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1. INTRODUCTION: WHY WE STUDY CARBENES

In this chapter we discuss the interplay of qualitative and quantitative the-
ory as illustrated by the energetics, structure, and reactivity of carbenes. We
Imvc chosen 1o make carbenes the subject of an entire chapter because these
compounds have been of intense interest to experimental and theoretical
chemists alike for decades. This interest arises from the fact that despite
occasional ambiguity, carbenes contain divalent carbon. These species thus
violate the primary tenet of organic chemistry, which asserts the “natural”
tetravalence of carbon.

The divalent carbons in carbenes normally result in high reactivity. This
divalence allows most of the interesting carbene phenomena to be shown by
the 3 atom, 6 valence electron, and 8 all electron level of the parent carbene,
CH., the second simplest hydrocarbon. (CH narrowly edges out CH, for first
place.) The archetypal cyclopropane and benzene for the study of strained
and aromatic species are rather large: they are composed of 9 and 12 atoms,
I8 and 30 valence electrons, and a total of 24 and 42 clectrons, respectively.

Part of the interest in carbenes arises from their property of having two
gencerally accessible electronic states, the singlet with all its clectrons paired,
and the triplet with two unpaired electrons. The former behaves like an elec-
trophile and/or a nucleophile, the latter more like a radical. As such, the
singlet and triplet generally have very different, and easily distinguishable,
chemical behaviors. For numerous carbenes, each electronic state may be
“synthesized” independent of the other, even though direct isolation is
rarcly achieved. There are few species for which the ground and excited
states are of equal interest and accessibility. In addition, carbenes are acces-
sible in the gas phase and in condensed media using the techniques of both
thermal and photochemistry. This diversity allows a quite complete picture
of the compounds to be formed and subtle effects to be delineated. In the
condensed phase, intermolecular interactions of the uncharged carbenes are
comparatively weaker than those of many other “reactive intermediates”
such as carbonium ions and carbanions, where solvation and ion pairing
often play dominant roles.

Carbenes are also interesting because they may be related to numerous
other species. Either or both of the two hydrogens of the parent CH, may be
replaced 1o form other carbenes, and the resultant substituent effects are
usually large. Isoclectronic reasoning allows carbenes to be related to both
“reactive intermediates” and classical, stable species. In summary, carbene
chemistry 1s mulufaceted and exciung.
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2. WHY IS CARBON NORMALLY TETRAVALENT?

We start our discussion of the interplay of structure, energetics, and reactiv-
ity in carbenes by discussing why carbon is normally tetravelent. This is a
logical place to begin because carbenes violate a primary tenet of organic
chemistry by containing a divalent carbon; that is, the dominant Lewis or
resonance structure involves two or even occasionally one bonding partner,
two bonds, and a total of six electrons around the central carbon, The con-
ventional situation, exemplified in numerous saturated aliphatic and ali-
cyclic hydrocarbons, places four carbon and/or hydrogen neighbors around
each carbon, so that there are eight electrons around each carbon. The pres-
ence of four bonds is usually explained in the textbook literature in terms
of promotion and hybridization of the 1s2s*2p* (*P) ground state into an
“appropriate state” for the formation of four directed bonds. The energy
released by the formation of these bonds is supposed to more than offset the
associated promotion energy cost and so stabilize tetravalent carbon. (We
note that the two unpaired electrons of the 2p subshell do not require pro-
motion to form the two bonds of the carbenes.) This explanation is quali-
tatively appealing, but quantitation of the tetravalence phenomenon has
generally been ambiguous. We now attempt to provide such a quantification
using a comparatively simple model and accompanying numerical estimate
of the energies involved.

The reader will note that the “appropriate state”” above was not identified
as sp*-hybridized carbon. This omission was intentional. Literature theoret-
ical studies have variously indicated that the tetrahedral geometry of the
archetypical methane with its one tetracoordinate carbon atom (a) is due to
the internuclear repulsions of the hydrogens' rather than interelectron repul-
sion or other electronic effects, (b) does not require any s and p admixture
at all,” suggesting that promotion and hybridization may be totally irrele-
vant, and (c) is accompanied by sp'’, sp*?, or sp’* hybridization for the cen-
tral carbon, whete the differing hybridizations were obtained using different
calculational and conceptual methods.’ Thus it should not be surprising that
we wish to omit the question of the hybridization of the central carbon atom
in carbenes.

Like the textbook models, our model speaks of promotion, hybridization,
and the subsequent formation of four bonds. We estimate the energy gained
by promoting and hybridizing the carbon atom as equaling the difference in
C—C (homolytic) bond energies associated with carbons that are properly
geometrically disposed (and thus are “properly” hybridized, if such atoms
have any reality as opposed to merely conceptual utility) and those that are
associated with atomic carbon, which is unhybridized by definition. As an
example of the former, consider the simple case of ethane with its two equiv-
alent carbons. The direct C—C bond homolysis requires 86.6 kcal/mol.*
However, this number must be corrected by the “tetrahedralization energy”
to transform the two resultant CH, radicals from their planar geometry as
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free tetraatomic molecules into species that have the geometry of the CH,
fragment found in ethane. Quantum chemical calculations® of this transfor-
mation produce a value of 6.9 kcal/mol for each CH,. Accordingly, the bond
strength corresponding to the first process is 86.6 + 2(6.9) = 100 kcal/mol.

For the second process, consider the formation of atomic carbon from the
formal decomposition of diamond, a species composed solely of tetrahedral
carbons. The experimental heats of formation® (from graphite) of diamond
and of atomic carbon are 0.45 and 171.3 kcal/mol, respectively. Whereas
cach carbon in diamond has four bonds to adjacent carbons, to prevent the
double counting of C—C bonds, each carbon is said to be associated with
two bonds. As such, the effective bond strength is (171.3 — 0.45)/2 = 85
kcal/mol. The difference of the C—C bond strengths associated with the two
processes is thus 100 — 85 = 15 kcal/mol. We thus take the energy gain due
to promotion and hybridization of atomic carbon into the tetrahedral, tetra-
coordinate carbon form as 15 kcal/mol per C—C bond.

It may be argued that the foregoing comparison may be improved by deal-
ing with two inconsistencies:

1. Solid, and not gaseous, diamond was used—all the other hydrocarbons
are taken in their gaseous state at standard temperature and pressure,
2. Diamond is not a typical hydrocarbon—it lacks hydrogen.

With regard to the first difficulty, a correction may be immediately made by
adding in the heat of sublimation of diamond. Although this quantity is
unknown—and temptingly said to be intrinsically unmeasurable—it may be
estimated by two distinct approaches. The first argues that the heat of sub-
limation is precisely zero: solid diamond is argued to be an ideal gas because
there are only intramolecular (ie, no intermolecular) interactions.” Alterna-
tively, from the identity

Al’I[snl‘(s g g) b A]!I'ul.{s P I) e 'ﬁl!wp(l i g) (3-|)
and the observation that Aff,, is less than AH,,, we deduce
AH Al s 2 AH (3-2)

Unfortunately, the heat of vaporization of liquid diamond is a number as
unknown, and as experimentally unattainable, as the heat of sublimation of
the solid. Nevertheless, unlike heats of sublimation, heats of vaporization
arc comparatively easy to estimate, In particular, we use rule 2 of Reference
8:

AH,,, = 0.3n, + 1.1n. + 0.7 kcal/mol (3-3)

where n,, is the number of quaternary carbons and . is the number of non-
quaternary carbon atoms in the molecule. For diamond, which is composed
“solely” of quaternary carbons, n, effectively is 1 and n. effectively is 0.
Thus A/l per mole of atomic carbon, is 0.3 keal/mol. Undeniably, AH,,
is less than twice this value, 0.6 kcal mol '. This correction is seen to be
negligible.
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With regard to the second objection, ethane and diamond may be “inter-
polated” by neopentane, C(CH,;),, and 2,2,3,3-tetramethylbutane,
C,(CH,),.*"° Although (CH,),C, a radical resulting from suitable C—C bond
thermolyses of either hydrocarbon, is in fact pyramidal, the CH,—C—CH,
angle'' is much wider than that found in either of its precursors. As such,
the tetrahedralization energy of t-butyl radical must also be included. Tak-
ing this last number from quantum chemical calculations'? and the heats of
formation of the hydrocarbons and the radicals" from experiment, the fol-
lowing processes give the C—C bond energy of interest.

C(CH,), = (CH,),C + CH,; E = 101 kcal/mol (3-4)
C(CH,), — C + 4CH,; E = 95 kcal/mol (3-5)
C(CH,),— C(CH,), — 2[C(CH,),C]; E = 101 kcal/mol (3-6)
C(CH,);—C(CH;); — 2C + 6CH;; E = 95 keal/mol (3-7)

The range of values found for C—C bond dissociation energies in neopen-
tane and 2,2,3,3-tetramethylbutane is 8 kcal/mol, smaller than that found
before using ethane and diamond. However, these two ranges of values are
in fact consistent. The values of the bond energies found for the properly
geometrically disposed cases, as found for ethane and reactions 3-4 and 3-6
are nearly identical to each other (= 100 kcal/mol). The case in which just
atomic carbon was produced (ie, diamond) resulted in 85 kcal/mol. In the
two remaining cases in reactions (3-3 and 3-5), a typical bond is composed
of two carbons that upon dissociation result in one carbon that is properly
geometrically disposed and one carbon that is atomic. Their bond energies
are nearly identical, about 94 kcal/mol. This value is nearly the average of
the all-“properly geometrically disposed” and all-atomic situations. The
energy gain associated with electron promotion and hybridization in strain-
less, aliphatic (or alicyclic) tetrahedral, tetracoordinate carbon is thus about
15 kcal/mol. This energy is large enough that carbon appears unequivocally
to “prefer” being tetrahedral and tetracoordinate. Thus we should not be
surprised that carbon, if bonded to only two hydrogens, has two unpaired
electrons awaiting the formation of two more bonds and that carbenes are
generally highly reactive species.

3. THE XCY CARBENE ANGLE AND THE SINGLET-TRIPLET GAP;
MODELS, MNEMONICS, AND CORRELATIVES

A. The Inseparability of Singlet-Triplet Gaps and XCY Angles

Many a model for the singlet-triplet gap, Es, in general carbenes, CXY, are
inseparable from those for the XCY angle in the two states. The HCH
angle' is unconstrained and in singlet CH, is about 105°, considerably less
than 135° in the triplet. We take these values as “optimal” and associate -
with them a gap of about 10 kcal/mol favoring the triplet as the ground
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state.” It is not surprising that the singlet-triplet gap for a single species
correlates with the distortions of the XCY angle of that species in the two
states. It is well established that the XCY angle varies widely in ground and
excited states of carbenes. Although this variation is most often due to elec-
tronic effects, it sometimes is due to steric effects.

Starting with the latter effects because they are simpler, both quantum
chemical calculations and experiment show that di-t-butyl carbene to be a
ground state triplet.' By contrast, direct use of Equation 3-8 (from Refer-
ence 17), as well as extrapolations from

Eg = 84.5Z0; + 43.9 (3-8)

other dialkyl carbenes, would have suggested a ground state singlet. It is
clear that the two large t-butyl groups force the XCY angle to open in both
states. Since the triplet angle is significantly larger than that of singlet car-
benes, such bulky groups have less of an effect on the triplet than the singlet,
and therefore destabilize the triplet less. The triplet drops below the singlet
in energy, and so di-t-butyl carbene is a ground state triplet. By contrast, we
expect cyclopropenylidene to have a severely constricted (=~ 60° as in cyclo-
propene) XCY angle in its ground state. Since the constriction arises from
the species’ nuclear framework, we expect the XCY angle of the triplet state
to be of the same order as the singlet. Since the singlet optimal angle is
smaller and the assumed distortion is smaller for the singlet, we are not sur-
prised that cyclopropenylidene has a singlet ground state (see Subsection B
of Section 8).

B. Gimarc's Qualitative Molecular Orbital Theory

Understanding the origin of the smaller XCY angle of the singlet CH, than
of the triplet will aid us in the understanding of electronic effects on carbene
geometry, Our first model for the XCY angle makes use of Gimarc’s “qual-
itative molecular orbital” theory' and Figure 3-1, which shows all the occu-
pied molecular orbitals of CH,. We now proceed through the relevant rules
(ic, omitting rules 4, 6, 7, and 9 of Gimarc’s list).

a. “Consider valence clectrons only.” This means that the effects of the
la, orbital may be ignored. Certainly a molecular orbital (MO) that is com-
posed almost totally of the C Is atomic orbital (AQO) is expected to have little
chemical impact.

b. “Form completely delocalized MOs as linear combinations of valence
sand p AOs.” The reader will recall that while extensive basis sets were used
to calculate chemically accurate numbers, all the qualitative discussion of
these results ultimately used the s orbital of hydrogen, and the s and p AOs
of carbon and those of affixed nonhydrogenic atoms.

c. *“MOs must be either symmetric or antisymmetric with respect to the
symmetry operations of the molecule.” We remind the reader that desig-
nations such as a,, b,, and b, are symmetry labels and that the shaded and
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c 1b,

@ c or W' 1b,

H.

H/‘G 101

Figure 3-1. The occupied molecular orbitals of singlet and triplet CH,. By conven-
tion, the shaded and unshaded parts of an orbital have opposite signs or phases. Also,
in applications of qualitative molecular orbital theory, the bottom-most orbital is
ignored and the 2a, and 3a, orbitals are often relabeled la, and 2a,, respectively.

unshaded parts of the MOs shown are characterized by different phases or
signs of the orbital.

d. “The total energy is the sum of the orbital energies of individual ener-
gies.” As Gimarc himself admits, this rule incorrectly suggests that CH,
should have all the electrons paired because the 3a, lies lower in energy than
the 1b,. That error aside, this rule allows us to make comparisons orbital by
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orbital, whether between a carbene in its singlet state with the same species
in the triplet state, or between two altogether different compounds.

¢. “The AO coefficients are large in high-energy MOs with many nodes
or complicated nodal character.” This usually results in the higher energy
MOs dominating the observed chemical behavior.

f. “*When two orbitals interact, the lower energy orbital is stabilized and
the higher energy orbital is destablized. An out-of-phase or antibonding
interaction between two orbitals always raises the energy more than the cor-
responding in-phase or bonding interaction lowers the energy.” This rule is
often presented in introductory textbooks as “Antibonding is more anti-
bonding than bonding is bonding.”

Let us return to CH,; in the specific and follow from Gimarc himself. The
Ib, or lx orbital is essentially pure carbon 2p because the hydrogens lack
the appropriate 2p orbitals. This is true regardless of the HCH angle, and so
only the orbitals of ¢ symmetry need be considered. The highest such
orbital, the 3a,, is “H—H bonding,” whereas the subjacent (the next lower
lying) o orbital, the Ib,, is “H—H antibonding.” (H—H bonding and anti-
bonding strictly means that the two Is orbitals of the two hydrogens are
respectively in and out of phase. It does not mean that one interaction is
simultaneously stabilizing and destabilizing.) Opening the HCH angle
decreases the stabilizing effects of the “H—H bonding™ interactions in the
Ja, MO and also decreases the destabilizing effects of the “H—H antibond-
ing” interactions in the Ib, orbital. With two electrons in the 3a, orbital (ie,
in the singlet state), this orbital “wins out,” and so the HCH angle is small.
With one electron in the 3a, orbital (ie, in the triplet state), the HCH angle
is larger than in the singlet. (It is not, however, increased to 180° as is so
often erroneously shown in the textbook literature. This, too, follows from
Gimarc’s analysis.)

Gimarc has also made related analyses for the HAH angles in the second-
row dihydride series BeH,, BH,, CH,, NH,, H,0, and for the isoelectronic
series CH,, NH/, SiH,. By making use of some of his other rules, Gimarc
has also studied the angles in mono- and dihalocarbenes and their isoelec-
tronic analogues—interested readers are referred to his studies for more
details. We leave qualitative molecular orbital theory with the interesting
note that this “H—H bonding and antibonding” logic parallels the relative
HNH angles in NH; and its radical cation. In the neutral with two electrons
in the highest lying a, orbital, the angle is 104°, while in the radical cation
with only one such electron, the angle is opened to 120°—the species is
planar. It will be seen that this relation is not unique—more general car-
benes and amines interrelate.

C. Nyholm-Gillespie (or VSEPR) Theory"

Another explanation for the relative angles of the singlet and triplet makes
use of Nyholm-Gillespie or valence shell-electron pair repulsion (VSEPR)
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theory. In its simplest form, = ¢lectrons do not affect molecular geometry.
As such, singlet CH, with its lone pair (Ip) on carbon will have a larger “lp—
C—H” angle and smaller HCH angle than the triplet with its single “free
radical” electron and larger HCH angle. This correspondence between angle
and electronic state is also seen in SiH,. It has been additionally argued®
that there is less H—H repulsion in SiH, than in CH, and so the smaller
HSiH angle is smaller. This results in SiH, being a singlet. This difference
between the second-row CH, and third-row SiH, parallels the wider angle in
H,O than in H,S. The same difference is seen in NH; compared to PH,.
Additionally the inversion barrier’—the energy needed to increase the
HNH and HPH angle to 120°—is markedly less for the former.

Substituted carbene geometries are also compatible with the VSEPR
assertion that electronegative substituents are comparatively small: the FCF
angles in the singlet and triplet state of CF, are smaller than the HCH angles
in the two corresponding states of CH,. Electronegative substituents confine
the electrons in the bonds to a smaller region, and so repulsion between
them is minimized. This angle dependence on electronegativity parallels the
smaller angle in OF, than in H,0, and in NF; than in NH,. (The inversion
barriers for the two amines fall in the predicted order: NH; « NF;). Though
less documented, it appears that electropositive substituents occupy a com-
paratively large volume. Paralleling the experimental linear geometry for
Li,0, it is not surprising that quantum chemical calculations on CLi, show
a potential energy minimum corresponding to a linear geometry'”*** irre-
spective of whether the electronic state of the carbene is singlet or triplet.
This geometry is compatible with significant contributions from the valence
bond resonance structure "Li=C*—Li.** This may also be suggested for
CNa,, although the literature calculation is only for the triplet.” Interest-
ingly, both triplet CLi,” and CNa,* have bent isomers with an MCM angle
of about 80-90°. This may be understood in terms of the alternative reso-
nance structure M7 —C~ wherein there is explicit metal-metal bonding and
the component doublet and quartet combine to form the observed triplet.
A simple point-charge calculation” qualitatively and quantitatively repro-
duced the energy of binding between the posited M; and C~ subunits. Qual-
itative molecular orbital theory documents the importance of this bonding
M —M interaction. The unoccupied p orbitals on the metal contribute to
metal-metal bonding for both the Ib, and 3a, molecular orbitals with sta-
bilization maximized at small M—C—M angles.*

D. Bent's Rule

The findings above are also compatible with simple hybridization logic and
Bent’s rule:?” substituents with high electronegativity “prefer” hybrid orbit-
als with less s character and those with low electronegativity “‘prefer”
hybrids with more s character. Despite our earlier caveats about hybridiza-
tion, we nonetheless recall the textbook relationships of hybridization and
bond angle. From these, one immediately deduces that substituents with
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low electronegativity would be expected to encourage large XCY angles.
This is generally true; for example, HCX is calculated to be linear for X =
Li (both singlet and triplet carbenes), BeH (both singlet and triplet car-
benes), and BH, (just singlet carbene, no doubt because of = effects). It is
also true for one “isomer” of triplet CLi, and CNa,.

Yet there is the other “isomer” of these last two species with a very con-
stricted angle. How can the existence of two potential energy minima (ie,
two isomers) be understood? The maximum s atomic orbital contribution
for carbon is two electrons—whether they be found in an arbitrary covalent
compound or in atomic C or C~. Should the formal presence of C™ in a
molecule be suggested anywhere, these CLi, and CNa, are the most reason-
able candidates. Electronegativity logic suggests that a single C—Li or C—
Na bond should be rather polar. The C ion, as the free species, has a ['S]s’p’
electron configuration and electrons and is in addition spherical. Thus the
charge transfer from the Li or Na atoms to the C results in electrostatic
repulsion between the two partially positive metals. Minimization of this
repulsion will result in a linear geometry. Alternatively, maximization of
metal-metal bonding, worth about 30 kcal/mol in the current case, requires
a bent geometry so that the metals are in close proximity.

Conversely, electronegative substituents are expected to use hybrid orbit-
als on C rich in p character leaving the remaining orbitals rich in s character.
As atomic s orbitals lie lower than the corresponding p orbitals, with
increasing substituent electronegativity it is increasingly favorable to leave
the two nonbonding electrons in an orbital that maximizes s character.
Equivalently, high substituent electronegativity encourages an XCY angle
of 90° (“*pure” p bonding) and singlet character in carbenes. This is admit-
tedly a o-electron argument: the additional and important role of the p,
orbitals on carbon and on the substituents has been extensively documented
in References 15 and 17 and is discussed elsewhere in this chapter. Arguing
in reverse, when the XCY angle is constricted and the X—C and C-Y
bonds have mostly p character, the remaining carbon electrons are rich in s
character, and so the singlet state of the carbene is preferentially stabilized.
The parallel with amines is strong: nitrogen bonded to electron-withdraw-
ing substituents and/or in a small ring is much less basic than the norm; that
is, two electrons in the nonbonding nitrogen lone pair are less available for
chemical bonding to a proton,

E. Amines and Carbenes

We cross-referenced amines several times in the foregoing discussion of car-
benes because there appears to be a parallel between carbene singlet-triplet
gaps and amine inversion barriers. For example, the inversion barrier of the
amines: NH,CN (essentially planar), NH;, NH,F, and NHF, increases in
that order and parallels the increasing singlet-triplet gap of CHCN (ground
state triplet), CH,, CHF, and CF, (ground state singlet). Even the angle
eflects, delocalization and aromaticity, and second-row versus third-row



