the iridium complex 4LiX was achieved applying the same route

as for [Rh(bimcaHomo)] (3),[5b] which is deprotonation of HbimcaHomo·2HBr with

LiHMDS and subsequent transmetallation with [Ir(μ-Cl)(COD)]2 (Scheme 2). To

obtain the pure complex 4, the transmetallation step was conducted at low

temperature using the potassium complex [K(bimcaHomo)] generated in situ by

deprotonation of HbimcaHomo·2HBr with KHMDS at −60 °C. In contrast to lithium

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

Scheme 2. Synthesis of both in situ generated 4LiX and Isolated [Ir(bimcaHomo)] (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 1H NMR spectrum (3.77-3.69 (H-14), 1.63 (H-15cis), 0.78

ppm (H-15trans)) as well as in the 13C NMR spectrum, 39.7 (C15) and 27.7 ppm (C14).

The carbene signal is found at typical 164.5 ppm. In comparison with the 1H 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 (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 sp2 to partial sp3 hybridization). This reflects the tendency of 5d metals

to form stronger metal-C bonds and the increased stability of the higher oxidation

state.

Figure 3. 1H NMR spectra (section) of the N-homoallyl signals of of 2 (Co), 3 (Rh) and 4 (Ir), and the 3JHH 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 Å (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 Å) over 3 (1.424 Å)

to 4 (1.446 Å).

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).[5b] This is followed by nucleophilic ring opening of the epoxide preactivated by the

Lewis acid co-catalyst to generate the Rh(III) intermediate Int-1.[5c] After β-hydride
elimination to Int-2,[5a] 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.

Scheme 3. Mechanism of the nucleophilic epoxide isomerization with catalyst [Rh(bimcaHomo)] (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 C6D6.

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 β-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.[16] We suppose that the low

reactivity of the Co(I) complex 2 results from a higher energy barrier 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)4]– (Co(–I)), which explains the higher reactivity apart from using a stronger

Lewis acid.[17] Iridium(I) 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(III) intermediates analogous to Int-1 or
Int-2 (Scheme 3) that in addition slow down the β-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% yield 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 1H 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.[5b]

Table 1. Regioelective Isomerization of Terminal Epoxides with [M(bimcaHomo)][a]

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-d6 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.

Entry Epoxide [Cat.] H2
(bar) Time Conversion (%) Yield (%)

1 2 - 6 days 32 18

2 3 - 30 min 100 92

3 4 - 6 days 100 92

4 2 1 24 h 19 11

5 4 1 24 h 81 52

6 2 - 6 days 0 0

7 3 - 30 min 100 88

8 4 - 6 days 100 26

9 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 μL THF-d8 and yield of the products was

calibrated to 1,3,5-trimethoxybenzene (internal standard).
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Scheme 4. Hydrogenation of [M(bimcaHomo)].

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(III) 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)(μ-H)]2 has been

found before e.g. in phosphine complexes[18,19] and the Ir−Ir distance of 2.784 Å in 7
is comparable to those complexes (2.73 Å and 2.77 Å), 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.[18] The hydrogen bridges in 7 measure 2.50 Å (Ir1-

H2b) and 2.53 (Ir2-H2a), which was also confirmed by DFT geometry optimizations

without constraints. In addition, London dispersion[20] 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 Å

(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 Å. The metal carbene bond

lengths Ir-CNHC (2.03 Å, mean) are comparable with those of a CNHCCCNHC-Ir complex

from Braunstein.[21]
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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 (Å) 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 Å (Ir1-H2b) and 2.53 (Ir2-H2a).

Also with bis(NHC)Rh(I) complexes, the formation of hydrido Rh(III) complexes is to

be expected.[22] 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 Å)

and intermolecular (2.63 Å) 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 Å 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 Å;

Rh2-H2a = 2.79 Å, 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 (Å) 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 Å

(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 1H 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 bimcaHomo, the corresponding

cobalt complex 2 was successfully synthesized by a deprotonation-transmetallation-

reduction sequence starting from CoCl2 which involves [Co(bimcaHomo)Br] (1) in which
the bimcaHomo ligand shows a tetradentate coordination mode. The iridium catalyst 4
was synthesized straightforwardly by transmetallation of [Li(bimcaHomo)] with [Ir(μ-

Cl)(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. KC8[23] and Rh(bimcaHomo)[5b] were synthesized, and [Li(bimcaHomo)][5b] and

[K(bimcaHomo)][5b] were generated in situ according to the literature. Liquid Chemicals

from commercial suppliers were degassed through freeze-pump-thaw cycles prior to

use. 1H and 13C NMR spectra were recorded using a Bruker AVANCE II+ 400

spectrometer. Chemical shifts δ (ppm) are given relative to the solvent’s residual

proton and carbon signal respectively: THF-d8: 3.58 ppm (1H NMR) and 67.57 ppm

(13C NMR); C6D6: 7.16 ppm (1H NMR) and 128.39 ppm (13C NMR). 1H NMR data for

diamagnetic compounds are reported as follows: chemical shift, multiplicity (s =

singlet, d = doublet, t = triplet, q = 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(bimcaHomo)2]Br) was carried out on a Bruker APEX Duo CCD with an Incoatec

IµS Microsource with a Quazar MX mirror using Mo Kα radiation (λ = 0.71073 Å) and

a graphite monochromator. Corrections for absorption effects were applied using

SADABS.[24a] All structures were solved by direct methods using SHELXS and refined

using SHELXL.[24] In the case of structure 1 and [Co(bimcaHomo)2]Br the SQEEZE

routine[25] was applied for disordered solvent.
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Synthesis of [Co(bimcaHomo)Br] (1). CoCl2 (9.5 mg, 73 μmol，1 eq) was added to

the previous prepared solution of [Li(bimcaHomo)] (73.4 μmol) 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 × 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 C34H40BrCoN5·0.25 LiBr·1.25 C4H8O: C: 60.88, H:6.55, N: 9.10;

found: C: 61.02, H: 6.30, N: 8.95.

Synthesis of [Co(bimcaHomo)] (2) from [Co(bimcaHomo)Br] (1). To a suspension of

[Co(bimcaHomo)Br] (1) (39.1 mg from the material obtained above) in THF (2.0 mL)

was added KC8 (8.0 mg, 59 μmol). 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(bimcaHomo)] (2) containing 0.75 mol THF (13.0 mg, 21 μmol, 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. 1H NMR (400 MHz, THF-d8) δ 8.00 (d, 4JHH = 1.3 Hz,

2H, H-4/5), 7.79 (d, 3JHH = 1.0 Hz, 2H, H-5’), 7.37 (d, 4JHH = 1.3 Hz, 2H, H-2/7), 6.91

(d, 3JHH = 1.0 Hz, 2H, H-4’), 4.38 (br ps t,2/3JHH = 12.6 Hz, 2H, H-12ax), 4.11–4.02 (m,

2H, H-14), 3.72 (br d, 2JHH = 12.3 Hz, 2H, H-12eq), 3.21 (d, 3JHH = 8.0 Hz, 2H, H-15cis),

2.86–2.80 (m, 2H, H-13eq), 2.54 (br d, 3JHH = 11.3 Hz, 2H, H-15trans), 1.59–1.50 (m,

2H, H-13ax), 1.50 (s, 18H, H-11). 13C NMR (101 MHz, THF-d8) δ 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 C34H40N5Co·0.75 C4H8O: C:70.35, H: 7.34, N: 11.09; found: C:

70.49, H: 7.47, 11.08.

Synthesis of [Co(bimcaHomo)] (2) from [Co(PPh3)3Cl]. To a freshly generated

solution of [Li(bimcaHomo)] (29.3 μmol) in THF (0.6 mL) was added [Co(PPh3)3Cl]

(25.6 mg, 29.3 μmol). 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(bimcaHomo)] (2) was obtained as

red solid after removal of the solvent, however, containing residual PPh3. The NMR

data correspond to the results obtained from starting with 1.
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In situ generation of LiX containing [Ir(bimcaHomo)] (4LiX). [Ir(μ-Cl)(COD)]2 (9.7 mg,

15 μmol) was added to the previous prepared solution of [Li(bimcaHomo)] (29 μmol) in

THF (0.6 mL) at room temperature. The solution was stirred for 30 min. In situ

generated [Ir(bimcaHomo)] (4LiX) was obtained as an orange solution in quantitative

yield as determined by NMR spectroscopy. 1H NMR (400 MHz, THF-d8) δ 8.02 (d,
4JHH = 1.5 Hz, 2H, H-4/5), 7.94 (d, 3JHH = 2.3 Hz, 2H, H-5’), 7.53 (d, 4JHH = 1.5 Hz, 2H,

H-2/7), 7.11 (d, 3JHH = 2.3 Hz, 2H, H-4’), 4.26 (dt,2JHH = 12.6 Hz, 3JHH = 2.7 Hz, 2H, H-

12ax), 3.80 (dt, 2JHH = 12.6 Hz, 3JHH = 3.2 Hz, 2H, H-12eq), 3.77–3.69 (m, 2H, H-14),

2.82–2.75 (m, 2H, H-13eq), 1.63 (d, 3JHH = 7.6 Hz, 2H, H-15cis), 1.49 (s, 18H, H-11),

1.33–1.24 (m, 2H, H-13ax), 0.78 (br d, 3JHH = 8.0 Hz, 2H, H-15trans). 13C NMR (101

MHz, THF-d8) δ 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(bimcaHomo)] (4). [Ir(μ-Cl)(COD)]2 (9.8 mg, 15 μmol) was

added to an in situ generated solution of [K(bimcaHomo)] (29.3 μmol) 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 × 3) and

dried again in vacuo to yield complex 4 as a yellow solid (5.7 mg, 8.1 μmol, 55%

yield). The NMR data correspond to the results obtained from using [Li(bimcaHomo)].

Anal. Calcd for C34H40IrN5·0.85 C4H8O: 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(bimcaHomo)]. In a argon-

filled glovebox a J. Young NMR tube was charged with a solution of the epoxide (40

μmol), LiBr (4.0 μmol with 10 μL THF-d8), [M(bimcaHomo)] (2.0 μmol) and a certain

amount of 1,3,5 trimethoxybenzene as internal standard in C6D6 (0.4 mL). The

reaction was heated at 80 °C for the given reaction time and analyzed by 1H NMR

spectroscopy.

General procedure for epoxide isomerization with [M(bimcaHomo)] in presence of
1 bar H2. In an argon-filled glovebox a J. Young NMR tube was charged with a

solution of the epoxide (40 μmol), LiBr (4.0 μmol with 10 μL THF-d8), [M(bimcaHomo)]

(2.0 μmol) and a certain amount of the internal standard (1,3,5 trimethoxybenzene) in

C6D6 (0.4 mL). The tube was sealed, brought outside of the glovebox, and attached
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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 1H NMR spectroscopy.

Formation of [Ir(bimcan-Bu)(H)2]2 (7). In a argon-filled glovebox a J. Young NMR

tube was charged with a solution of [Ir(bimcaHomo)] (5.7 mg, 8.0 μmol) in C6D6 (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(bimcan-Bu)(H)2]2 (8). In an argon-filled glovebox a J. Young NMR

tube was charged with a solution of [Rh(bimcaHomo)] (5.0 mg, 8.0 μmol) in C6D6 (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.

The identical procedure using the cobalt complex (2) resulted in a green solution,

whose 1H 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[26] level implemented in Turbomole[27]. The RI-

approximation[28] was used all over and the Grimme dispersion correction D3-BJ[29]

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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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 LiNTf2 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.
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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[1] and promoted by Lewis acids with nucleophilic catalysts

to yield methyl ketones.[2] Recently, our group has realized the chemo- and

regioselective isomerization of a diverse range of epoxides including the challenging

α-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.[2b,d-e] Aziridines, the analogue of epoxides, are quite useful building blocks

in both organic and pharmaceutical chemistry.[3] The most popular reaction for an

aziridine transformation is the generation of β-lactams catalyzed by transition-metal

complexes under the exposure of carbon monoxide.[4] Most recently, the ring opening

of aziridines was well-studied and it behaves as an effective pathway to gain β-

functionalized amines which can easily be transformed further.[5]

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 BF3.[6] One year later, the Wolfe

group introduced the palladium-catalyzed isomerization of terminal N-tosyl aziridines

to sulfonyl ketimines (Scheme 1, (a)).[7] Recently, Lledós, Riera and coworkers

described an iridium-catalyzed isomerization of geminal disubstituted N-sulfonyl

aziridines to allyl amines (Scheme 1, (b)).[8]

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.[9] Common methods to generate enamides usually

include reacting ketones with amides[10] or applying its derivatives such as vinyl

halides, triflates and tosylates with amides through transition-metal catalyzed cross-

coupling reactions.[11] Recently, the Beller group described the Pd-catalyzed

carbonylation reaction of imines to enamides.[12] 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)).

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 NaBH4 as the reducing

agent and I2 as the catalyst to obtain the corresponding amino alcohols in almost

quantitative yields.[13] Afterward, the amino substituent of the amino alcohols was

protected with the respective protecting group.[14] 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.[15] 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 BLiX [2d] and aziridines in C6D6 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 1c 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.

Scheme 2. Isomerization of terminal aziridines with different protecting groups (PG).[a] [a] The yield of 2 was determined by 1H

NMR calibrated to 1,3,5-trimethoxybenzene (internal standard). [b] Along with 28% of dihydrooxazole. [c] rt. [d] 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 LiNTf2 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.[a]

Entry Catalyst [mol%] Additive
[mol%] T (°C) Time

Yield

[%][b] (Z:E)

1 5 (A) 10 (LiBr) rt 24 h < 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 (LiNTf2) rt 24 h 66 47:53

5 5 (C) 10 (LiNTf2) 40 4 h 87 47:53

6 5 (C) 10 (LiNTf2) 60 4 h 87 45:55

7 5 (C) 10 (LiNTf2) 80 4 h 96 41:59

8 5 (C) - 80 4 h 0 -

9[c] 5 (C) 10 (LiNTf2) rt 24 h <5 -

10[d] 5 (C) 10 (LiNTf2) rt 24 h <5 -

11 3 (C) 10 (LiNTf2) 80 4 h 91 40:60

12 1 (C) 10 (LiNTf2) 80
4 h 90 54:46

24 h 90 33:67

13 1 (C) 20 (LiNTf2) 80 4 h 93 45:55

14 1 (C) 5 (LiNTf2) 80 7 h 86 28:72

15 1 (C) 70 (B(C6F5)3) rt 2 h 23[e] 57:43

16[f] 1 (C) 10 (LiNTf2) 80 4 h 88 35:65

17[g] 1 (C) 10 (LiNTf2) 80 4 h 88 36:64

18 - 10 (LiNTf2) 80 4 h 0 -
[a] All the reactions were carried out in J. Young NMR tubes and the additive was pre-activated with 10 μL THF-d8. [b]
The yield (1H NMR) of 2e was determined using 1,3,5-trimethoxybenzene as internal standard. [c] THF-d8 as the

solvent. [d] CD3CN as the solvent. [e] along with 40 % N-Boc deprotected product; full conversion of 1e. [f] 0.2 M of 1e.
[g] 0.4 M of 1e.

https://de.wikipedia.org/wiki/Grad_Celsius
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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, LiNTf2 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 C6D6 is

replaced by THF-d8 or CD3CN, which indicates competitive binding between THF-d8
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% LiNTf2 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(C6F5)3 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, C6D6, 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% yield. 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 1H 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.

Scheme 3. Substrate scope of the rhodium-catalyzed isomerization of N-Boc terminal aziridines.[a] [a] The yield of 2 was

determined by 1H NMR against the internal standard 1,3,5-trimethoxybenzene and Z:E ratios are given in brackets. [b] 0.3 g of 1e
(1.3 mmol) and 1 mol% catalyst C used; isolated yield of 2e in brackets. [c] 5 mol% catalyst C.

A nucleophilic mechanism for the aziridine isomerization by a palladium(0) catalyst

was suggested by the Wolfe group.[7] 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.[2b,e]

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‒ RhI 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 β-hydride elimination (iii) could lead to the RhIII 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 RhIII

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 RhIII hydrido complex i-2 would require the breaking of a strong NH
bond and thus seems less likely.

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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Chapter 5

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.[1] 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.[2] Concerning the stereoselectivity of the

reaction, recent examples showed that (E)-alkenes were mainly delivered due to

secondary isomerization processes[3], except in some cases.[4] Therefore, the

development of new and selective homogeneous semihydrogenation catalysts that

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

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,[5] Ru,[6] Rh,[7] Au,[8] and Ir[9], however, the number of well-

defined catalysts that apply H2 as the hydrogen source directly is surprisingly low.[10]
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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).[10i] To continue our interest

in homogeneous catalysis with an array of the successfully generated [M(bimca)Homo]

complexes,[11] we decided to investigate the semihydrogenation of alkynes with the

novel CNHCNCNHC-pincer Co(I)-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 H2 in C6D6 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 H2 (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-d8 was used instead of C6D6, 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 H2 (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 H2. 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% yield (Table 1, entry 15). For

comparison, the 1H NMR spectra of substrate 2, the generated alkane 3 and the (Z)-

alkene 4 are presented in Figure 2. Further modification of the reaction conditions

was not undertaken because of time reasons.

https://de.wikipedia.org/wiki/Grad_Celsius
https://de.wikipedia.org/wiki/Grad_Celsius
https://de.wikipedia.org/wiki/Grad_Celsius
https://de.wikipedia.org/wiki/Grad_Celsius
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Table 1. The semihydrogenation of 1,2-diphenylethyne (2): Optimization of the reaction conditions.[a]

Entry [Co] H2 Solvent T (°C) Time 3 : 4 : 5 Conv.

1 10 mol% 4 bar C6D6 80 °C 24 h 100 : - : - 100%

2 10 mol% 2 bar C6D6 80 °C 24 h 91 : 9 : - 94%

3 10 mol% 1 bar C6D6 80 °C 24 h - : 100 : - 40%

4 10 mol% 1 bar C6D6 80 °C 72 h - : 100 : - 45%

5 10 mol% 4 bar C6D6 60 °C 24 h 100 : - : - 93%

6 10 mol% 4 bar C6D6 50 °C 24 h 26 : 74 : - 67%

7 10 mol% 4 bar THF-d8 50 °C 24 h 72 : 28 : - 73%

8 10 mol% 4 bar CD3OD 50 °C 24 h - NR

9 10 mol% 4 bar CD3CN 50 °C 24 h - NR

10 10 mol% 4 bar C6D6 40 °C 24 h - : 100 : - 25%

11 10 mol% 6 bar C6D6 40 °C 24 h - : 100 : - 54%

12 10 mol% 8 bar C6D6 40 °C 24 h - : 100 : - 58%

13 10 mol% 10 bar C6D6 40 °C 24 h 87 : 13 : - 100%

14 10 mol% 10 bar C6D6 40 °C 16 h 29 : 71 : - 67%

15 5 mol% 10 bar C6D6 40 °C 24 h - : 100 : - 76% (75%)[b]

[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 1H NMR.
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Figure 2. a) Substrate 2 (*) in C6D6 (C6HD5: #). b) The generated alkane 3 (Δ) 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 ( ) 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 C6D6 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 1H 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.

*
*

#

Δ

Δ

Δ

§
§

§

c) Substrate 2

b) Alkane 3

a) Alkene 4




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Table 2. The semihydrogenation of ethynylbenzene (6): Optimization of the reaction conditions.[a]

Figure 3. a) Substrate 6 (*) in C6D6 (C6HD5: #). b) The generation of styrene 8 (Δ) with the reaction conditions of entry 7 in table
2 with 1,3,5-trimethoxybenzene () as the internal standard.

Entry [Co] H2 Time 38 : 39 Conv.

1 10 mol% 4 bar 24 h - : 100 32%

2 10 mol% 4 bar 7 d 1 : 99 100%

3[b] 10 mol% 4 bar 7 d 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%)[c]

[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 1H NMR.

*
*

*

#

Δ
Δ Δ

b) Substrate 6

a) Alkene 8


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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 μmol), catalyst 1 (x mol%) and a certain amount of the internal standard

(1,3,5-trimethoxybenzene) in C6D6 (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 H2 (x bar) at room temperature. The

reaction mixture was heated at the given temperature and analyzed by 1H NMR

spectroscopy.
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Summary

The novel CNHCNCNHC-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 α-aryl oxiranes. D/H

exchange experiments provide strong evidence for a β-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).

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

The air and moisture sensitive cobalt(I) complex (C), based on the pentadentate

pincer bis-NHC ligand bimcaHomo, 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).

Figure 1. Left: Cobalt and iridium complexes (C and D) with the bimcaHomo 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).

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

With the novel cobalt(I) 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 (Z)-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).

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(bimcaHomo)] 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(bimcan-Bu)(H)2]2 and [Ir(bimcan-Bu)(H)2]2 should

be isolated. As the generation of alcohols was observed in the Meinwald

rearrangement when 1 bar H2 was present, the hydrogenated complexes should be

tested on the hydrogenation of ketones, aldehydes and other compounds containing

unsaturated bonds.

Moreover, the reported [Rh(bimcaHomo)] and [Rh(bimcaMe,Homo)] 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.



Publications

107

Publications

Part 1

Regio- and Chemoselective Rearrangement of Terminal Epoxides into Methyl Alkyl

and Aryl Ketones

Part 2

Nucleophilic Isomerization of Epoxides by Pincer-Rhodium Catalysts: Activity

Increase and Mechanistic Insights

Part 3

Synthesis and Reactivity of Cobalt(I) and Iridium(I) Complexes Bearing a

Pentadentate N-Homoallyl Substituted Bis(NHC) Pincer-Ligand

Part 4
Nucleophilic RhI Catalyzed Selective Isomerization of Terminal Aziridines to

Enamides



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 1



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 2



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 3



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Publications: Part 4



Abbreviations

Abbreviations

acac acetylacetonate

bimca 1,8-bis(imidazolin-2-ylidene)-3,6-di(tert-butyl)carbazolide

Boc tert-butyloxycarbonyl

b.p. boiling point

Cbz benzyloxycarbonyl

COD 1,5-cyclooctadiene

COSY correlation spectroscopy

DCM dichloromethane

DMF N,N´-dimethylformamide

DMSO dimethyl sulfoxide

eq equivalent

EtOAc ethyl acetate

FG functional group

HMBC heteronuclear multiple bond correlation

HOMO highest occupied molecular orbital

HSQC heteronuclear single quantum coherence

iBu 2-methylpropyl

-I-effect electron-withdrawing inductive effect

iPr iso-propyl

KHMDS potassium bis(trimethylsilyl)amide

LiHMDS lithium bis(trimethylsilyl)amide

LUMO lowest unoccupied molecular orbital

m-CPBA meta-chloroperoxybenzoic acid

+M-effect mesomeric effect

m.p. melting point

nBu butyl

NHCs N-heterocyclic carbenes
nJ coupling constant over n bonds

NMR nuclear magnetic resonance

NOE nuclear overhauser effect

PG protecting group



Abbreviations

rt room temperature

tBu tert-butyl

TEA triethylamine

Tf trifluoromethanesulfonate

THF tetrahydrofuran

Ts 4-toluenesulfonyl
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