Reactivity Studies of a Donor Stabilized Borylnitrene

Using Matrix Isolation and Computational Tools

Dissertation
der Mathematisch-Naturwissenschatftlichen Fakultéat
der Eberhard Karls Universitat Tubingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften
(Dr. rer. nat.)

vorgelegt von
Virinder Bhagat

aus Kathua, Indien

Tubingen
2024



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der
Eberhard Karls Universitat Tubingen.

Tag der mundlichen Qualifikation: 02.08.2024

Dekan: Prof. Dr. Thilo Stehle

1. Berichterstatter/-in: Prof. Dr. Holger F. Bettinger
2. Berichterstatter/-in: Prof. Dr. Reinhold Fink

3. Berichterstatter/-in: Prof. Dr. Wolfram Sander



G.& O0StASOGAY3I LI aarzyldisSte A
is whatever we have nét dzZF TA OA Sy if & RSaAN
@ CNIyTl YI Tl

a2YSGKAY3 GKI G
RdE

B <



Table of Content

Table of Contents

Abbreviations and SYMDOIS..........cooiiiiiiiiii e iii
Y 0111 7= Vo PSR UURPPPPP Y
ZUSAMMENTASSUNG ....eeeeeetiie e e et eettimr ettt s e e e e e e e e atb e s smeeeb e e e e e e e eeesban e e e e e e amanaeeeens Vi
LISt Of PUDICALIONS. ...t e e eeeeees IX
Publications Included in the ThesSiS.........cccuiiiii e iX
Other PUBIICALIONS. ... e e e e e e X
PersonalContriDULIONS..........uui e e e e e e e e e e enn s X
I 1 1 Yo [T £ o SRR 1
1.1 Nitrenes: A General OVEIVIBW .......cooeiiie ettt eeeaeennnee 1
1.2 Typical Reactions of Nitrenes and Different Methods of Generation..................: 4.
1.3 Comparison Between the Reactivity of Carbenes and Nitrenes...............oce..... 9
1.4 Applications Of NItFENES........cooviiiiiiiiieiieieit e e e e e e e s 12
L O BOMYINIEIENES. ... e e e e e e e e e e e e e e e e e e 12
1.6 Donor Stabilized Borylnitreness Other Nitrenes: Comparison of the Electronic
) (0 (o1 L1 PP 16
1.7 Donor Stabilized Borylnitrengs.Other Nitrenes: Comparison of Reactivity........ 19
1.7.1 Reactivity in the Triplet State.............uvriiiiiiiir e 19
1.7.2 Reactivity in the Singlet State..............uueiiiiiiicrre e 24
2 Objective and EXpected OUICOMES........ccciviiiiiiii e ceii e er e e e e e eaaaens 36
Y [ i gTe o [o] (0T ) VPP PPPTRRR 38
3.1 MatriX 1SOlAtiON SETUD.......uuvireeiiiiireer e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeeees 38
3.2 Computational Methods..............uuuuiiiiiicceceee e 41
4 RESUIS aNd DiSCUSSIONL.....ccieieiiiiiieeeeeeeeiier e e e e et et e e e e e e e eeeetame e e e eeeatnaeeeeeeeenennnnnnan 44
4.1 Mechanism for the reaction of Dioxygen with Triplet Borylnittene....................44
4.2 Reaction of Singlet Borylnitrene with Carbon DioXide.............ccveeviiiiieiiinnnininnn 46
4.3 Photoexcitation of Borylnitrene @A electronic state............cccceeevevveeeiiieeeecveenn, 48
4.4 The reaction of Borylnitrene with Ethene.............cccocceoii i, 50
LI R E (=T =] L0 59
U o] 103 U1 0] o = 66



Table of Content

PUBIICALION L.t e e e s e e e e 66
PUBIICALION 2.t e e e e e e 66
PUBIICALION 3. e e e e e e 66
ACKNOWIEAGMENTS. ...ttt e e s e e e e e e amr e e e e e e e e e et s e e e e e e eeessaneaaeennes 67



Abbreviations and Symbols

Abbreviations and Symbols

UV/Vis
IR

Ar

Ne

Kr

Xe
FVP
EPR
ISC
PES
PAL
cat

pin
NIPES
oG
sccm
CASSCF
HF
MRPT
NEVPT2
CC
MECP
Cl

FIC

TS

Ultravoilet/visible

Infrared

Argon

Neon

Krypton

Xenon

Flash vacuum pyrolysis

Electron paramagnetic resonance
Intersystem crossing

Potential energy surface

Photoaffinity labeling.

catecholato

pinacholato

Negative ion photoelectron spectroscopy
Orange glass

Standard cubic centimeters per minute
Complete active space setbnsistent field
HartreeFock

Multireference perturbation

N-electron valence state perturbation
Coupled cluster

Minimum energy crossing point
Conical intersection

Full internally contracted

Transition state



Abstract

Abstract

Matrix isolation studies of the reactivity of a donor stabilized borylnitrenajtno-1,3,2
benzodioxaborole (catBN; cat = catecholato), with reactants such as dioxygemrdon
dioxide (C@), ethene (@Hs), etc. were carried out which comprised of exploring the
mechanistic aspects and product identificationhe computational data obtained using

density functional theory (DFT) aat-initio methods corroborated the experimental results.

The matrix isolation studies of the thermal reaction of catBN witlieQulted in the
formation of two products: ananti-nitroso-O-oxide and a nitritoborane catBONO at
temperatures as low as 7 K. In the next step, the irradiation With254 nm resulted in the
conversion of previously formednti-nitroso-O-oxide to catBONO. Computational studies

were performed at a high level of theory to explain the experimental observation.

On the other handthe photoreaction > 550 nm) of matrix isolated catBN with £O
resulted in a 1,dxaziridin3-one derivative, catBNGOThe computational and heavy isotope
studies using theheavy isotopologues of COshowed that the CO vibrational mode is
unusually shifted if80 and3C isotopologues of catBN@ue to its involvement in Fermi

resonance with ring deformation vibrational mode.

In a separate computational study, the high photoreactivity of catBN with clekell
molecules uponl > 550 nm irradiation was explained. The study showed that upon
photoirradiation withl > 550 nm, catBN relaxes to the lowest singlet electronic state. The
lowest singlet electronic state is highly electrophilic, and therefore, evidence is provided by

this study that explains the high photoreactivity of catBN. Furthermore, the reaction of



Abstract

borylnitrenecatBNwith ethene GHs was investigated under matrix isolation conditions both
thermally and photochemically. In the thermal reaction (T = 35 K), the products of the reaction
were assigned as aziridine asyghisomers of imine. Meanwhile, both thleynandanti isomers

of imine were identified in the photoreaction in addition to aziridine.
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Introduction

1 Introduction

1.1 Nitrenes: A General Overview

Reactive intermediates are shdived chemical species whose involvement in many chemical
reactions is well understood. In a multistep chemical reaction, reactive intermediates are
formed and converted to other reactive intermediates or the final prodtidExamples of
some of the welktudied reactive intermediates are radicals, ions, arynes, carbenes, nitrenes,
etc® Out of these reactive intermediates, nitrenes are highly importantintrodudng a
nitrogen atom into a chemical moiety. A nitrereed monovalent andp hybridized nitrogen
atom containing a reactive intermediate as it exhibits only a sextet of electrons on the
nitrogen atom and not a full octdt: 71 The nitrogen center displays three ntwonding
orbitals: two unhybridized orbitalgy andpx, and onesphybridized orbital represented asm
(Figurela) ™ The chemical behavior of nitrenes can be understood in terms of the distribution
of four electrons over thehree non-bonding orbitals. The orbitadx is usually referred to as
pp because it is perpendicular to the plane of the nitrene, and thelamepyis referred to as
Sp. The four electrons are then filled in different ways into ta@®nbonding orbitals which
leads to four different types of electronic configurations (Figlekexhibiting overall triplet
or singlet spin multiplicitie®! Due to the highs character ofsp hybridized orbital pe.it is
lower in energy thanpp, and s, and remains doubly occupied in these electronic
configurationd® These electronic configurations account for the chemically relevant lower
electronic states in nitrenes. Depending on the electronic configuration of a specific state, the
reactivity of nitrene changel8!

In the simplest case of a nitrene, called imidog€rIN), the high molecular symmetry

leads to degenerate, unhybridizgxl and pxorbitals!!]

1
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Figurel. a) Frontier norbonding orbitals in a nitrene. b) Lifting of degeneracy betweemnpthe
orbitals because of substitutg the H atom with other substituents. c) Different electronic

configurations of nitrenehat are responsible for lower electronic states.

This degeneracy is lifted once the H atom gets replaced with electron donating substituents
like -CH, -NH, -OCH etc., by stabilizing odestabilizing thex orbital through the interaction
with electronfilled donor orbitals Figurelb). The degeneracy can also be affected by the
discriminatory interactions with iplanepy orbitals, e.g., in acylnitrend¥.The magnitude of

the energy gaE:.py between thepxandpy orbitals in a nitrene is a function of the electron
donating power of the substituentR group) attached to the nitrogen atom as indicated in
Figure2 (R < R < R). DExpy, in turn, affects the singletriplet energy splittingDEs T (Es-Er)

and, hence, the reactivity of a nitrene. Another determining factor for the relative energy
ordering of singlet and triplet states is the magnitude of exchange engsgy the triplet
state. A higheEx than the DExpyleads to a triplet ground state and a positikést, and a
lower Eex than the DE.py leads to the singlet being the ground state and a negabizer

(Figure2) Bl Similarly, the lifting of degeneracy betwegnand py by different substituents
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can explain the relative energetic ordering within different types of singlet st&igsiielb).

In thecase of small energy splitting betweprandpy, the pair of electrons prefdo minimize

the Caulomb repulsion between each other with a slight energetic penalty by promoting one
of the electrons into the higher energyorbital. This results in the singlet state having the
lowest energy with an electronic configuration of type ii (Figure 1c). In the high energy
splitting case, the energetic penalty of promoting one of the electrons into a higher epergy
orbital is prohibitively high compared to the energetic stabilization gained by reddlceng
Coubmb repulsion. In this case, electronic configuwas of type iii or iv (Figure 1c) are

preferred and, therefore, present in the lowest singlet state in a nitr€he.

Ay Ay (1) Ay ()
Ground @ @
o ofe O ofp
A
— Py AESPX‘py
S
3 — Px AE2py oy
(]
0
o - Ppy—  — Px — py — Py AET oy

magnitude of electron donation to the p, orbtial

Figure2. The interplay between energy splittinBFoxpy, betweenpx and py orbitals and

exchange energl.x determiningthe ground state multiplicity of a nitren@l

The history of nitrenes dates back to 18@hen Tiemann first proposed them as a
reactive intermediate in the Lossen rearrangemeaaction'® One of the earliest and
simplest studied nitrenes, HN was first proposed as a reactive intermediate Bgyckman
and DickinsonlIn their study, they used the hydrazoic acid:l2Nis a precursor that would

releasel upon high energy UV light irradiation (Schefjeeq. 1). They concluded that 27

3
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of the photodecomposition products ¢ correspond to dihydrogen Hand dinitrogen N,
while ammonia (NHs) accounts for the remaindét!! Until this point, there was no
experimental evidence for the direct detection of nitrebgwhich was observed for the first
time in 1936 using UVIS spectroscopy targeting a strong absorption at 336'AHN1 was
also formed during ammonia pyrolysis at very high temperatures exceeding®@(86heme

1, eq. 2) Later, in1960, under very low temperature conditions (4.2 Kysérisolated2 in
frozenxenon and kryptorand formedl1 photochemically, which could be analyzed using UV
VIS spectroscopfschemeél, eq. 3) Furthermore, their experimental finding also concluded

the formation of NHradical4 as a minor product in the photoreactidt!

® O —
1) HN=N=N - = NHs+ N, + H, 2) NH; 1=2273K_  \
2 3 3 1
® O o
3) HN=N=N % H-N + NH, + N,
2 1 4

Schemel. Early studies of imidogeh (HN) under different reaction conditions and using

different precursors.

1.2 Typical Reactions of Nitrenes and Different Methods of Generation

The neutral monovalent nitrogeoentered reactive intermediates, namely nitrenes, are

frequently used species to introduce nitrogen containing functional groups into a stable

molecule. Because of high electron deficiency, nitrenes react ferociously bynoiecular
insertion, even intovery strong bondgScheme2). One of the welknown reactions of
nitrenes correspondo the addition to theunsaturated bonds to form aziridiri#!41% andthe

insertion into the stable GgbH bond of a molecelthat results in aminé.[*6-2% Furthermore,

GKS AYyaSNIAz2y NBFOGA2Yya Ayid2 GKS adNey3

4
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the form products7 and 8, NS & LISOGA @St &3 GSNBE | faz NBELRNIS

insertions, nitrenes such agkoxycarbonylnitrend4 and sulfonylnitrenel 7, when generated
photochemically or thermally from the corresponding azid@sand 16, respectively, have
shown considerable reactivitt! p-Cyanophenydizide 19 photochemically forms a nitren20

GKFG AyaSNIa iKS

Ay i2 b b | 21; Ghs yectiod Pathway ¥ S i K &

preferred only for a particular wavelength of light used to generate the nitféfe.

a)

p intermolecular reactions N
R-N

intramolecular reactions —
X-N

R'<

R, R
R'\
R'>:7I\R‘ R—CNHR R'ONHR
N I/
R R
5 6 7

R'<

8

N-H

-

9a

0,

o

R/NNHR RNO, RONO

9b ) (

vIA R—CH,0H
1) CszO_CO_N3 —— C2H50—CO—N —— C2H50_CO_NH'OCH2_R
13 14 15
2) QSOst v @SOZN _MeOH _ @SOZNHOMe
16 17 18

Me,NH
3) NCOM v NCON — NCONHNMez

19 20 21

Scheme2. a) General reactions of nitrenes. b) Examples of nitrene insertion intd thel
02yYR 2F fO02K2f YR (KS bbbl 062yR 2F | YAYySo
Regarding the triplet state reactivity of nitrenes, the reaction with dioxygen i€O

widely studied with different nitrenes. The nature of the fipmbduct @a or 9b) formed in

this reaction strongly depends on the type of nitrene employed. For instance, phenylnitrenes

5
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give the nitro product as the thermodynamic product, and borylnitrenes are known to form
the nitrito product (Section 1.7.1 for detail8}?¢! Also, depending on the substituent
attached to the nitrene, intramolecular rearrangements can be highly competitive with the
often-desired intermolecular reactivity. In this regard, some of the Aketiwn reactions are:

1) Intramolecular 8H bond insertion to form cyclic amin&6;?712) 1,2shift of an alkyl group

or H atom that forms imine$1; and[?”- 2813) Rngexpansion reactions in phenylnitrenes that
result in the formation of ketenimine product2.?®! Moreover, there are several methods

to characterize and study the reactivity of nitrenes using different precursors used to produce

them.

Studies related to nitrenes mainly constitute: 1) Kinetically trapping nitrenes under
cryogenic conditions using inert gas matrices and their characterization using spectroscopic
methods, e.g., the matrix isolation technique) ttme-resolved spectroscop and 3) the
trapping of nitrenes with a suitable scavenger in the solution. Several precursors to nitrenes
have been used to characterize and study their reactivity using these techni§okeme3
illustrates some of these precursors such as azidd$, 232 jsocyanate$? 34
alkanamidateg$®® 36land sulfinilimines*” Organic azides are primarily used as precursors for
the generation of nitrenesn matrixisolation studies, thesprecursors are caleposited with
the inert matrix host (e.g., Ar, A\etc.) on a cold window, and the deposited mixture is
photolyzed to give the corresponding nitren@g3: 38 3lThese precursors are known to yield
nitrene upon flash vacuum pyrolysis (FVP), which can then be trappeddsposition with
the matrixhost on the cold windowW?®! The nitrenes produced in these ways are characterized
by different spectroscopic methods, e.g., W5, infrared (IR), electron paramagnetic

resonance (EPR) spectroscopies, etc. In addition-teselved spectroscopy combined with
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U\AVIS detection plays an instrumental role in deciphering the reactivity of nitrenes and their
characterization. In this technique, the precursor of the nitrene is photoexcited, and then, a
change in the absorption wavelength is monitored usinguésed laseras time evolves.
Different absorption patterns at different points indicate the precursor's temporal evolution

in different excited states and, eventually, the formation of nitrene and other prodécts.

32, 40]
hv/A
1) RN=N=N ——> RN + N, 2) RN=C=0-A,. RN + CO
[CSXC) hv

®

S S

]

ONR + R—N

Scheme3. Various known precursors for tlyeneration of nitrenes

In the solution phase, nitrenes are generated by photolyzing a suitable azide precursor
dissolved in a hydrocarbon solvent (e.g., cyclohexane, cyclohexene, etc.). These nitrenes are
then trapped by reaction with the hydrocarbon solvents, resultinghiil @sertion products
or aziridines in the case of unsaturated hydrocarbon solvéhts. 20 41. 42pepending on the
substituent attached to the nitrene center, there are alternative reaction channels that
compete with the intermolecular trapping reactisnFor example, the photodecomposition
of phenylazide in solution results in the formation of polymeric tars despite the presence of
trapping reagent&® In contrastfluorinated phenyazide results in an efficient@ insertion
in the presence of a scavendé&. 43! Also, sulfonylazide$*y carbonylazide&®! and
phosphoryazide§*! show similar reactivity and are known for their intermolecular trapping

reactions.
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717

Schemed. Transition metal mediated enantioselective nitene transfer reactions.

Using transition metal complexes as nitrene surrogates and utilizing thembtér C
bond amination and unsaturated=C bond aziridination is also one of the critical aspects of
nitrenefromada @ Y  KSG A O OK S YA Eni§ Kind of hitfeeyfréinsfé feactbi dridsd
back to the work ofGroves and Takahashwhere they used amanganesenitrene complex
for the aziridination of an olefiH®! Later on, a similar idea was used f&tHbond amination
as well by Breslow, where he used a different nitrene precurgdi-(p-
toluenesulfonyl)imino]phenyliodinanéTsN=IPhYXogether with iron and manganese TPP
(tetraphenylporphyri) complexe$??! Furthermore, Jacobseet al. demonstrated the high
tendency of these transition metal nitrene complexes to react enantioselectively when a
chiral ligand is employe@” They reported an enantioselective aziridinatiafi several
alkenes using a coppéased catalyst an@isN=IPlas a nitrene sourcdn the case o6-cyanc
2,2-dimethylchromene the enantioselective aziridination &2 with a high enantiomeric
excess of >98 % wabtained (Schemda). Similarly enantioselective &€H bond amination

was also attempted using a transition metased surrogate. The first of such reactions was
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reported byMiiller using a combination oArSGN=IPhand a dirhodium(ll)complex®! The
GbHinsertion of indarR4 resulted in enantioselectivamination with an enantiomeric excess
of 31% Schemedb). Effortso improve the enantioselectivity were made after that by using
different types of coordinating groups to thaodium(ll)metal center, e.g., ROTCPTADR)
[TCPTAD =ktrachlorophthaloyi(l-adamantyl)glycinate] was able to give an excellent

enantioselectivity for the EH amination reactior?

1.3 Comparison Between the Reactivity of Carbenes and Nitrenes

Nitrenes are usually considered as the nitrogen analogs of carbenes due to their comparable
electronic propertied®d Consequently, a comparison between the two types of reactive
intermediates is often provided in the literatufe:>" In the case of reactivity, carbenes and
nitrenes differ significantly even though they differ only in terms of replacing a lone pair with
a @GR bond (such as IHN andH.Cor comparably substituted carbenes and nitrenel§®) 58l

As an example, the reaction rate of triplehenylnitrene with dioxygen is much lower than
that of triplet phenylcarbene. The initial interaction of carbenes and nitrenes withi@s
carbonylO-oxides27 and nitroseO-oxide29, respectively, as shown in Schebz®®! A study

by Sander has shown that, even under cryogenic conditions, the rate of the reaction of
phenylcarbenes with &can approach the limit of diffusion contré?! In contrast, the rate for

the reaction ofp-substituted phenylnitrenes and x0amounts to only 18 LmolP! s in
solvents such as toluene and hexdf®A detailed computational study dgordenet al. has
explained the lower reactivity of triplet nitrenes compared to that of carbenes using the
thermodynamical argumeni®’! For comparisonthe study was carried out on isoelectronic
carbene3l and nitrene31. According to the study, the enthalpy of tripl82 is lower than

that of triplet 31 by 2326 kcal mdt, which reflects the relatively lower bond dissociation
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energies (BDE) 8Dthan 33. Separately calculatedifference oBDE®f N- H and €H bonds
for 30 and 33, repectrivelf(Scheme5h) came out to be around 2@cal mot!, which
gualitativelymatches their relative enthalpie$he enthalpy calculations and BDE calculations
point towards a higher thermodynamical stability of trip[@2 compared to triplet31 and,

therefore, an opposite trend in the triplet state reactivity.

a)
R\ +02 R @ . +02 R. O
C —_— > CcC=0 R—N. — 5 N~ \O(9
/ \ *
R R Oo
26 27 28 29

b)
H_-- H\. .e .
N. C' .N. H\C/H
AN _— AN
ol ol
30 31 32 33

Schemeb. a) Comparison of triplet state reactivity of carbenes and nitrenes. b) Equation to

calculate the relative BDEs 8 and 33.

Another point of contrast between phenylcarbenes and phenylnitrenes is their singlet
state reactivity. In solution, both phenylcarbenes and phenylnitrenes are produced
photochemically from their precursors, which usually corresptmdliiazo derivativeand
azides, respectivelf{Scheme®6). This photochemical extrusion of dinitrogen from the
precursos 34 and 39 results in the lowest singlet state of phenylcarben@A} 35 and
phenylnitrene (3A2) 32, respectively. So formephenylcarbene35 and its derivatives are
known to be efficiently trapped by various trapping agents, such as alcohols, alkanes, etc.,
and hence, relevant from an organic synthesis point of W&®2 A high kinetic barrier for

the ring expansion o085 in the (*Aelectronic state to form 1,2,4;6ycloheptatetraene37
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makes this step possible only in the gas phase, which results th@minability of
phenylcarbene to dissipate its vibrational excess enéftjyOn the contrary, the singlet state
(6A2) of phenylnitrene 32 yields polymeric tars in solution, which result from the
polymerization of an intramolecularly rearrangedketenimine lazal,2,4,6
cycloheptatetraene41.® 63ln the presence of trapping reagents, such as diethylamitie,
can be trapped, forming an azepine derivati¢2 (Scheme6).’4 At low temperatures,
rearrangement reactions are frozen qwnd the intersystem crossing3C) step becomes

favorable resulting in the formation of triplet phenylnitren@*A-32.129

' hv/Al

&)
c: “N-
gas phase I solution
- 5 R SN
! NR,

a1A-35 36 5'A,-32 40 @
I ‘ \ ISC \ \_/

42
H\. oo
C ! oNo
h | Z
00 @ ==
! N\
37 41

X3A"-35

X3A,-32

Schemes. A comparison of the reactivity of phenylcarbe®@&sandphenylnitrene32.
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1.4 Applications of Nitrenes

Regarding the application of nitrenes, these highly reactive species have been exploited in
diverse fields of chemistry in different ways and for different purposes. Physical organic
chemists tend to explore the structugroperty relationship of these spees, which is further
used in synthetic organic chemistry to introduce the nitrogen atom into a stable mol&gule.
On the other hand, nitrenes find their application in chemical biology and drug discovery,
where they are used as photoprobes for photaaity labeling (PAL). In this technique, the
photoprobe containing an azide moiety (e.gglyluorinated aryzides) is prone to bind
covalently to the target biomolecule (a protein molecule, usually) upon photoirradiaisn
nitrene formation. In this way, the technique can help in identifying a new binding site for
proteins, providing structural information, identifying conformational changes, and offfers.

671 Azides, precursors to nitrenes, are used as photoresists in the fabrication of semicanducto
circuits in photolithography process&8 Furthermore, nitrenes (oycarbonylnitrenes) are

also used to functionalize carbon nanotubes and fulleréffes? In recent times, the
potential of nitrenes as magnetic materials has been recognized.-dgighnitrenes have
been employed as model systems to create métaé magnetic material€X73l These high

spin nitrenes, which have strong ferromagnetic coupling, are produced from aromatic

molecules containing multiple azide moietiés’®!

1.5 Borylnitrenes

Vinylidenes are a type of carbene known for their high reacti%it§23 Such high reactivity
arises from the high electrophilicity of these species. They are known to activate very stable

(bH bonds by inserting into them (e.g., th&éHCbond of the methane molecule, Scheme

12
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7a)18% Also, the insertion into the H bond is well known for these carber&¥.0n the
contrary, a typical singlet ground state carbene containing an electronegative substituent
displays a reduced electrophilicity and, hence, faces high enough barriers to impede the
insertion reactions at lowemperature conditions®¥ The reason for such a high
electrophilicity and reactivity of vinylidenes is understood by visualizing the electronic
structure of these species (Schera). Vinylidenes exhibit a singlet ground staféAy),
unlike typical carbenes such as,d; PhHC, etc., which have triplground states
(WA ((PAE).12:85. 86D ye to the highes-character of the doubly occupiesphybridized orbital

in vinylidenes as compared to the lowecharacter of the doubly occupiesi? hybridized
orbital in a typical carbene, the singlet state is more stable than the triplet state in vinylidenes.
This can also be understood by the relationship between the bond abgleRRof a carbene

with regard to the singletriplet gap. The lowest singlet state of a carbene gets stabilized
upon a decrease in the bond angle; vinylidenes can be viewed as displaying a zero degree
bond anglg®! To usethe high reactivity ofvinylidenes, they must display dong enough
lifetime. In the prototypeof a vihylidene44, the barrierfor intramolecular [1,2] Fshift was
calculated to be only 1.3 kcal niblHence, it prefers to convert into acetyledBrather than

react intermolecularly with stablelEl bonds®”! In contrast, replacing the two H substituents
with two F atoms results in metastable vinylide#@ with a calculated barrier of around 36
kcal mot! to undergo the [1,2] &hift[’8] The origin of the barrier was shown to be the
antiaromatic nature of the transition state (TS) involved, where the atigg F atom is
unbound in the T®8 Therefore, 46 shows highbimolecular reactivity towards stable

chemical systems (e.g., Xe,4CH, etc.) under cryogenic conditioffg80]
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In addition to this, borylnitrenes (Schenib) display a BN unit that isoelectronic to
the CC unit of vinylidenes. Therefore, similar properties of borylnitrenes and vinylidenes can
be expected3! Additionally, a compound like borazine is isoelectronic to benzene, where
three CC units are replaced by three BN units. It has been established that borazine has
O2YLI NFofS LINPLISNIASE (2 0SSyl SyS I8RUsihga 2F 0 S
a similar analogy, iminoborar can be related to acetyler#5, as shown in Scheni&.

a) b)

Boryinitrenes

Vinylidines

H R H @EO\ ®
® ©B=N:
=C: c=cC: ©B=N: /
/C C / 1 (0]
H F H
X1A-44 X'A,-46 X'A,-48 a'a,-50
first order local minimum first order local minimum
saddle point saddle point
lmm l+CH4
l R H i H
\ oo @[O\B_N'
H—-C=C-H - —B=N- /
/ \ H—B=N-H o \CH3
F CH;
45 47 49 51
intramolecular intermolecular intramolecular intermolecular
rearrangement reactivity rearrangement reactivity

Schemer. The isoelectronic relationship between vinylidenes and borylnitrenes leading to a

similar reactivity.

Further, in borylnitrenes, the similarity in the chemical behavior compared to vinylidenes is

reflected by the similarity in the electronic structure of their lowéat state. The prototype
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of borylnitrene 48 has a singlet ground electronic stad@A;, which closely resembles the
ground electronic state o#4. The resemblance is due to the emptyplane p orbital
electronic states on both speciesyhich results intheir high electrophilicity3t: 93 94
Computationally, it was found that borylnitre8 is a firstorder saddle pointvithin the Gy
point group, which relaxes iminoborad® upon removing the symmetry constraif#! The
computational findings were supported by the experimental data, which showed that the
thermolysis of dialkyl and diaryl azidoborane forms iminoboranes without the observation of
trapping products resulting from potentially forming borylnitrene intemietes!®® This knd

of chemical behavior of borylnitrenes is reminiscent of the reactivity of vinylidéhe
Nevertheless, the diamino derivatives4gwith bulky substituentsvere successfully trapped

in a photolysis experiment of precursors:X\iRBN:.[*”] Compared to48> G KS A G NBy 3 SN
bonds between the amino substituents and the boron atom, along with the reduced
electrophilicity, helped evade the intramolecular rearrangements. Another similar type of
borylnitrenes with two oxygen donor atoms attached to the boronmatoould also show
similar chemical behavipsuch as the itreno-1,3,2benzodioxaboroles0 (catBN; cat =
catecholato) and the2-nitreno-4,4,5,5tetramethyl1,3,2dioxaborolane93 (pinBN: pin =
pinacholatg.[19: 20. 31, 94, 9800] Matrix isolation stuies have shown thab0 in its (A, state
gives insertion reaction photochemically with £bl form 51129 In solution, nitrened3 was
observed to be trapped by hydrocarbons such as cyclopentane and cycloHEx&hmn this
way, there isa distinct category of borylnitrenewhere the intramolecular rearrangement
can be effectively suppressed by the addition of an electron donor, leading toisratwn

as donorstabilized borylnitrenes.
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1.6 Donor StabilizedBorylnitrenes vs. Other Nitrenes: GComparison of the Hectronic

Sructure

The electronic state of a nitrene is characterized by its spin multiplicity (triplet and singlet)
and constituent electronic configurations. The reactivity of a nitrene is influenced by the type
of electronic state of the nitrene that is participating hetreactivityl® Therefore, it becomes

very important to know the characteristics and relative energy ordering of the lower energy

electronic states that are important from a practical point of view.

In imidogenl (HN), the lowest electronic stat&y’S has triplet spin multiplicity and
is characterized bgne configuration of electronsyhere two unpaired electrons occupy the
unhybridizedp orbitals, as shown in FiguB The triplet gound state is possible due to the
low Coulomb repulsion between the electrons when they are present in the two separate
orbitals x and py) and the high exchange energy between the unpaired electrons. This
electronic state is followed by a singlet stafD, which is relatively higher in energy by 36
kcal mol! determined experimentallyand encompasses four different electronic
configurationd? 7- 8 10Thijs situation arises from the high symmetrylathat leads to the
degeneracy of the nobonding py and px orbitals, as discussed in Section 1.1. The third
electronic state o', is of singlet multiplicity and made up of two clossikll
configurationd! 1as determined by the computational studies, which is higher in energy by
61 kcal mdttaccordingto the experimental data. In the case of phenylnitre32 which has
been subject to many experimental and computational investigations, the ground éfi#g,
is of triplet spin multiplicity. Following that, there is a singlet sta®y, with a leading
configuration similar to the ground triplet state but with unpaired electrons arranged in
opposite spinsAccording to negative ion photoelectr@pectroscopy (NIPES) datais state
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is higher in energy by 15.1 kcal fiadompared to the ground triplestate [1°2 Nextin the
energetic order is another singlet stat@t\;, in which the leading electronic configurations
exhibit a doubly occupiegby orbital and an emptypx orbital. Energetically, the state is

approximately 3&kcalmolP! above the ground stategccording to the NIPES ddté 58 102

A .
(1 () () D H (Y @EO\ )
: B-(NMAD) B-(NAY)
H<—>H Ch @ g @
61z 6'A;-32 ATA,-48 5'A,-50
0 0 i
> H - H ;
o 0 CooH M) o ()
v E B~ @[ ‘BN
5o NS >
H > H 417,32 : 53A,-48 41A,-50
ala1
) 0 H (] o 4
H—NA T B-(NHITD @[ B-(VIW)
Ofp ot hg
X351 X3A,-32 X1A,-48 X3A,-50

Figure3. Major electronic configurations of the lowest three electronic statesitrenes1,
32,48, and50.

The energy ordering in borylnitred8is unusual among the nitrenes discussed so far.
As mentioned in Section 1.88 being a firstorder saddle point in the ground singlet state
there is only computational data available related to the relative energy ordering of its
electronic states. The lowesttate, Ay, is a singlet with a doubly occupiga orbital,
resulting from a Lewis acidic boron atom attached next to the nitrogen céfitdime empty
p orbital of the boron atom results in the electremithdrawing effect from the nitrogen
center that moves they and py orbitals far in terms of energy. The energy difference is high

enough that nitrenet8is more stabilized by having two electrons paired in the-émergypx
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orbital despite the associated Coulomb repulsiéfA is the next electronic energy leviel

the energetic orderwhich is similar in terms of electron occupation as the ground state
triplets of 1 and 32. The electronic staté&®A; lies 79 kcal mdf* higher in energy than the
ground electronic stat@@A;. The next energy leveA; lies 28 kcaimol! higher in energy
with both the opposite spin electrons unpaired in thgand py orbitals®¥ However, in
borylnitrene 50, due to the presence divo electron donor oxygen atoms, the energy order
alters compared ta@l8. The reduced Lewis acidity of the boron atom due to the two electron
donor oxygen atoms destabilizes th&\; state as compared to that @¥*As in 48. Due to this
reason,50 favors the triplet statel®®A; as the ground stat&!: %31 The relative energy order
for 50is (PAx < &'A < 0 where a'A; and 6B lie 33 kcal mdt and 34 kcal métabove the

ground state, respectively! 103

As mentioned above, the reactivity of nitrene is strongly affected by the nature of the
electronic state participating in the reaction. Access to a particular electronic state for a
reaction depends on various factors, such as temperature, medium of oeactnd
concentration of the precursor used. Wirz and Platz, using transient absorption spectroscopy,
observed that the solution phase photoirradiation of phenylazi@® resulted in
phenylnitrene32, whose preferred singlet state reactivity on tE& suface finally results
in the formation of keteniminetl in the presence of a trapping reage{@chemes).[104 105]
Whereas, if the reaction is executed at lower temperatures (<170 K), ISC is fdeadidg
to the formation of the nitrene dimer, an azo compouk®f! In a glass matrix at 77 K, one of
the earliest detections of tripleB2 was accomplished by photodecomposition of precursor
39. It was observed that the presence of the EPR signal was dependent on the temperature

at which39 was photolyzedi®” The rate constants for ISE4:to @*Ax) for 32 at 170 K and
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77 K were found to be 3.2 + 0.3 x%&*and 3.8 + 0.3 x¥ 1, respectivelyll%® The
concentration also plays a significant role in terms of the reactiviB2afs it was found that
photolysis of highly diluted solutions 89 led to the formation of azobenzene, which again
was the result of the dimerization of triplet phenylnitren&. Also, photolysis gave
azobenzenen a highly concentrated solution 89, which could be traced back to a reaction
of triplet 32 and phenylazide39.'%°! Regarding the reactivity 082 in the gas phase, it
undergoes rearrangements on the singlet sugf@tA, but with a different final product,
namely cyanocyclopentadier.11% The difference in final product formation occurs due to
the excess energy in the nascent hot vibrational staifed'/A electronic state o82. Thehot
vibrational states allow the molecule to fully explore the potential energy surface (PES) and
even surmount high energy reaction barriers. Prodigis the global minimum of the PES of
GHsN, which has a > 3xalmolP! kinetic barrier of formation from the singlet staféA. of

32,551

1.7 Donor Stabilized Borylnitrenesgs. Other Nitrenes: Comparison of Reactivity

1.7.1Reactivity in theTriplet Sate

The reactivity of the triplet state of nitrenes is mainly observed under-tlEwperature
conditions (matrix isolation). As mentioned in Section 1.3, thetéomperature favors the ISC
for phenylnitrene32; and hence, the yield of the triplet becomes highéf! A substantial
yield of triplet32is possible if the precursor azi@8is irradiated in the presence of a triplet
photosensitizet*! Similarly, borylnitrene is known to show similar chemical behavior. On
the one hand, in the solution phase, theactivity of 93, which is gpinacholatoanalog of

borylnitrene50, is produced from the corresponding az@2and is known to be trapped by
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the cycloalkanesolvents as discussed later in Section 1.7.2 (Sch&ie This room
temperature photoreactivity gives amidworanes, the @1 insertion products of the singlet
borylnitrene, into the @4 bond of cycloalkan@? 20. 31 94, 98001 However, in the low
temperature matrices, triplet stat&y’A of borylnitrene 50 was obtained in high yields, as

confirmed by the UWIS, IR, and EPR spectrosdépy? % %

. .0
° doped O, O

0
% 3p, anti-52 syn-52 8 53

a:R= -\\_Q MTHF glasses b: R =NH,, Ar matrix o
R N®

c: R =NO,, Ar matrix d: R =H, Arand Xe matrix 54

SchemeB. The reactivity op-substituted phenylnitrenes with dioxygen @ their respective

triplet ground state.

The reactivity of nitrenes and carbenes with i© also a qualitative indication of the
spin state of the involved species. The reaction of dioxygém phenylnitrene32 and its
substituted variants has been studied thoroughly under low temperatures and with different
frozen media (Schemed). The reaction of a stilbene derivative of arylnitrenp- (
nitrenostilbene) with @Qwas thermally carried out in frozemethyltetrahydrofuran(MTHF).

(23] The triplet nitrene was photochemically produced from the azidostilbene precursor at 77
K, and after that, the frozen solution was heated up to 95 K to induce a thermal reaction. The
heating resulted in the formation of singlet nitros®oxide 52a which, upon
photoirradiation, gave nitro compound4a assumed to be formingia dioxaziridine
intermediate 53. A much more detailed study of such a reaction was done \with

aminophenylnitrene using matrix isolation and argon as the host matétidlhe thermal
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reaction between the nitrene an@, at 30 K leads to the formation ofyn and anti-p-
aminophenylnitroseO-oxide gyn52b andanti-52b) as the kinetic products. The two isomers

of p-aminophenylnitroseO-oxide oxide were interconvertible at different wavelengths of
light. Eventually, they coulghotoreact to give the thermodynamic produptnitroaniline

54b. The case gb-nitrophenylnitrene was also similar, whose reaction withv@s studied

with Xe as the host material, and hence, the reaction could have access to higher
temperatures?® The reaction resulted in nitros@-oxide productssyn52c and anti-52c,
RSGSOGSR F2NJ GKS FANBRG GAYS dikitio&zobenzend4clS O G N2 &
Notwithstandingthe results discussed so far, phenylnitreB2does not undergo a thermal
oxygen addition reaction even in solic.&! Considering the higher barrier for the addition,

the reaction was performed in an Xe matrik 20K, but still, only 40 % conversion was
achieved even after 12 h. The reaction gave nitr@soxide productsyn52d, which was
converted photochemically to nitro produ&dd. The experimentally determined activation
barriers for the reaction of phenylnitren&2 with O, were found to be 4.3: 0.5 kcal mdf

using flash photolysis experiments, which supports the experimental findings where a slow
reaction of phenylnitrene with ©was observedt'? In the case of solution phase studies of

the reactivity (in solvents such as toluene and hexane), Gritsan and Pritchina reportgd that

substituted phenylnitrene reacts much slower than the phenylcarbéhiés.

In contrast, some nitrenes are as reactive as carbenes in their triplet state, as reflected
by their reactivity studies with O1In the gas phase, HNis known to react with @to form
NO and OH as the major products, which hints at the involvement of one or more
intermediates during the reactio*! Computational studies have explored the potential

energy surface for this reaction (HN $)@nd found several possible minima, as shown in
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Scheme9al'1> 118lFyrthermore, the thermal reaction of triplet HNwith O; was carried out
in Ar and Xe matrice!’lIt was found that in the Xe matrix, the reaction betwests-1 and
O2began at 20 K and continueahtil all the NH was consumed a0 K forminga new product.
The formation ohitrous acids5andhydrogen nitrylb6was ruled out based on their already

known IR spectra.

N=0 0 o} o)
a) H._ N, 7 - H -0~ o
@ HgNsg o} H—N H-NT | N0 N0
H \ (0] H
0]
anti-55 syn-55 56 57 anti-58 syn-58
(b) Ho Ng
o — O \O
. O-OH NG ;
H=N: XelAr A H\N/O\O N N. ] anti-55
. doped O, .0 0
5 ; H N=
3¢- a
X3y -1 anti-58 59 60 O/\
H
syn-55
(c) ) = 254 nm

O\ U 02 Ar O\ /O_O O\ /N:O
oofis 222 (T N 50
o) T<30K 0 o)

% 37,50 anti-61 anti-62

Scheme9. a) Possible minima in the reaction bfn &S electronic state with @ b). The

ground state reactivity of with O,. ¢) The ground state reactivity of tripl80 with O,.

Also, due to high energy barriers of reaction to fadinxaziridine57,1118l it couldnot be the
possible product forming at such low temperature conditions. Moreover, the computed IR
stretches and their respective intensitiesrofroso-O-oxideanti-58 were in good agreement

with that of newly observed stretches in the reaction, and therefore, it was assigned as the

product of the reaction betweer»®*S-1 and Q upon annealind'”! Computational results
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have shown that the reaction resulting anti-58 should take place without any energy
barrier[*16. 1171In the Ar matrix, the formation cdinti-58 started at 12 K andontinued until

33 K, after which the matrix started losing its rigidiy! According to the thermodynamical
argument given in the study, the observation of omlgti-58 is due to the equilibrium
distribution betweenanti-58 and syn58, with anti-58 being lower in energy byl mot. On

the other hand, in another computational study by Talipov et al., it was argued that the
preference for the formation oainti-58 has a lower energy barrier of formation thayn
58115 Also, the potential energy scansere performed in both singlet and triplet
multiplicities with NO bond distance as the parameter, and singl@i-58 was shown tdhave

the lowest energy barrier of formatior!!> 1171The resultinganti-58 was photolabile and
upon photoirradiation with UV or visible lightonverted to two geometric isomers of nitrous
acidanti-55 andsyn55.1171 Based on the calculated ground state (PES), the photoconversion
to anti-55 was proposed to happeria intermediates 59 and 60, but there was no
experimental evidencéo prove their formation. Thereforel showed higher reactivity with

O> compared to arylnitrenes in their triplet state. Itesulted in a different final

thermodynamic productanti-55, insteadof nitro product56, as inthe case of arylnitraes.

Later on, it was found that borylnitreng0 was one of the arylnitrenes that showed
high reactivity in their groundtate, (*A, towards Qin matrix isolationSchemedc) 3 The
reactivity of50 with O, in its ground state is reminiscent of that bfvith O,. In the thermal
reaction of50with Oy, there was the formation afitroso-O-oxideanti-61 and nitritoborane
anti-62, in contrast to the case of, where nitroseO-oxide was the sole produét! After

that, the photoreactivity of the product formed was exploreshd 254nm-irradiation of the
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matrix resulted in the conversion ofinti-61 into anti-62. The mechanistic aspects of this

reaction were covered in a separate study discussed in Section 4.1.

1.7.2Reactivity in theSnglet Sate

Nitrenes in the lowest singlet state are prone to intramolecukarrangements. Depending

on the substituents attached to an azide precursor, there can be a competing concerted
thermal or photochemical pathway leading to intramolecular rearrangements without the
involvement of a nitrene (Schemt0a)!*> 118l |n the case of photochemical or thermal
pathways, resulting in the corresponding nitrene from the azide, |tineest energy siglet

state is populated?® 104 105, 107I0n the lowest singlet stat€ES nitrenes usually undergo
intramolecular rearrangements that compete with the relaxation (ISC) to the lower ground
triplet state (Schemé0a) [?° 63 19T he intramolecular rearrangements occur on a faster time
scalecompared to that of ISC, and this trend can be reversed in some special cases, e.g., in

phenylnitrene32 at lower temperatures!©®l

a) X=N—R b) H @ @ @0 c) o:
R4 N z e 0 0 -5 '
XNy N2 C=NCAD O N HsC—S=NID R%

T L Y LY
S, R R4 Ne
XN —> XN 41763 X1A-64 a'A-65 .
2 2
hv
S4 To @ I
oD
Ri. | EtO-P=NCID @@u% <y ON%D 0
NS eo” ) 4 =0 R%l
2 Ry—X=N-R, . ; . O
So a'A-66 a1p,-32 a'a,-50

Schemel10. a) Different reaction channels of a photochemically generated nitrene. b)
electronic configurations of the lowest energy singlet state of different types of nitrenes. c)
Donoracceptor type intramolecular interaction in the ground singlet state of a

carbonylnitrene.

The electronic configuration of the lowest singlet state is also a significant factor influencing

the rate of ISC. Phenylnitrenes, unlike the rest of the nitrenes shov@tliemelOb, have
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unpaired electrons in the unhybridizgbrbitals?® 1921 This makes the ISC crossing fré#,

to the ground triplet state&®A, EFSayed disallowed and hence leads to slowerNBteover,
the intramolecular rearrangements can also beppressed by including some adequate
chemical moieties in the nitren@’ 44 120Also, the singlet state of the nitrene can be shifted
to the lowest energy in cases of very strong intramolecular interactfotd!For instance, in
carbonylnitrenes, doneacceptor interactions between the-plane lone pair of the carbonyl
oxygen atom and the unhybridizgaorbital of nitrogen enforce an overall singlet ground
state (Schem@&0c). An unusually short-® bond in the carbonylnitrenes is another evidence

of such an interaction, which leads to a singlet ground state, as in the case of benzoylitrene.

121]

One of the earliest reports on intramolecular rearrangements in the lowest singlet
electronic state was presented by Milligan for alkylnitrenes, which were prepared from the
photolysis of methylaizdé7i isolated in Ar and GOn separate experiments (Scheme
11a) 111 The photochemistry of thé7iat 4.2 K and 50 K for Ar and Cfatrices, respectively,
was analyzed using IR spectroscopy, and methyleneindiBiewas found to be the
photochemical produck!® To some extent, computational studies could eipl the
experimental findings. Whereas the earlier experimental studies suggested thatAR63i
is a saddle point on the PEZ] recent studies have shown tH&A263iis a minimum on the
PES that has a very low barrier of a few kcaPhfol the [1,2}H shift!*23] This also explains
the absence of bimolecular reactivity of singé&i and being undetectable in femtosecond
spectroscopy??4 In an attempt tosuppress the intramolecular rearrangements, different
substituents were attached to the carbon atom@8i.['24 In the case ofert-butylazide67ii,

photolysis in matrix isolation led to the formation tfmethylimine 68ii, which indicates
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similar photochemistry as in the case@fi.?8l The case of trifluoromethyl azidgiii gave
different results, and the product was identified asiplet ((*AY trifluoromethylnitrene 63iii
in an argon matri¥?® A higher kinetic barrier for the 1uorine shift led to a slower

rearrangement on the SPESomparedto the ISC.

In the early studies on intramolecular rearrangements of carbonylnitrene, called

Curtiusrearrangement $chemel 1b), the reaction mechanism remained unclear.

a)
R\ _ hv R\ _ R\ _ /R
R\\.-IC Ny —— » R\‘--/C N | —> /C—N R: i=H,ii=CHs,iii= F
R R R
67 a'n-63 68
1
b) o)
’ . . I — &':
t-Bu” "N t+-Bu” W@
LI X 64 @ 72
+Bu” Ny tBu” Ns| N2
¢ 71
69 69
lA /N:C:O
— {_
t-Bu 70
N=C=0
t-Bu 70

Schemell. Singlet state reactivity of alkylnitrenes (a) and carbonylnitrenes (b).

Both the possibility of a concerted mechanism and a steg®e mechanism with the
involvement of acylnitren&4 were considered. Thermolysis experiments by Lwowski on the
pivaloybzide69 in cyclohexangcyclohexene, and-&hethylbutaneled to the observation of
the corresponding isocyanaf0 only, and no trapping product was observiétf! Later, in
more advanced experimental studies by Lwowski on the photolyst9,af was found that

nitrene 64 could be trapped by solvents such as cyclohexene, resultiag iaziridine72
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(Schemellb). Another important observation was that the yield of isocyan@fewas not
affected by the amount of trapping reagent in the photolysis experimépitsience, it was
concluded that the Curtius rearrangement occurs in a concerted way without the involvement
of nitrene 64. This also reflected the relatively higher potential of carbonylnitrenes for
bimolecular reactivity than their alkyl counterparts. Further, trappindp-ofaphthoylnitrene

in the presence and absence of a triplet sensitizer resulted in the same products, wduch is
experimental evidence for the singlet ground state of carbonylnitrenes. The absence of EPR

signals for the nitrene at 77 K supports this conclusi®h.

Sulfonylnitrenes are another class of nitrenes that have been widely explored. EPR
studies on65 have shown a triplet ground state, but they are known to be generated in their
lowest singlet state &'A;, from methanesulfonylazide precursorg3 upon photolysis or
thermolysisl?6: 1271The singlet statéi'A; of sulfonylnitrene65 was found to insert into the
G5H bonds of2,4-dimethylpentane resulting in three different productg4, 74Q and 74Q Q
(Schemel 2a) [*4I Moreover, the intramolecular rearrangement pathways are very slow on the
lowest singlet PES compared to the previously discussed nitFéhEkere was no conclusive
evidence for a Curtiug/pe rearrangement in sulfonylnitrenes unlethe traces of FN=SO
were detected after photolysis of thermally generated nitrene #E€¥ 1281 Additionally,
trifluoromethylsulfonyhitrene (CESQGN) 76 was studied using matrix isolation and was
shown to be isolated in the triplet ground staf€l The further photdrradiation of this nitrene
leads to the formation of CEN=SQ 77 and CES(O)NO78 through a Curtiustype

rearrangement3el
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Schemel2. a) Singlet state reactivity stilfonylnitreness5. b) Curtiusgype rearrangement in

sulfonylnitrenesr6.

Another type of nitrenes is the phosphorylnitrenes, known for eluding intramolecular
rearrangements and showing significant bimolecular reactivity. According to the results from
ultrafast spectroscopy, when photochemically produced from the (diethoxyprargplazide
79, the lowest singlet electronic staté'A;, of (diethoxyphosphoryl)nitrends6 is initially
formed. The singlestate (Schemel3) then bifurcates into two channels: 1) bimolecular
reactivity with the trapping agents on th@'A; PES, and 2) ISC to the ground triplet state
@*Ax.1%% For 66, an efficient insertion by th@&!A; singlet state into the EH bonds of 2,3
dimethylbutane, giving amine80 and 80Q with a yield of almos60% Schemel3).l*¢l The
minor product was identified as an ami@&, which resulted from the triplet state reactivity

(GAv) of 66 by radical pair formation ancecombinationt4!
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Schemél3. Singlet state reactivity dtliethoxyphosphorylhitrene 66.

Phenylnitrene32, also referred to as the prototype of aromatic nitre&,is one
reactive intermediate that has been the subject of research for many ded&té&¥.In
Sections 1.3 and 1.6, reactivity aspects of the singlet st&fe, have already been discussed.

In these sections, It has been shown that there is a preference for forming a ring expansion
product, ketenimine4l, which could form an insertion product2 or a polymeric tar,
depending on the availability of the trappimgagent Schemel4a)?® 831 Therefore,dA,
electronic stateof phenylnitrene32is known b have poor bimolecular reactivity and is prone

to high intramolecular reactivity. The explanation for such a poor bimolecular reactivity of
alAxin 32lies in its electronic configuration. Whereas for other nitrenes, the electrons in the
lowest singlet state are paired, leaving one of the orbitals vacant, phenylnitrene exhibits
unpaired electrons in the unhybridizeulorbitals Schemel0b).1°2 The empty orbitals on
nitrenes make them highly electrophilic and hence reactive towards, e.g., intermoleé&idar C
bond insertions, which is not possible in the case of phenylnitBshaue to a lack of empty

p orbitals. Also, the ISC fro&tA2to the ground triget state @*Axis slower due to ISC being
ElSayed disallowedScheme14b)[*8l and hence, no pathway can compete with the

intramolecular reactivity on thé@!A; PES. Computational studies have successfully added to

29



Introduction

the knowledge explaining the reactivity &tA>. According to the computational study by
Karny and Borden, starting froB2, the formation of benzazirine intermediat precedes
the formation of trappable ketenimind1, with an activation barrier of 9 kcal n¥(Scheme
14a) 58 The barrier obtained for further reaction to forrd1 was calculated to amount to

around 3 kcal mét.1581

a) b)
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Schemel4. a) Singlet state reactivity of phenylnitrern&a b) E{Sayed disallowed intersystem

crossing between the lowest energy singlétAy) and triplet (A2) electronic state of

phenylnitrenes32.

Hence, due to the lower kinetic barrier for the conversiord6fto 41, only41is trappable.
Also, under low temperatures, such activation barriers are too high to be surpassed, and,

therefore, ISC to thé?A: state becomes the favable pathway.

Borylnitrenes, as discussed in Section 1.5, are BN analogs of highly reactive
vinylidenes. In the singlet state, borylnitrenkave an electronic structure likinat of the
highly reactive ground state of vinylidenes. Therefore, similar reactivity in borylnitrenes in the
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singlet state is expected and, in fact, also observed. However, the high electrophilicity in the
borylnitrenes can lead to intramolecular rearrangements and, hence, can suppress the
bimolecular reactivity of borylnitrenes. In addition to the already disedsborylnitrene48in
Section 1.5, which tends to undergo [1,2]-shits, there are other examples of borylnitrenes
that prefer such intramolecular rearrangements. The dibenzo derivative of borylazide (9
azido9-borafluorene)82, when irradiated in benzensolvent at room temperature, gave the
dibenzo derivative of 1;azaborinine83, which is a BN analog ®fL0-phenanthryne $cheme

15). This reactive intermediate, in the absence of trapping reagents, undergoes cyclo
oligomerization but can be trapped by the large excess of trapping reagents, as shown in
Schemel5.[12%132] Based on computational studies of the ground state potential energy
surface, the ring enlargement was proposed to happen via concerted pathways without the

involvement of nitrene upon pdtolysis of82.

Ng o o X SiR
8 B=N B=N
hy R3Si—X
D —— OO ol
82 83 84

O X:i= H,ii= F, iii=Cl,
O B O iv= O(SICH3)3
NN

B. .B . N
O N O oligomerization

Schemel5. Photochemical reactivity &-azido9-borafluorene82.

On the other hand, as discussed in Section 1.5, the reduced electrophilicity by adding

electron donor (oxygen, nitrogen, etc.) atoms with their strong bonding to the boron atom
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promotes the bimolecular molecular reactivity of the lowest singlet si&#e of borylnitrenes
(Schemel 6).[19: 31, 39, 94, 98F oy this reason, these borylnitrenes are also called donor stabilized
borylnitrenesi®: 20 31, 39,94, 9800, 103]A |5, in the relative energy ordering of various electronic
states in borylnitrenes0, the lowest singlet electronic stat&'A; moves higher in energy as
compared to the lowest electronic triplet stat@*Ax.3 This type of energy ordering is

another consequence of the reduced electrophilicity of the boron atom.

Similar to other nitrenes, the reactivity and characterization of donor stabilized
borylnitrenes have been studied under low temperatures, using matrix isolation, and in the
solution phase under ambient conditioH8. 31 39 %4 %8lThe characterization and extensive

reactivity studies of donor stabilized borylnitreB8 have been done using matiisolation.

A =254 nm

matrix, 4 K

Schemel6. Matrix isolation study of the singlastate reactivity of borylnitrenes0with stable

compounds.
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EPR spectroscopy confirmed the triplet ground staté; of 50with | D / hc| = 1.492 cni!
and | E/ hc| = 0.004 cni®.[3% 3 Further characterization of the triplet ground state has been
done using UWIS and IR spectroscopy. Regarding the reactio®®,afio transformations
were observed with closedhell species, such as,N, CO, CH etc., in the triplet ground
state, which was induced by heating the matrix to a certain temperature depending on the
material of the host matrit® 3% %€IThe reaction of Nwith 50in the Ar matrix, for example,
could not proceed even after evaporating most of the Ar host at 55 K. Howdver]S and
IR spectroscopy gave some indication in favor of forming a dimer or an oligo®@ab$uch

a temperaturel® Nevertheless, from the lokemperature UWIS spectrum o%0, it could

be seen that it absorbs an extended region of visible light from 400 hrm 800 nni3 With
this in mind, 50was made to react photochemically with clossltell molecules by irradiating

the matrix with a wavelength > 550 nm.

One of the first photochemical reactismbserved was the photoreaction &0 with
N, whichis present from theborylazide2-azido-1,3,2benzodioxaborol86.! The size of N
doesnot allow it to diffuseaway from its production sitex most of the matricesHence, the
initially cleaved K from azide86 (usingl = 254 nm) is present in the vicinity 60 and
photochemically reacts to undergoreverse reaction tdorm 83 (Schemel6). The trapping
of 50 with other closedshell molecules (CO,.DCH, GH,;, and Ck was attempted
photochemically byising them aslopantsin the matrix host. The dgnt CO (1.5%) reacted
with 50isolatedin anAr matrix upon irradiation withh >550 nm resulting in the formation
of isocyanate90. The product was identified using IR spectroscopy witkigsature N=C=0
stretch at 2301cmPL.BU Similarly, borylnitrené0isolated in B or neon matrices doped with

deuterium (B) or H reacted photochemicallyformingborylamine91.31]
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A o©mputational investigation to explain such a higiotochemical reactivity 050
with D;was carried out, and it was found that the reaction5@fin its &4'As electronic state
has a very small activation barrier of 1.3 kcal'hathich could be easily surpassed under the
experimental conditions provided during the reacti8#fi.Hence, a presumption was made
that 50 (with | > 550 nm), when photoexcited from the ground, the electronic staf,
eventually relaxes to the highly reacti@A;. The resemblance di'A-50with the highly
reactive vinylidenes has been discussed in detail in Section 1.5. Further, rb@dvses the
potential to activate the sphybridized GH bonds in CHThe reaction was performed at 10
K by doping the Ar matrix with-2% of Ckland photoactivating the isolated nitrer0. The
NLH stretch of the resulting aming&l has a characteristict vibration at 3480 criy which
was redshifted to 2572 cnifor the heavy isotopically labeled amib&-dswhich was formed
in the photoreaction 060 with CD.[*! In contrast, the photoactivated nitren®0 was not
reactive enough to activate €Bnd GH,, as the concentration of nitrene was unchanged
during the experiment® In this way, borylnitrené&0was found to be highly reactive once
it was irradiated with > 550 nm, and it was presumed that the reaction was happening at

the PES of th&'A; state, which is getting populated during the irradiation.

Considering the feasible photoreactions of borylnitreés@in matrix isolatiorf3% %l
the reactivity studies of borylnitrenes were also investigated in solution. Attemptse made
to react borylnitrene50 with cyclohexane, also used as the solviéfit. It was observed that
the photolysis of azid&6 resulted in uncharacterized polymeric td¥4. The polymeric tars
were supposedly the result of the oligomerization of the expected primary product
(catBNHR), as catBNHR is known to tend to oligom&#Zé.ater on, borylnitrened3 was

investigated for its reactivity in different hydrocarbon solveits?® *°IThe azided2, when
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irradiated in hydrocarbon solvents, resulted in aminobora®4-iv) formed by the insertion

of nitrene93into the GH bonds of the hydrocarbon solvenSchemel?).

0 ) o H 0 )
X % = 254 nm . H 1) Accl, DMAP R = Q O
B-N  -24nm B-N H
j: ! 1 -N2 R-H j: ! \ )J\N . .
W\ | 1l

0] R 2)NaOH |

95 R

N 94
O\
iPrOH BN =
R-NH, o
96 93 iii iv

excess

Schemel?. Solution phase study of the borylnitre®3 with different hydrocarbons.

The yield for the formation of aminoboranégl(i-iv) was reported to be as high as 85%.
Furthermore, aminoborane84(i-iv) displayed a high propensity to undergo alcoholysis and

acylation to form amide85(i-iv) and primary amine86(i-iv).
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2 Objective and Expected Outcomes

Reactive intermediates are shdived species, and therefore, their study demands a special
technique such as matrix isolation. Matrix isolation provides very low temperature and
pressure conditions that increase their stability and allow their spectigiscdetection. In
addition, computational chemistry has proved to be an integral part of matrix isolation studies

that supplement the identification of isolated reactive intermediates.

This thesis contributes to the existing knowledge regarding the reactivity of donor
stabilized borylnitrenes. Theeactivity studies focused on product identification and
elucidating the reaction mechanism involved in product formation. Aromatic nitrenes are
known to have slow thermal reactivity with dioxygen, so the thermal reaction between
borylnitrene and dioxygen was studied in detail undmatrix isolation. Additionally,
computational studies were conducted to understand the formation of the finabpeo,
nitritoborane, which differs from the nitro products formed in the case of aromatic nitrenes.
Gonstrained geometry and unconstrained optimization were performed to comprehend the
initial interaction between the borylnitrene and dioxygandthe final product formationOn
the other hand considering the ability of catBN photochemically activate stable molecules
such as methane, the reactivity of catBN was tested against another stable and-shadkd
species, carbon dioxide @@lthough C@can be a potential candidate for a C1 building block
in organic synthesis, its high stability makes it difficult to activate. Further, gat&\nmably
attains a highly electrophilic electronic state upon irradiation with> 550 nm Therefore,
catBN was assumed to be a good candidate to activatep@B@ochemically. The matrix

isolation experimentsand computational studies proved that catBN could react
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photochemically with C®Oto form cycloaddition product3-oxaziridinone Furthermore,
attempts were made to understand the reactivity of catBN with unsaturdtedrocarbons,
and for simplicity, ethene, 284, was chosen as the suitable candidate. Preliminary data
showed that catBN could thermally react witbHzto form an aziridine and aynimine. On
the other hand, the photochemical reaction between catBNd GH: resulted in the

formation of the aziridine and the two geometric isomers of imgymand anti.

In past studies on the reactivity of catBN with clostell species such as £QH,
Ho, etc., its lowest singlet state was assumed to be taking part in the photoreaction. Therefore,
efforts were made to find evidence regarding the relaxation of catBN to the lowest singlet
state upon photoexcitationl (> 550 nm). Electronically, the lowest singlet state of catBN is
found to be in close resemblance with a highly electrophilic species called vinylidines. In the
study, using a model borylnitrene, it was found that there is an enéaggrable pathway in
catBN that could relax it to its lowest singlet upon photoexcitation so that it can take part in

the reactivity.
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3 Methodology

3.1 Matrix Isolation Setup

The involvement of reactive intermediates like radicals, ions, carbenes, nitrenes, etc., in
chemical reactions has led to the invention of many sophisticated techniques that enable us
to study them. Thehort lifetime of the reactive intermediates is one of the factors that make

it difficult for the analytical tools to characterize the reactive intermediate. Therefore, there
are special analytical toglsvhich are required to study the reactive intermediat®4atrix
isolation is a technique developed by George C. Pimentel to study reactive intermédtiates

1361 This technique works on the principle of kinetically trapping the reactive intermediate by
isolating it in a huge excess of an unreactive host gas under very low temperature and
pressure conditions, increasing its lifetime. The kinetically trapped resictigrmediates can

then be analyzed using different spectroscopic methods, such agiSMifrared (IR), and

electron paramagnetic resonance spectroscopy (ERFR}3¢

In matrix isolation, the reactive intermediates are produced by two different methods.
The first is the photochemical gitu generation of reactive intermediates from their
precursors using a UVIS light source. The second method is called flash vacyuotygis
(FVP), in which precursors are passed through a hot oven maintained at a high enough
temperature to produce the reactive intermediates prior to their deposition on the cold
spectroscopic window. Depending on the method of generation of a reartieemediate,
the percussor, or reactive intermediate (in FVP), and the host gas aftepmsited on the

cold spectroscopic window (approximately in the ratio of 1:2088).2%6IThe excess of host
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gas ensures that the reactive intermediates are well separated from each other (Bajure

and do not have intermolecular interactions.

a) b)

d)
P p’ computed shift

experimental shift

<«— cm?!

Figure4. a) Reactive intermediate Isolateth the matrix host at the cold spectroscopic

window. b) Output of a spectroscopic methapplied on the cold windowc) Redshift in the

IR stretch of heavieisotopologud OowQ YR t Q0 2F NBFOGFyds wx
of the experimental and computed IR shifts of the heaigetopologu& t QX gA (K NBa
the product, P.

Low temperatures (as low as 4 K) are maintainesihg a closedycle cryostat, which
maintains the rigidity of the matrix and prevents any diffusion of the isolated molecules. The
reactive intermediates are then analyzed using different spectroscopic methods. The choice
of matrix host gases (Ar, Ne, X, etc.) is made in such a way that it should be transparent
to the spectroscopic method used and also be unreactive towards the reactive
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intermediate!3> 1361 |n addition, matrix isolation is also used to study the reaction of a
reactive intermediate with another reactant. In this case, the matrix host is doped with a
certain amount (25%) of reactant, and this mixture is then-deposited with the precursor

or the reactive intermediate. The reaction is then induced, thermally or photochemically,
between the reactant and the reactive intermediate present in close proximity to each other.

The thermal reaction is induced by warming the mattip to a certain temperature
(depending on the matrix host), within which the rigidity of the matrix is maintained.
However, the photochemical reaction is triggered by photoirradiation of the matrix in the

region of UWIS light absorbed by one of the tweacting species. Regarding the
identification of products formed in the reactions, computational chemistry plays an
important role. The experimental spectra obtained from the spectroscopic methods are
compared to the simulated spectra of the potentiabpucts, which is evidence to support

the product assignment. Product assignment is further strengthened by using isotopically
labeledNB I Ol yidad LYy GKSAS addzRASa> GKS KSI @A SNJI
the reactive intermediate, |, as shown in Figg@® ¢ KS NBadzZ GAy3a KSI A SN
a reactant, P, gives a redshifted IR spectrum, which is then compared with the corresponding

shift of the computed spectra (Figudel). A good match in experimental and computed IR

shifts is amadditional indication for the formation of product P in the reaction.

O\ | 1 o O\ |
B-Cl + —Si-Ns M»@: B—N; + —Si-Cl
o | DCM o |

Schemel 8. Synthetic procedure for the synthesis2ézido-1,3,2benzodioxaborole

In the matrix isolatiorstudies described in this thesis, a SumitoBid1l closedcycle

helium cryostat was used to obtain a temperature as low asPhK.species weranalyzed
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with a standard resolution of 0.5 ¢ The precursor compourb, for borylnitrene50, was
synthesized using the procedure described in the literature (Sch&8hé3”! The reactive
intermediate, borylnitrene50, was generated from its percuss86 using a lowpressure
mercury lamp I( = 254 nm, PenRay). The photochemical reactions of borylnitEéheith
different reactants were carried out using a higressure meecury lamp (USHIO, USI88S)
along with a Schott cutoff filter (550 OG). Different matrix host gases of very high purity were
used, including AN, andNe (MesserGriesheim99.9999%purity), and reactants such as O
(Westfalen 99.999%purity), CQ (Westfalen 99.999%purity), and cyclopropane (abc®9%
purity) were used. To maintain the constant flow (usually 2.0 sccm) of matrix host gases

during the deposition, an MKS mass flow PR400B controller was used.

3.2 Computational Methods

Computational chemistry tools were used to get more insights into the experimental results
obtained from the matrix isolation studies. These computational tools were employed using
various quantum chemistry packages, including Gaussidit¥¥1®RCA (4.2 and 5.6§2144
Molpro 2021.3!42 GamesdJSI#3 4 and CFOUR v2.00bét&! The visualization of the
computational results from these packages was done using different graphical user interfaces

(GUIs): GaussView8¢] Chemcraft!*’land MacMolit.[148]

Two different types of approaches were used to calculate different molecular
properties.One of them is wavefunction based theories (pbistrtreeFock), also calledb-
initio methods, that solve the Schrodinger equation with a molecular Hamiltonian operator

(to calculate energy) without any experimental parameters and contain only fundamental
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physical constants. lab-initio methods, the complete active space setinsistent field
(CASSCF) method is one of the methods that has been widely used to describe the electronic
structure of a molecule that has a multireference wavefunction or to study the reaction
mechanisms that imdve bond breaking and formation. The CASSCF method can be
considered an extension of the Hartré®ck (HF) method, which takes care of a particular
kind of correlation effect called static correlation, which is not takereoaf by the HF
method [24%1511 The lack of dynamic correlation effects in CASSCF calculations makes this
method only qualitatively relevant. The dynamic correlation on top of CASSCF as a zeroth
order wavefunction can be included using multireference perturbation methods (MRPT). Two
of the widely used MRPT methods are complete active space semuied perturbation
theory (CASPT2? 158l and Nelectron valence state perturbation theory (NEVPTZ).
Another postHartree-Fock akinitio method is the capled cluster method, which takes the

HF wavefunction as the reference wavefunction and includes the dynamic correlation effect
in describing the electronic structure of a chemical systéi>”In addition to this, for the
moleculesthat do not show a multireference characteab-initio methods employing
coupledcluster theory were used. Couplatlster methods are known for providing a highly
correlated wavefunction and, hence, predicting molecular properties very accurately, such as
energy!®8 159|n this method, the exponential of a cluster operator, T, acts on a reference
wavefunction, which is usually obtained from ti¢F method (eq. 18 1591 The cluster
2LISNI 02N ¢ gKSy FOGAYy 3 @&Fyived &lbeaNBriibbadtidghyoOS & |
excited determinants containing single, double, triple, etc., excitations from the reference

determinantsl158. 159

$8 Q% (1)
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In addition to theab-initio methods, density functional theory (DFT) is widely used to
calculate different molecular propertid¥*1621DFT is a type of method that uses the electron
density of a molecule instead of its wavefunction to calculate molecular propetes?!
The ground state electron densityis used to predict the ground state wavefunctiopm
and, hence, used to predict the ground state properties (such as ef@rgy of a molecule,

as shown in eq.2160162]

0" aymsyY o Yayma (2)

T, V, and U in eq.2 refer to the quantum mechanical operators for kinetic energy, nuclear

potential energy, and electrerlectron repulsion energy, respectively.

Detailed information on different computational tools used throughout the work can

be found in the published dat&?: °* 10
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4 Results and Discussion

4.1 Mechanism for the reaction of Dioxygen with Triplet Borylnitrene

As mentioned in Section 1.7.1, borylnitreB8, in its triplet ground stateshowsreactivity
towards Q, which is similar to that ofl.2% 3% Further computational and matrix isolation
studies explained the contrastingly high reactivity and formation of different thermodynamic
productsanti-62 in this reaction compared to arylnitrené®! In matrix isolation studies, the

reaction was carried out using Ar, Ne, angBN matrix host material.

0 0-0 A =254 nm
\ /
@ /B_N
O

anti-61 l
O\ . Oz,Ar
B—N.:
A g O g» g
~ — B—N — B—Q°* | —> B-O
3 / /
X3A,-50 Jd % o o

bisec-61 N syn-62

T A =254 nm ¢
o} _
O\ O\ /O O\ /
o} o o]

86 syn-61 anti-62

Schemel9. Mechanism for the reaction of triplet borylnitrer® with Oz in matrix isolation.

In the first step, the borylazid86 was photolyzed, resulting in new photoproducts.
Using computed IR spectra at a high level of the@@{D(T)/DXRhe photoproducts were
identified as triplet borylnitrenes0 and nitritoborane anti-62. The triplet ground staté»A.
of 50is well described by the EPR-UIS, and IR spectroscoifIn the next step, the thermal
reaction was carried out between the $ormed triplet 50 and Q. The matrices were

annealed to specific temperatures for the thermal reaction depending on the matrix host. The
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reactionresulted in the consumption &0 and the concomitant formation of new products,

as reflected by the new IR bands that appeared during the reaction. Remarkably, the reaction
could happen at temperatures as low as 7 K in the Ne matrix. The new IR bands were assigned
to productsanti-61 andanti-62. In the final step, the product formed in the previous step was
photoirradiated withl = 254 nm, which led téurther reaction ofanti-61. The photoproduct

was identified aanti-62as the new IR bands match#te previously forme@nti-62. In order

to support the assignment of products in every step discussed so far, a similar step was

repeated with a heavy isotope containing dioxydéoy.

To support the experimental findings, a detailed computational study was carried out.
Firstly, to explain the high reactivity of tripl8@and Q, relaxed potential energy scans were
carried out using the distance between the nitrogen atons@and one of the oxygen atoms
of O as the scan parameter. The complex electronic structure of different PES points was
handled by the multireference method NEVPT2. Although three geometric isong&tsvere
identified as minima on thBPE{Schemel9), potential enaggy scans resulted in the formation
of anti-61 and bisee61. The potential energy scan for the formationanfti-61 suggested a
shallow energy barrier of formation that could easily be surpassed in the cryogenic conditions,
as presented in the matrix isolation experiments. This explains the observatantid€fl as
the result of thermal reaction but does not explain the formatioranfi-62. The ground state
potential energy surfaces were investigated for the reactivity of three geometrical isomers of
61to find a low energy pathway for the formation afti-62. The PES showed thhisec61
is astarting point for a very low energy demanding reaction resulting in the formation of the
final productanti-62. According to the PEBisect61 undergoes the breaking ofB and GO

bonds in a single stepesulting in theformation of complexXd7, which recombines to form
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syn62,finally isomerizingo anti-62,as shown irtschemel9. In addition, despite being similar
in energy, the ground state PES showed a high energy barrier for the interconveraiati of
61andbisec6l. Due to the high energy barrier, tlanti-61 was kinetically trapped in thermal
reaction and could react furtheusing photoirradiation withl = 254 nm which finally

converted it intoanti-62.

4.2 Reaction of Singlet Borylnitrene with Carbon Dioxide

Borylnitrene 50, in past studies, has shown photochemical reactivity with closeéll
molecules (B CO, B and Ck).['® 3% 98ISimilarly, the reactivity of borylnitren&0 with
another closeeshell singlet molecule, carbon dioxide (FQvas also tested in a different
study!® Theborylnitrene 50 was produced from the azide precurs®s in matrix isolation
conditions using different matrix host materials (Ne, &hd Ar) dopedvith 5 % C@ Initially,

an attempt was made to rea80with CQin its ground stat@&»®*A.-50by annealing the matrix,
but no reaction was observed as the measure IR spectrum indicated. Similar observations
were made while reacting§0in the *Ax-50 electronic state with closeghell speciesGH,

D2, Nb, and CQ)[*?: 3% %8 However, a similar reaction became feasible upon photoirradiation
of the matrix withl > 550 nm $cheme20).°*l The photoreaction resulted in the formation
of a 1,2oxaziridin3-one derivatived8, the first report for isolating the smallest possible cyclic

carbamate.

In order to further support the formation of cyclic carbam#8, a similar reaction
was carried out with the two other isotopologues &C{eO), 13CLe0), and 2C{80).
According to the experimental results, only carbonyl stretghScheme20b) showed an

isotopic shift for'80 and°C isotopologues 0f98 with a shift of 35cmb! and 34 cmPt

46



Results and Discussion

respectively. On the other hand, harmonic frequency calculations at B3:YP/6
311++G(2d,plevel of theory suggestedn isotopic shift of 3&mb! and 53cn¥?! for 180 and

13Cisotopologuesrespectively.

a) b)
O . a>550nm O e
B-N: ————— ©B=N:
o o
X 3A,-50 a'A,-50

A =254 nm\/\ CO,
matrix
O, O, 0
/B—N3 /B—N\;\\
(0] (0] Y

86 98

Scheme20. a) Reaction of borylnitren®0with CQ. b) IR stretching modes involved in Fermi

resonance ir98.

To get insights into the unusually shifted stretching modegfanharmonic IR stretching
modes were calculated at MP2®L1 ++ G(2d,p) level of theory. According to these
calculations, unexpected isotopic shifts f8€ and®O isotopologues 098 were observed
due to Fermi resonance between time stretching mode and overtones of ring deformation

mode nao.

Computationally, efforts were made to understand the photoreactivitg@ivith CQ.
It was again presumed, as previously (during photochemical reackidi}; %8l that 50 upon
| > 550 nm irradiation attains the highly electrophilic staté:-50 (Scheme20a). Having this
in mind, a relaxed energgcan was calculatedt the BALYP/311++G(2d,plevel of theory
with the distance between the nitrogen atom 80 in 4'A:-50 electronic state and one of the
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oxygen atoms of G@s the scan parameter. The relaxed energy scan came out to be downhill
right from when the two reacting moieties were at a large distance and gave the minimum
98. Moreover, similar calculations &NEVPT2//CASSCF/d&S¥P level of theory were in
unison with the DFT results. Therefore, computational results provided another piece of
evidence in favor of photochemical reactivity, resulting in the formatio®®fIn addition,
strain energy was also calculated 88, which was 36.7 kcal/mpless than that of a-lactone

anda-lactam.

4.3 Photoexcitation of Borylnitrene tca'A; electronic state

High photochemical reactivity of borylnitren®®0 upon irradiation withl > 550 nm was
presumed tooccur ond'A:-50 PES. An assumption was made th@tupon irradiationwith |

> 550 from its ground electronic stad8A>-50was excited t@ highly electrophilic staté'As-

50 (Scheme21a)[1°: 20. 31, 94, 98Moreover, the energy barrier for the reaction &fA:-50 with
closedshell moleculs such asCQ and D was accessible under cryogenic conditiéis®®l
Experimental studies in the solution phase, as discussed in Section 1.7.2, show eflieient C
insertion by borylnitrene 93 with a small measured kinetic isotope effé®l. This
experimental observationin turn, points towards the insertion reaction andhence,

participation ofa closedshell electronic statén the reactivity

The main goal of this study was to provide supporting evidence for the involvement
of &'A:-50 electronic state in the photochemical reactivity . Such evidence could be a
low-energy photophysical pathway connected via various critical points that couldéiétax
50 to a'A:-50 electronic state. To properly characterize the pathway involving the

electronically excited pathways, having multiconfigurational character of their
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wavefunction, completeactive space selfonsistent field (CASSQGRgory was used in the

study1
a) b)
o o &1A,-99 e pathway 1
\ . A > 550 nm \ ®. Q’\/ 1
BN —— = ©B=N. & ranns pathway 2
(0] o} S ci2
X3A,-50 51 MECP1
2 a'As-50 TNy <y
A%Br99 %%
£
c §1A1-99
3 D,, CO, N,
N CHy, CO,

%fé
%g

O, insertion A%B,-99 5'A,-99
B—N; products
o X3A,-99

86

Scheme21. a) Photochemical reactivity of borylnitren80. b) Relaxation of model

borylnitrene99to the minimum ofa'A, upon irradiation.

Considering the high computational cost of doing CASSCF calculations on boryb@trane
similar but smaller borylnitren@9was used aamodel systemin the first part of the study,

the choice of model borylnitren®9 was tested by comparing the relative energy and
character of the five lowest electronic states with that%d. In this comparison, relative
energies and the character of the electronic states considered were similar, which
substantiates the choice of model borylnitre®8 for the study.The next part of the study
was to search for a lownergy photophysical pathway. The first step in any possible pathway
was believed to be th€ NI y O1 b / 2eycRafiofi to0B-Oelectronic state based on
the nonnegligible oscillator strength calculated for this excitation $6rand 99 (Scheme
21b). Based on the following steps, two different pathways were obtained connecting
different critical points $cheme21b, designated by curly blue and red arrows for pathway 1
and pathway 2, respectively).
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In pathway 1, the FC excitation to tidéB-99 electronic state is followed by ISC to the
o}Ax-99 electronic state via optimized minimum energy crossing point (MECP) named MECP1.
Qualitatively, the ISC step was feasible as it follows El@ S R (& 16Nizbr8irig @ these
rules, ISC between a singlet and a triplet is feasible, which involves flipping the electron spin
and moving it to a perpendicular orbitdf3 164Also, a calculated spiorbit coupling of 34.5
cmP! at MECP1 between the states involved in the ISC further supports the feasibility of this
step. The potential energy sades ford3B-99 and cA:-99 near MECP1 showed a slopped
topology, which indicatesa high probability of relaxation from the triplet to the singlet state.
After that, the next step was the relaxation of tiagA:-99 electronic state to minimum of
alA1-99 electronic statewhich was happening at the conical intersection Cl1. Regarding the
energy demand of pathway 1, from FC to MECP1, there was a barri€rkafal mot involved
in the process, and the next steps were downhill in energy till the minimuéatAf99. In
pathway 2, steps that followed FC &3B,-99 were: 1) relaxation ta3\-99 at MECP2. 2)
relaxation tocA:-99 via CI2. 3) finally, relaxation &A;-99 at CI1 and eventually to its
minimum. Comparatively, the calculated energy demand in the first step was almost double
that of pathway 1, and the calculated spimbit coupling at MECP2 was only 21.5&mvhich
is also less thathe spinorbit coupling at MECP1. Therefore, pathway 1, obtained using
model borylnitrene99, was assigned as the probalgathway that could relax ground state

*Ax-50t0 &'As-50 electronic stateupon irradiation withl > 550 nm.

4.4 The reaction of Borylnitrene with Ethene

Matrix isolationexperiments were carried out to study the reactivity of borylnitrés@with
ethene, GHs. The reactivity of borylnitren80was studied in both the ground electronic state

@*Ac andthe lowest singlet electronic stat@'A;, as shown irScheme22. In both cases, the
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generation of borylnitren&0from the azide precurs@6, isolated in the argon matrix doped
with 2-3 % of @Hs, is the common step. This step is also common to the previous reactivity

studies 0f50.[19’ 31, 39, 94, 98, 103]

CyHy, 2-3 %
A > 550 nm
0) o) Ar, T=4K
@: BNy —V B-N:
o} -N2 o}
86 X~3A2-50 CoHy, 2-3 %
Ar, T=35K

Scheme 22. Photochemical generation and thermal and photochemical reaction of

borylnitrene 50 with ethene.

The reaction 060 in the groundelectronic stated®A, was carried out by annealing
the matrix at 35 K for 30 min. The annealing of the matrix resulted in the consumption of
borylnitrene 50 and GHs, as indicated by IR bands pointing downward in the difference IR
spectrum Figureba). Along with the IR bands pointing downward, there are IR bands pointing
upward in the difference spectrum, corresponding to one or more products. For the product
identification, a comparison was made between the computed anharmonic IR spectra of the
possible products, as shown kigure6. Based on the comparison, the formation of enamines,
anti-102, and syn102 could be ruled out as the candidates for the obtained products in the
thermal reaction. Aziridiné0OOwas assigned as one of the products based on the comparison
between the computed and the experimental difference IR spectra. In the experimental
spectrum Figure5a), IR bands at 1504 and 1521-émwere identified as the signature IR

modes involving both the-Bl bond and aziridine ring, according to the computed IR modes.
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Similarly, the ring breathing IR mode 10, mostly localized at the thremembered ring,

was identified at 1218mP?.

2000 1800 1600 1400 1200 1000 800 600
Wavenumber cm™!

Figure5. (a)Difference experimental spectrum after annealing the Ar matrix doped wih 2
% of GHs at 35 K for 30 minb) and (c)Calculatecanharmonicspectrum(fundamental bands)
for 1B isotopologue of100 and syn101, respectively at (U)B3LYP/6311+G(d,p) level of
theory.® IR bandsresent in'®B isotopologues ahe result of large shiftompared to similar

IR bands if'B isotopologues

In addition, the presencef IR bandat 1305cmP! andin the regionfrom 1730 to 180@&mb?
in the experimental spectra indicag¢he presence of isomeric imingyn101and anti-101

Based on computed spectra, the IR band at 1895 corresponds to NGH angle bending,
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and those between 1730 and 18@d°* correspond to N=C bond stretching, combination,

and overtone bands. Due to the overlapping IR bands/nfl01andanti-101an assignment

is difficult.
Sons l
rlls T :
T T T T T T
Q<] l l
100 l N [ |
T T T T T T
Sy l
anti-101
T T L T A ! T 4l T T
S
syn-101 HECl
T T T T T T
O‘B—NH
moozl HE=cH
T T T T T T
Sy
syn-102H ¢ . l L 1
T T T T T T
1800 1600 1400 1200 1000 600

Wavenumber cm-1

Figure6. Calculatedanharmonicspectia (fundamental bandsfor !B isotopologues of the

probable products for the thermal and photochemical reaction of triplet borylnitré@and

etheneat (U)B3LYP/6311+G(d,p) level of theory.

Multireference calculations for imine formatigrathways were performed to find the

most likely imine product forming in the experimefthe multireference calculations were

performed on model syster@9, considering the high computational cost for borylnitreb@

and the previous identification 089 as a good model system f&O0.['%% Four different

potential energy surface scans were considered for the reaction steps in the computational

studies, as shown iRigure7. The first step corresponds to thetial reaction of99 in the
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(*A; electronic state with ethengresulting in the formation of triplet 18liradical species
syn104QFigure7a). The initial reaction has an energy barrier of 4 kualb! obtained from
the PES scamvhich islikely an upper bound fothe barrier.Sucha low barrier reflects the

feasibility ofa similar reaction for catBROin the matix isolation conditions.
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Figure7. Potential energy surface corresponding to the reactivity of the triplet borylnitrene
50 with ethene calculated at HSREVPT2/deftX ZVPPBA(LSLIT)}CAS(n,m)/defSV(P) level

of theory. (a) The initial reaction of triplet borylnitrer# and ethene. (b), (c), and (d)
Reaction of triplet biradicayn104Qeading to the formation osynm n ,M@D, andsynm 51 ,H Q
respectively. The (n,m), where n stands for thember of electrons and m stands for the
number of orbitalsis (10,10) except for the potential energy surface in (c), for which the value
is (8,9).
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Thereatfter, there are three different PES scargyre7b, 7c, and 7d) witlsynm n asQthe
starting geometry showing the conversion of triplet sgynm n M@ stable singlet spin
speciessynm n ,M.0D, andsynm n .HAGiImilar approach was used in computational studies
studying the reaction of triplet HN andHki, and it was found that the cyclization of 1,3
diradicall05%into the more stable singlet speci&86 happens via an MECP without@nergy
barrier (Scheme23a).[155 166l Fyrthermore, the PESdgure7b, 7c, and 7d were obtained by
calculating the single points at tfdGNEVPT2/defAZVPP level of theory with £MASSCF
wavefunctions averaged over the lowest singlef) (@1d the lowest triplet (d) electronic
state. The geometries for the single points in the three PES scans correspond to the one
obtained by performing relaxed scans of theP&S at the CASSCF/d8f2(P) level of theory.
The relaxed PES scans were calculated with one geometry constraint, which is used as the
scan parameter as mentionechahe x axis in Figure 7b, 7c, and 7d. In each of the three cases,
there is the possibility of energfavorable population transfer from the tripletyn104Qo
singletsynm n @ yagdsynm n Mid@MECPs as 8&nd b are very close in energy near the
geometry ofsynl104Q(Figure7b, 7c, and 7d). Energy barriers for the formationvofi and
syn101Q | NB f S & amok 0l04/kcagnglSand 036 kcamnol!, respectively)and

that of synm 1 is @nly 1.8 kcahol!. In addition, efforts were made to calculate the PESs for
the formation ofanti-104Qbut duringthe early steps of the scan calculation, the system
adopted the geometries that resulted isyn104Q On the other hand, DFT studies at
(U)B3LYPA311+G(d,p) level of theory gave an energy barrier of k828 mot for the direct

H abstraction fromethene which makes this reaction unfeasible under matrix isolation
conditions. Hence, a computational argument is provideat favors the formation ofL00

and syn101 and disfaves the formation of other possible productesshown inFigure6 in

the experiment
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a)
HN: + H,C=CH, — > H,C—CH, —ISC o H,c—CH,
. l l
1 NH \WH
1053 105"
CH4CN + H, ~<—— l
HN<I

CHy + HON ———
106

b)
— ROZSN<I

RSOZN: + Hzc:CHz —_— HZC_CHZ R — 109

|

107 NSO,R ,CHCH3
¢ — ROzsN

R = CF3, CH3, -PhCH3 1083
110
C) Dipp
N, RT ,CHCH
[/C—Co”:N—Dmp + HyC=CH; ———> pmp—N
N . toluene
Dipp 111 (in excess) 112

+

IPr = 1,3-bis(2',6'-diisopropylphenyl)imidazole-2-ylidene 0 _
Dmp = 2,6-dimesitylphenyl [(IPr)Co™(CH,=CHy),]

Dipp = 2,6-diisopropylphenyl 113

Scheme23. Reaction of triplet nitrené& with ethene.

The formation of aziridind.00 from the reaction of triplet50 with ethane follows
known triplet nitrene reactivity patterns and is further supported by computational
investigations of the HN +.: system by Fueno and Zhalgp: 1661 The barrier forthe
formation of the diradicall05° is higher (811 kcalmol %) for NH + &Hs, but, as observed by
Cornellet al.using flash kinetic absorption spectroscothe reactionis feasibleat 10061500
K and at room temperatur&®1 Diradicall05?, in this caseeventually converts to GEN and
|/ bd ! OO2NRAY3I (2 CdzSNahd HONRre th&Kdeobri@aprodudtddR & =

the reaction between triplet NH and>i:. They are formed via aziridirl®6 (Scheme23a)
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with a high energy barriethat can be surmounted under th©® 2 Yy RAGA2ya 27F

experimental studyut cannot be passed under the matrix isolation conditiBf3.

Imine formation is unexpected. Sulfonylimid&0 was suggested in a computational
study of the reaction of sulfonylnitrenes withH; as a viable product from 1;@iradical108®
that in turn can from without barriefScheme23b).1%81 An alternative fate of108® is
formation of aziridinel09. The only experimental observation of imine formation is the
reaction of the cobalt compleg11 with excess ethylene to giv&l2 (Scheme23c). [16°]
Moreover, there are reports on forming imine products as the secondary products in thermal
1,3-dipolar cycloadditiorreactionof aziridines with olefinsyhere 1,2,3triazolinesform as

the primary productd!7¢172]

The reaction of borylnitrenB0in the lowest singleitA; statewith ethene was carried
out by photoexcitation (I > 550 nm)of its (3*Ac electronic state as discussedabove The
photoirradiation resulted in new IR peaks and a decrease in the intensity of the IR bands
correspondingo borylnitrene50, as shown in the difference spectrumkigure8a. Two sets
of peaks were similar to the one that appeared after the annealing step, indicating the
formation of 100 and syn101in the photoreaction 060 with ethene. Also, the two sets of
peakswere in good agreement with the computed spectral6Dandsyn101 (Figure8b and
Figure8c). The formation of aziridin@00 is supported by a study from Jacek al., who
showed that the photolysis of HNsolated in an Ar matrix doped withpld; resulted in the
formation of aziridineby reaction of the lowest singlet state of HNhich was produced
initially, with GHs.'73l In addition to the two sets of peaks, there was another set of peaks
that shifted slightly compared teyn101and closelynatched with the computed IR spectrum

of anti-101 (Figure8d).
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Figure8. (a)Difference experimental spectrum after photoirradiating the Ar matrix doped
with 2-3 % of @Hs with | > 550 nm for 180 min(b), (c), and (d)Calculatedanharmonic
spectrum (fundamental bands)or B isotopologue of100, syn101, and anti-101 at
(U)B3LYP/6311+G(d,p) level of theasy. IR bpretent inl®B isotopologues athe result

of large shifttompared to similar IR bandsiB isotopologues

Computational investigations were performed using density functional theory to
understand the experimental findings in the photochemical reaction ofltveest singlet
state of 50 with ethene Figure9). The PES shows a very low energy barrier of 1.3kl
for the formation of100. This is so low that the reaction can proceed under matrix isolation

conditions In contrast, no low energy barriers for the formation of the two isomerd @
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werefound. Indirect pathways, via aziridid®0, to syn101andanti-101were obtained with

very high energy barriers but lower than the energy of reagents.
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Figure9. Potential energy surface corresponding to the reactivity of the singlet borylnitrene

50with ethene calculated at B3LYP281+G(d,p) level of theory.

According to the UWIS spectrum calculated at CA3LYP/&B11+G(d,p) level of theory,
aziridinel00does not absorb light dt > 550 nm. Therefore, theynandanti isomers 0fl01
cannot be assigned as the photodissociation productsl@®. On the other hand, the
photochemical reaction (> 550 nm) could lead to the formation of vibrationally hot aziridine
molecules, a portion of which could break into the imine products while the matrix
environment vibrationally cooled the rest of them. Hence, the utilazaof vibrational hot
states byl0Ocan be used as an argument to support the formation of isomeric insges
100 and anti-100 in the photoreaction. Furthermore, matrix isolaticgxperiments were

performed with borylnitrene50, and heavy isotopologue of etherdoped in the Ar matrix
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(GDs). Due to the appearance of broad bands in the IR spectra, the heavy isotope experiments
were repeated with the Ne matrix. In these experiments, sharper IR bands of the products
were obtained, which helped assign the shifted IR bands in the cakdalfeledproducts, as

shown in Figure 10.

:—aH | b !
- 5 ,MMHM Um

2500 2000 1500 1000 500
Wavenumber cm-!

Figure 10.sotopic shifts ofthe IR bandsof ds isotopomer of100, syn101, and anti-101

Difference IR @ectra A and B showing the IR bands of the products formed upon
photoreaction (I > 550 nm)of borylnitrene 50 with GHs and GDs respectively.Shifted IR
bands are named from-f(black: correspond t@00, red: correspond tdoth theisomers of

101). ® IR bands observed only in one of the isotopomers.

The band shifts in cthfor the bands af was observed as @b, 13cmb!, 235cmPl, 70cmP?,
22 cmPl, 259 cmPl, and 146 cmPl, which, within a certain degree of error, match with the
computed shifts (1@mPL, 6¢cmbl, 220cmPl, 76cmbl, 22cmbl, 255cmb!, and164cmbl). Hence,

isotopic studies support the assignments of the products formed in the matrix experiments.
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The results for the reaction of borylnitreri¥ with GH; are summarized in Scheme
24. Matrix isolation studies related to the reactivity 6D in the triplet state with ethene
provide evidence for the formation of aziridirl®0 and imine syn101 The experimental
observations have been supported by mu#ference computational studieSimilar studies
for the singlet state reactivity of the borylnitreri®0with ethene hint towards the formation
of aziridinel00and two geometrical isomers of imirsyn101and anti-101 Computational
studies could explain the formation of aziridit@0in the singlet electronic state reaction of

50 but remained unconvincing in explaining the formation of the isomeric imines.
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Scheme24. Reaction of Borylnitren80 with ethene in singlet and tripletlectronic state.
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I Reaction Mechanisms

Unusual Nitrene Oxidation Product Formation by Metathesis
Involving the Dioxygen O—O and Borylnitrene B—N Bonds

Virinder Bhagat, Julia Schumann, and Holger F. Bettinger*®

/Abstract: The reaction of dioxygen with nitrenes can have
significant energy barriers, although both reactants are trip-
let diradicals and the formation of nitroso-O-oxides is spin-al-
lowed. By means of matrix-isolation infrared spectroscopy in
solid argon, nitrogen, and neon, and through high-level
computational quantum chemistry, it is shown herein that a
3-nitreno-1,3,2-benzodioxaborole CatBN (Cat —catecholato)
reacts with dioxygen under cryogenic conditions thermally
at temperatures as low as 7 K to produce two distinct prod-
ucts, an anti-nitroso-O-oxide and a nitritoborane CatBONO.

%

&

The computed barriers for the formation of nitroso-O-oxide
isomers are very low. Whereas anti-nitroso-O-oxide is kineti-
cally trapped, its bisected isomer has a very low barrier for
metathesis, yielding the CatBO+NO radicals in a strongly
exothermic reaction; these radicals can combine under
matrix-isolation conditions to give nitritoborane CatBONO.
The trapped isomer, anti-nitroso-O-oxide, can form the nitri-
toborane CatBONO only after photoexcitation, possibly in-
volving isomerization to the bisected isomer of anti-nitroso-
O-oxide.

o7

Introduction

Dioxygen is a very unusual molecule because it is an open-
shell triplet diradical, but enjoys extraordinary persistence,
which means it forms a substantial fraction of the earth’s at-
mosphere. Almost all of its reactions, oxidations, are very exo-
thermic due to the weak O—O o bond, but often barriers are
sufficiently high to preclude them." This arises from the sub-
stantial 100 kcal mol ' resonance energy of two three-electron,
two-center m bonds."’ Dioxygen, however, undergoes very fast
reactions with other open-shell species, such as radicals and
diradicals. Thus, the suppression of a reaction in the presence
of oxygen is a qualitative test for the involvement of radicals.
Likewise, the fast reaction of triplet carbenes with dioxygen,
even at very low temperatures, as provided by matrix-isolation
conditions, can serve as a qualitative test for the carbene spin
state,”

It is well established that triplet aromatic nitrenes react
much slower with oxygen than triplet aromatic carbenes.>?
According to the reports of Gritsan and Pritchina,” the rate of
the reaction of para-substituted phenylnitrene and oxygen in
solvents such as toluene and hexane is in the order of
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10°°Lmol 's™". On the other hand, the reaction rate in the
case of phenylcarbenes can reach the limit of diffusion control,
even at low temperatures!® p-Aminophenylnitrene reacts to
both the syn- and anti-p-aminophenylnitroso oxide (2a and
2b, respectively) upon annealing of an argon matrix doped
with 4% oxygen (Scheme 1a).” The isomers of p-aminophenyl-
nitroso oxide were found to be photochemically interconverti-
ble and, upon irradiation with 4 >365 nm, ultimately reacted
to form para-nitroaniline.”

Remarkably, phenylnitrene undergoes no reaction, even in a
solid O, matrix at 20 K, as shown by Sander et al.’®) Annealing
in O,-doped Xe matrix only consumed 40% of phenylnitrene,
even after 12 h at 50 K, resulting mainly in the formation of
syn-nitroso-O-oxide 2b and finally nitrobenzene 4 after irradiat-
ing with visible light of wavelength 450 nm (Scheme 1a).®!
This indicates a high barrier for the reaction of molecular
oxygen and phenylnitrene under matrix-isolation conditions. A
computational study by Platz et al. explained the lower reactiv-
ity of phenylnitrene compared with that of phenylcarbene to-
wards oxygen by thermodynamic arguments.”

However, not all nitrenes react reluctantly with molecular
oxygen. For example, the parent nitrene, imidogen NH, is
known to react in Xe matrix with 0,"” and a computational
investigation agrees with the experimental results related to
this reaction.""! A particularly reactive nitrene is borylnitrene 6
CatBN (Cat =catecholato) formed in situ by irradiating matrix-
isolated boryl azide 5."% Nitrene 6 prefers a triplet electronic
ground state, according to ESR spectroscopy and high-level
computations."* " Nitrene 6 and closely related borylnitrenes
are very reactive towards sigma bonds (e.g., C(sp®}—H, H-H)
after photoexcitation, most likely due to the formation of the
highly electrophilic singlet nitrene.*'® Borylnitrene 6, howev-
er, also shows very high thermal reactivity towards O, in an
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the matrix cage eventually collapses to final product
9a. Hence, it is possible for the system CatBN + O, to
undergo simultaneous insertions into the B—N and
0O-0 bonds to form CatBONO at temperatures as low
as 30 Kin argon and 7 K in Ne.

Experimental Section
Experiments

CatBN, was synthesized according to a published proce-
dure.”? Matrix-isolation experiments were performed by
standard techniques on a Sumitomo SH-1 closed-cycle
helium cryostat.”*! Matrices were produced by deposi-
tion of different materials, such as argon, nitrogen, and
neon (Messer-Griesheim, 99.9999%), on top of a Csl (IR)
window at 15, 10, and 4 K, respectively, with oxygen as a
dopant (2-3%, 99.999% purity). IR spectra were record-
ed with a Bruker Vertex 70 FTIR spectrometer with a
standard resolution of 0.5cm™' in the range of 400-
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4000 cm™'. Irradiations were carried out by using a low-
pressure mercury lamp (4 =254 nm, PenRay).

Computations

Geometries of stationary points were optimized at the
B3LYP level,”** as implemented in Gaussian 16, in
conjunction with the 6-311+G** basis set. The stability
of the spin-restricted B3LYP solution was probed, and
spin-unrestricted UB3LYP was employed if a triplet insta-

N=0
B-0

i3

Scheme 1. a) Reaction of aromatic nitrenes 1 and the formation of nitroarenes 4 via in-
termediates 2a, 2b, and 3. b) The reaction of borylnitrene 6 with oxygen and the forma-
tion of anti-nitritoborane 9a. The portion enclosed in the green box corresponds to al-
regarding the interaction of 6 with O, and that enclosed

ready explored aspects,'?

within the red box is unexplored and the subject of the present work.

argon matrix because annealing in the presence of O, quickly
results in the formation of nitroso oxide 7a (Scheme 1b).""?
The latter was shown to undergo, upon photoexcitation (1=
254 nm), a formal dyotropic rearrangement''®?" to nitritobor-
ane 9a. Not only is the thermal reactivity of 6 towards O,
higher than that of aryl nitrenes, but also the final oxidation
product differs because not the nitro- (CatBNO,) but the nitri-
toborane (CatBONO) is formed."'? In addition, three isomers of
nitroso oxide 7 could be identified computationally (UB3LYP/6-
311 +G*¥), but only conformation 7a (anti) could be observed
experimentally."? Neither the reason for the high reactivity of
6 towards oxygen upon annealing, nor the preference for the
formation of 7a, or even the mechanism of nitritoborane for-
mation from nitroso oxide are currently known.

Herein, we show by combining matrix-isolation experiments
and high-level computations that the thermal reaction of bor-
ylnitrene 6 with O, results in multiple products. Besides 7a,
which is kinetically locked under matrix-isolation conditions
and only reacts upon subsequent photoexcitation, a low-barri-
er pathway via the bisected nitroso oxide isomer (7¢) exists
that allows the formation of a radical pair (8: CatBO+NO) by
metathesis of the B-N and O—O bonds. The radical pair within
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bility was detected. Harmonic vibrational frequencies
confirmed that the structures corresponded to minima
or first-order saddle points. The obtained zero-point vi-
brational energies were used for correcting the electron-
ic energies of isomers. Intrinsic reaction coordinate calcu-
lations were performed to confirm that transition states
indeed connected the expected reactive intermediates.
Natural bond orbital (NBO)#? analyses were performed
for some species at the (U)B3LYP/6-311 +G(d,p) level of
theory by using the NBO 3.1°% program.

Energies were refined by coupled-cluster theory involving single,
double, and a perturbative estimate of triple excitations
(CCSD(T)).2%3" The coupled-cluster computations used Dunning’s®?
correlation consistent triple-C basis set (cc-pVTZ) and were per-
formed with the Molpro program.”* Because the T, diagnostic
values were larger than those recommended for a number of sta-
tionary points (T, < 0.02),** completely renormalized coupled clus-
ter theory, CR-CCSD(T), was employed for some stationary
points.”*! T, diagnostic values greater than a certain limit (T, >
0.02) obtained in a coupled cluster calculation could signal an in-
adequacy of the single-reference-based coupled cluster method,*"
and showed the demand for a multiconfigurational treatment of
the reference wavefunction. One way to describe the nondynamic
electron correlation in diradicaloid species by using “black box”
single-reference methods is the application of CR-CCSD(T), which
has been shown to be able to describe diradicaloid and bond-
breaking situations as reliably as CCSD(T) for closed-shell spe-
cies.”* " The CR-CCSD(T) computations were performed with Dun-
ning’s®® triple-C basis set with two sets of polarization functions
on the hydrogen and heavy atoms with orbital exponents «,4(C)=
1.44, 0.36; a,(0)=2.56, 0.64; ay(B)=1.00, 0.25; ay(N)=1.96, 0.49;
and ay(H)=2.0, 0.5, yielding the TZ2P®¥ basis set. The renormal-

© 2020 The Authors. Published by Wiley-VCH GmbH



Publication |

Chemistry
Europe

European Chemical
Socistias Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202002445

ized coupled cluster computations were performed with the
GAMESS program. 4

Because the relative energies of nitroso oxides 7, computed at the
CCSD(T) level, did not differ significantly from the renormalized
coupled-cluster results, and because the appropriateness of the
CCSD(T) method for the related HNOO molecule was demonstrated
previously,*" geometry optimizations were also performed at the
CCSD(T) level of theory by using analytic gradients.”” Dunning's
DZP double-{ basis set, with one set of polarization functions on
the hydrogen and heavy atoms with orbital exponents o,(C)=
0654, 1 (0)=1.211, a,(B)=0.386, ay(N)=0.902, and a4(H)=07,
was employed. Harmonic vibrational frequencies were obtained by
finite differences of analytic gradients at the CCSD(T)/DZP level of
theory. The CCSD(T) gradient computations were run with the
CFOUR program.”® The CCSD(T) harmonic vibrational frequencies
for 7 were in better agreement with experiments than those at the
B3LYP/6-311 +G** level used previously"? whereas for 9 both
methods gave very similar spectra.

The reaction of nitrene 6 with O, was investigated by using com-
plete active space self-consistent field (CASSCF) theory. Relaxed po-
tential-energy scan calculations were performed with the computa-
tional chemistry package ORCA™ by using the valence double-C
basis set def2-SV(P).*” Because the CASSCF method considered
nondynamic correlation only, the potential-energy curves obtained
from the CASSCF relaxed scans were further refined with fully in-
ternally contracted N-electron valence state perturbation theory"®
(FIC-NEVPT2) in combination with the def2-SV(P) basis set, which
also took into account dynamic correlation. The advantage of
NEVPT2 is that it does not suffer from intruder states that could
cause problems for other multireference perturbation theories,
such as the more popular CASPT2 method.*” Studies have shown
that NEVPT2 performs similarly to CASPT2 or even better if intruder
states caused problems for the latter method."****

Results and Discussion
Matrix-isolation experiments

Matrix-isolation infrared spectroscopic studies of boryl azide 5
were performed with different matrix hosts (Ar, N,, and Ne, but
only the Ar data are presented herein in detail; for very similar
spectra obtained in N, and Ne, see Figures S2 and S3 in the
Supporting Information) doped with 2-3% O,. Irradiation of
matrix-isolated precursor 5 with A=254 nm until it was com-
pletely bleached, as shown in Figure 1a, resulted in new IR
bands. With the help of spectra computed at the CCSD(T)/DZP
level of theory, it was confirmed that the species that formed
after irradiation with =254 nm were borylnitrene 6 and anti-
nitritoborane 9a."”

As reported previously,"® nitrene 6 was consumed during
annealing at 30 K for 30 min and new signals were observed,
as shown in Figure 1b. One set of signals was the same as that
which appeared after irradiation (Figure 1a) and was due to
anti-nitritoborane 9a. With the help of the computed spec-
trum (Figure 2h), the second set of new signals in Figure 1b
was assigned to anti-nitroso-O-oxide 7a, as done previously."?
Furthermore, the matrix was irradiated at 4A=254 nm for
30 min and it was observed that 7a was bleached, as observed
in signals pointing downwards in Figure 1c. The set of signals
pointing upwards (Figure 1c) is the same as that in both previ-
ous steps, and hence, was assigned to 9a.
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To further strengthen the assignments, heavy isotopic mo-
lecular oxygen, '®0,, was used in one set of experiments with
N, as a host material (Figure 3). The normal modes of calculat-
ed 7a and 7a’ were compared and, as expected, normal
modes with a significant contribution from the terminal NOO
fragment of anti-nitroso-O-oxide showed significant shifts in
their stretching frequencies. The experimental IR bands that
were assigned to these normal modes (v, v, and v,; see
Figure 4) in the case of experiments with '®0, were shifted if
'®0, was employed and were assigned to 7a’. The above ob-
servations further provide evidence in favor of the formation
of anti-nitroso-O-oxide 7a as one of the species upon anneal-
ing. All assignments of experimental IR spectra to their corre-
sponding calculated spectra in Figures 2 and 3 are listed in Ta-
bles S3-56 in the Supporting Information.

As reported earlier, the three isomers of 7 are very similar in
energy."” However, in contrast to B3LYP, bisected isomer 7 ¢ is
the lowest energy isomer at the NEVPT2//CASSCF, CCSD(T)//
B3LYP, and the CCSD(T) levels. Since the T, diagnostics of iso-
mers 7 are higher (0.02 to 0.03) than those recommended
(0.02),% the completely renormalized coupled-cluster method
CR-CCSD(T) was employed as well. These results concurred
with the CCSD(T) result that the relative energy of the isomers
increased as 7c<7a<7b. In addition, syn-isomer 7b is a first-
order saddle point at the CCSD(T)/DZP level of theory with a
small imaginary vibrational frequency of 12i cm™'. This explains
why we do not detect formation of 7b in our experiments. A
comparison of the computed harmonic vibrational frequencies
of 7a and 7c suggests that they differ to such an extent that
the two isomers should be distinguishable (see Figure S5 in
the Supporting Information). This leaves two important ques-
tions: 1) Why is the most stable isomer 7c¢ not detected?
2) How can the nitritoborane be formed thermally, that is,
without photoexcitation? To further investigate the properties
of 7a and 7c¢, additional computational investigations were
performed as discussed in the next section.

Computational studies

To elucidate the mechanistic aspects for the formation of anti-
nitritoborane 9a after the reaction of triplet borylnitrene 6 and
oxygen, a computational investigation was performed. This
computational study is divided into two parts: 1) the formation
of initial nitroso-O-oxide products upon annealing, as a result
of the reaction between borylnitrene 6 and oxygen; and 2) the
further reaction pathway that results in the formation of anti-
nitritoborane 9a as the final product.

The first reaction product formed from triplet CatBN 6 and
triplet O,, nitroso-O-oxide 7a, has a singlet electronic ground
state based on the (U)B3LYP and CCSD(T) computations. The
triplet state is 26 and 40 kcalmol ™', respectively, higher in
energy. The singlet state of 7a can be formed in a spin-allowed
reaction from triplet nitrene 6 and triplet O, with all four
open-shell electrons coupled to a singlet electronic state. It is
clear that the electronic structure of the corresponding open-
shell singlet state at a large distance is essentially impossible
to describe with single-reference-based methods, such as
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Figure 1. Infrared spectra obtained after irradiation of boryl azide 5 in O, (2-3%) doped argon matrix. a) After 60 min irradiation with 2 =254 nm at T=10K.
b) Difference spectrum after annealing for 30 min at 30 K. c) Difference spectrum after irradiation with 4 =254 nm for 30 min.

Kohn-Sham DFT and Hartree-Fock reference-based coupled
cluster methods. Hence, we employed the CASSCF method in
conjunction with the def2-SV(P) basis set in CASSCF relaxed
scan calculations with the N—O distance as the scan parameter,
followed by single-point energy evaluations by using CASSCF-
based second-order perturbation theory, NEVPT2. The choice
of the proper active space for such a complex reaction with
four open shells coupled to a singlet electronic state turned
out to be challenging. Hence, we first selected the reaction of
NH and O, as a model system that was previously studied by
Talipov etal. using a full-valence active space and second-
order perturbation theory (MCQDPT2//CASSCF)." Due to the
small system size, we also performed the CASSCF and
NEVPT2//CASSCF scan calculations with full-valence active
space (18,13). The potential-energy curve (Figure 5a) shows
that the barrier for the formation for imine peroxide, as a
result of reaction of NH+0, is 7.1kcalmol™ at the
CASSCF(18,13)/def-SV(P) level of theory. This was reduced to
0.4 kcalmol ' by using NEVPT2/def-SV(P) single points. It has
been reported that the formation of imine peroxide from NH
and O, is barrierless under matrix-isolation conditions'"” and in
the gas phase.”” Hence, our refined barrier (0.4 kcalmol™') at
the NEVPT2/def-SV(P) level is in agreement with regard to the
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reported experimental barriers for the formation of imine per-
oxide. It is also in agreement with closely related multiconfigu-
ration perturbation theory (MCQDPT2; 1.4 kcalmol™') and mul-
tireference configuration interaction (MRCI; 0.8 kcalmol™)
computations by using the full-valence active space reported
by Talipov et al.!™

A full-valence active space is computationally too demand-
ing for treating the reaction of 6+0,, but close visual inspec-
tion of the relevant active-space orbitals of NH+ O, allowed
identification of relevant orbitals for the title reaction. Includ-
ing the corresponding orbitals (see Figure S4 in the Supporting
Information) in the active space of the 6+ 0, system gave bar-
riers for the formation of the anti- and bisected isomers of 7 of
7.1 and 13.4 kcal mol ™', respectively, at the CASSCF(14,10)/def2-
SV(P) level (Figure 5b,c). These barriers obtained from CASSCF
calculations are too high to overcome under matrix-isolation
conditions, but similar to the case of the NH+O, reaction,
these barriers were reduced significantly after refinement with
NEVPT2 (Figure 5a). The barriers of 0.4 kcalmol™' for the for-
mation of anti-isomer 7a and 1.4 kcalmol™' for bisected
isomer 7c (Figure 5b,c) are very small, similar to that of the
NH + O, reaction at the same level of theory.
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Figure 2. a) Difference IR spectrum after irradiation with A= 254 nm for 30 min (following the annealing step). b) Calculated spectrum for "'B and '°B isotopo-
logues (81:19) of anti-nitroso-O-oxide 7a at the CCSD(T)/DZP level, ¢) Calculated spectrum for ''B and "B isotopologues (81:19) of anti-nitritoborane 9a at the

CCSD(T)/DZP level.

The barriers for the formation of isomers 7a and 7 ¢ are low,
but differ by roughly 1 kcalmol ™' at the present level of theory.
It can be assumed that the barrier heights are further reduced
by a more sophisticated treatment of electron correlation and
expansion of the one-electron basis set, as shown by Talipov
et al. for the NH + O, reaction, which does not rule out the ab-
sence of an activation barrier altogether."” Because both prod-
ucts 7a and 9 are also formed in Ne matrix upon annealing to
10 K, the experiment suggests that the barriers are very small
or may not even exist. That only isomer 7a can be safely as-
signed in the experiments could be due to a kinetic preference
for its formation, as suggested for the preferred formation of
trans-HNQO in the case of the related HN+0Q, reaction."®"
However, we still need a channel for the formation of 9a that
has essentially no barrier. We therefore investigated the
ground-state thermal reaction pathway from various geometri-
cal isomers of nitroso-O-oxide (7a, 7b, and 7c) that finally re-
sulted in anti-nitritoborane 9a as the second part of our com-
putational investigation. These calculations were performed at
the CCSD(T)/cc-pVTZ//UB3LYP/6-311+G** level, unless noted
otherwise.

Despite their very similar energy contents (within 3 kcal
mol~"), the interconversions of 7a to 7b (a minimum at B3LYP,
but a saddle point at CCSD(T)) or to 7c have high energy
demand (> 30 kcal mol™'; Figure 6). Similarly, high barriers have
been obtained computationally for the isomerization of cis-
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and trans-HNOO."" These interconversions are thus impossible
thermally under cryogenic conditions.

The higher barriers associated with TS, and TS; are due to
rotation about the N—-O bonds that have pronounced double-
bond character, according to their Wiberg bond indexes of
1.4-1.5 for all isomers 7a-c (see Table 51 in the Supporting In-
formation). On the other hand, transition-state TS, corresponds
to rotation about the B—N bond. NBO calculations showed
that the Wiberg bond orders of the B-N bonds were in the
range of 0.8-1.0 for isomers 7a-c (see Table S1 in the Support-
ing Information). Hence, rotation about the B—N bond, as in
TS, is expected to be a low-energy process, whereas rotation
about the N—O bond, as in TS, and TS;, requires much more
energy.

The bisected geometry 7 ¢ provides the starting point for
the low-barrier breaking of the B-N bond that results in a
complex of 8 CatBO with NO (Figure 6). The barrier at the
CCSD(T) level is only 0.8 kcalmol™". Because the T, diagnostic
values (0.028 for 7c and 0.029 for TS;) are larger than that of
the generally accepted threshold of 0.02 suggested by Lee and
Taylor,®" we also performed CR-CCSD(T) computations that
were significantly more robust for diradicaloids.”*™" The classi-
cal barrier is < 0.1 kcalmol™" at the CR-CCSD(T)/TZ2P//UB3LYP/
6-311 + G** level, which confirms that thermal reaction of 7c is
clearly a low-energy process. The resulting complex 8 of the
CatBO +NO radical pair is likely poorly described by CCSD(T)
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