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Tamed Tigers: Stabilization of Reactive Carbenes

Martin Albrecht*®

The behavior of tigers, and of wild cats
generally, tends to be difficult to predict,
let alone control. Carbenes are the
chemical equivalents of wild cats, long
believed to be too reactive to be isolat-
ed and handled appropriately. The reac-
tivity of carbenes is readily appreciated
by considering their electronic structure,
comprising a carbon center with six elec-
trons, four of which are involved in
bonding to substituents (R and R’ in
Figure 1). This electron count violates
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Figure 1. Generic representation of a carbene,
highlighting the two electrons at carbon that are
not engaged in bonding.

Lewis’ famous octet rule, which is proba-
bly most rigidly observed for carbon.™ It
is this electron deficit at carbon that ac-
counts for the high reactivity of carbenes
and the difficulties in stabilizing and
studying these species.

Depending on the hybridization and
the occupation of the orbitals of carbon,
singlet and triplet ground states of car-
benes can be distinguished. The elec-
tronic configuration is predominantly
controlled by the Coulombic repulsion,
the separation between the ¢ and & or-
bitals, and the steric and electronic ef-
fects induced by the substituents R and
R (the R—C—R’ angle, and inductive and
mesomeric factors).” Generally, t donor
heteroatoms such as nitrogen or oxygen
strongly stabilize singlet ground states
through destabilization of the carbene p
orbital, while aryl substituents reduce
the singlet-triplet gap due to their low-
energy mt* orbitals. Appropriate choice of
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the a substituents R and R’ therefore
allows for tailoring the singlet-triplet
gap, and today even carbenes which can
exist as metastable intermediates in
both spin states are known.®

The stability of carbenes as intermedi-
ates and their utility for organic transfor-
mations has been recognized, for exam-
ple in the cyclopropanation of olefins
with CCl,." First progress in taming the
reactivity of carbenes has been achieved
in the mid-60s by using metals for stabi-
lizing the reactive species. Fischer, in his
seminal work,” reported the sequential
addition of a nucleophile and an electro-
phile to a metal carbonyl complex,
which afforded a metal-bonded oxycar-
bene (2, Scheme 1).

Scheme 1. Oxycarbene formation within the
metal coordination sphere according to Fischer’s
methodology.

While theoretical and spectroscopic
advances provided considerable insight
into the bonding situation and the reac-
tivity of carbenes, including also the
generally more reactive triplet car-
benes,>® attempts to isolate free car-
benes initially had little success. Based
on the stabilizing effect of a-positioned
donor atoms, Wanzlick erroneously pro-
posed the formation of imidazolinyli-
denes 4 from electron-rich olefins such
as entetramines 3 (Wanzlick equilibrium,
Scheme 2).”

An unambiguous characterization of
this type of carbene was unattainable
until 1989, when Bertrand isolated the
phosphino-silyl carbene 5 (Figure 2).©
Soon afterwards, Arduengo provided
structural proof of free carbenes through
X-ray diffraction analyses of the thermal-
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Scheme 2. The supposed Wanzlick equilibrium
between enetetramines and imidazolinylidenes.
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Figure 2. Selection of free carbenes that have
been characterized by crystallography (5-9) or by
spectroscopic methods (10, 11).

ly stable imidazolylidenes 6 (Figure 2).”

Bulky substituents, (R=e.g. adamantyl,
tolyl) were installed at the nitrogen
atoms in order to reduce the kinetic la-
bility of the formed carbene. This prog-
ress nicely demonstrates the potential
relevance of initially unsuccessful ap-
proaches such as Wanzlick’s equilibrium
suggestion. Following these break-
throughs in isolating free N-heterocyclic
carbenes, a number of carbenes com-
prising less extensive heteroatom stabili-
zation have been characterized crystallo-
graphically, such as stable phosphino-
and amino-aryl carbenes (7), cyclic
amino-alkyl carbenes (CAAC, 8) and their
acyclic analogs, in particular through the
pioneering work of Bertrand and cow-
orkers." Even carbenes stabilized by
remote heteroatoms, such as cyclopro-
pylidene 9 (R=NiPr,), which was previ-
ously investigated by spectroscopic
tools, were isolated and structurally char-
acterized by single-crystal X-ray diffrac-
tion.™

For analyzing carbenes with only limit-
ed stability, for example those substitut-
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ed by only weak m donors, two ap-
proaches have found the widest applica-
tion:I"? 1) matrix isolation at low temper-
atures in order to reduce bimolecular re-
actions and to decelerate decomposition
reactions, and 2) in situ analysis at high
energies, at which less stable conformers
become increasingly populated. The
former method has been used for the
characterization of typically highly reac-
tive triplet carbenes. While most of the
carbenes, including the prototypical car-
bene :CH, (10), have only limited possi-
bilities for further intramolecular reac-
tions—for example when isolated in a
matrix—the situation is markedly differ-
ent for carbenes with heteroatoms that
contain labile protons (such as R=NR'H,
OH, SH) in the a position. For example,
2-pyridylidene 11 is a tautomer of pyri-
dine and is supposed to undergo a fast
intramolecular proton migration from ni-
trogen to carbon. Despite this reactivity,
pyridylidenes were detected in the gas
phase.'® Recently, the tautomeric equi-
librium was successfully shifted to the
pyridylidene side in the presence of Os
and Ir, though metal coordination ap-
peared to be essential for stabilizing the
pyridylidene tautomer."™”

Similar tautomerization into a carbene
species has been proposed for alde-
hydes, specifically also for formalde-
hyde.'™ Despite the fact that the corre-
sponding hydroxymethylene 13 was pre-
dicted to be stable by quantum-chemical
calculations, hydroxycarbenes have re-
mained elusive. Very recently, though,
Schreiner et al. reported on the success-
ful preparation and spectroscopic char-
acterization of hydroxymethlyene."® Dif-
ferent synthetic approaches towards hy-
droxymethylene are conceivable, such as
the dehydrogenation of methanol or N,
elimination from diazirines. The method
chosen by the authors starts from glyox-
ylic acid (12, Scheme 3) and involves
first, and quite remarkable for the prepa-
ration of a supposedly reactive inter-
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Scheme 3. Synthesis of hydroxymethylene 13 and
tautomerization to formaldehyde 14.

mediate, a thermally induced decarboxy-
lation by high-vacuum flash pyrolysis fol-
lowed by the trapping of the products in
a solid argon matrix at 11 K.

Careful optimization of the reaction
conditions allows for the accumulation
of sufficient amounts of carbene 13 for
analyses by IR and UV/Vis spectroscopy.
The assignment of the vibrational band
origins is supported by quantum-chemi-
cal force field calculations, which are in
excellent agreement with the observed
data. However, even in the 11-20 K tem-
perature range, rearrangement to the
thermodynamically more stable formal-
dehyde takes place spontaneously (t;, is
approximately 2 h) and it can be signifi-
cantly accelerated by irradiation at
430 nm into the absorbance band of the
singlet carbene. While the rate of tauto-
merization is not particularly sensitive to
temperature changes, deuterium label-
ling of the oxo-bound hydrogen increas-
es the stability of the carbene signifi-
cantly. The carbene :C(H)(OD) [13'] does
not show any rearrangement to the cor-
responding monodeuterated formalde-
hyde. This dramatic influence cannot be
rationalized by a simple kinetic isotope
effect (KIE), but rather is—combined
with the temperature-independent tau-
tomerization rate of 13—a good indica-
tion for a tunnelling mechanism.

Quantum-mechanical models support
a tunnelling process. Half-lives of t;,=
122 min and t,,,= 1200 years were calcu-
lated for 13 and its monodeuterated
analog 13/, respectively, thus rationaliz-
ing the observed stability of these spe-
cies."™ Hydroxymethylene resides in a
deep well on the potential energy sur-
face. The calculated 0K activation en-
thalpy for the formation of formaldehyde
from 13 was predicted to be about
30 kcalmol™". Also, rotation about the
C—O bond and formation of the isomer
with the hydrogen atoms in a cisoid po-
sition was calculated to require close to
30 kcalmol™". Similar barriers were com-
puted for a potential singlet-to-triplet in-
tersystem crossing, both at the ground
and the transition state. These high acti-
vation energies probably made it possi-
ble for hydroxymethylene to survive the
drastic conditions used for its formation
until trapped in the cold matrix.

According to the relationship between
the activation energy E, and the reaction
rate k [Arrhenius equation, Eq. (1)]:

k:Ae—Ea/RT (1)

the 30 kcalmol™" activation energy calcu-
lated for the tautomerization translates
to a reaction rate that is essentially zero
in the cold matrix (T=11K) if classical
pathways are followed. For T=1273K,
that is, under conditions used for flash
pyrolysis, and assuming an exclusively in-
tramolecular first-order process (A=
10"), the conventional tautomerization
rate is extremely high, k;,,;~7x10"s™".
Such a virtually instantaneous reaction
may illustrate the difficulties associated
with preparing large quantities of 13 by
pyrolysis and underlines the relevance of
optimized reaction conditions for the
synthesis.

At room temperature the lifetime of
:C(H)(OH) is limited by tunnelling pro-
cesses (estimated thermal tautomeriza-
tion rate ki~ 107°s7"). Metal coordina-
tion and the formation of complexes
such as 15 (Scheme 4) could be advanta-
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Scheme 4. Proposed metal-stabilization of car-
bene 13 by formation of complex 15.

geous for suppressing tunnelling events
and for accumulating synthetically useful
quantities of 13. This approach may, at
the same time, perhaps reduce the
amount of undesired products like CO,
as observed during high-vacuum flash
pyrolysis.  While metal coordination
should enable further characterization of
this archetype of oxycarbenes, it will also
allow for exploiting the application po-
tential of hydroxymethylene and its alky-
lated derivatives. Applications of hydrox-
ycarbenes should be of great interest, in
particular given the enormous impact of
related carbenes as ancillary ligands and
reactive intermediates in metal-mediated
catalysis.*"”

A large variety of applications can be
envisaged due to the presence of both
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o and [ hydrogens in a metal-bonded
hydroxymethylene complex 15. For ex-
ample, carbenes such as 13 are expected
to play a role beyond that of an ancillary
ligand and they are likely to participate
actively in (metal-mediated) transforma-
tions, perhaps by engaging in reversible
hydrogen transfer interactions.

Unlike many N-heterocyclic carbenes,
hydroxymethylene is still far from being
domesticated. Schreiner and coworkers
succeeded however, in taming this
chemical wild cat to such an extent that
controlled reactions involving this car-
bene species are now conceivable. This
achievement represents undoubtedly an-
other landmark in demonstrating the po-
tential of carbenes as components for
synthesis. Along these lines, it may be in-
teresting to study less conventional car-
benes, such as 4-imidazolylidenes, that
is, tautomers of the Arduengo-type car-
benes 6, and 3- and 4-pyridylidenes (i.e.
the tautomers of 11)."® In particular, it
should be instructive to learn whether
these species belong to the class of car-
benes or whether they are better de-
scribed as zwitterionic compounds.'”
Clearly, matrix isolation supported by so-
phisticated computational analyses may
pave the way for achieving further prog-
ress in this area.
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