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Based on systematic ab initio (CCSD(T)/cc-pVDZ) studies of substituent effects, we present a concept
for the construction of electronically stabilized triplet ground state carbenes with sigget energy
separations/AEsy) exceeding that of methylene. Sterically demanding and conjugating substituents were
excluded from the selection of model compounds under investigation, as these either destabilize both the
singlet and the triplet states or delocalize unpaired spins away from the carbene carbon. Negative partial
charges on the carbene center allow for the prediction of the electronic stabilization of substituted carbenes.
To decrease carbene reactivity, we ch@ssubstituents with strong polar bonds. Among them, highly

electronegative elements such as fluorine and oxygen enlargeBhevalue with respect to hydrogen,
while chlorine does not due to p-orbital participation.

Introduction

Stabilizing triplet carbenes is not triviadince the major part

of the chemist’s arsenal of electronic substituent effects, typically

s-donation and -acceptanééas well as hyperconjugatiband
electronegative substituehtsiainly stabilize the closed-shell

singlet state; even electropositive substituents yield singlet

carbenes, if at least one of them bears a lone $pAimerely

topological approach to enforce the degeneracy of the frontier

are destabilized with the effect being larger for the smaller angle
singlets!® Because of these constraints, triplet ground state
carbenes remained methodologically behind, and most of the
known triplet carbenes possess singleiplet energy separations
smallet! (Figure 1) than that of parent methyléagl), resulting

in characteristic reactiviy of the thermally populated closed-
shell singlet state. The elucidation of structural features favoring
triplet carbenes is the prime motivation for the present study.

orbitals through enlargement of the angle at the carbene center (8) Gano, J. E.; Wettach, R. H. Platz, M. S.; Sethilnathan, \d.Rm.

by demanding substituerits is equally unsuccessful to deliver

stabilized triplet carbenes because both singlet and triplet states)
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FIGURE 1. AEst ranges of carbene prototypes; according to the
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might be achieved by steric shielding. The reactivity of-di-
butyl carbengimplies further that bulky substituents with strong
o-bonds are required; bis-aryl triplet carbenes serve this purpose
well. However, these kinetically stabilized species, addressed
as early as 1911 by Staudinger and Kufffand systematically
studied by Tomioka® reveal reaction patterfis?® and EPR
D-valueg617.29 (which approximately evaluate the average
distance between radical centé?$pr unpaired spins effectively
delocalized over the unsaturated moieties of, for example,
(Scheme 2). Hence, conjugation increases the thermodynamic
stability but inevitably converts a genuine carbene into a
biradical with distant radical centers.

Our strategy to stabilize triplet ground state carbenes elec-

IUPAC convention, the values for the triplet ground state (GS) carbenes tronically is to influence the degenerate orbitals of the carbon

are positive.

SCHEME 1. Selected Carbene Structures
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While powerful strategies have been developed to obtain
singlet® carbenes stable under normal conditions over months,
only a few®® sterically congested bis-aryl carbenes survive
maximally one day/ at room temperature, and most other
triplets can be observed only at cryogenic temperattfres.
Whereas Arduengo et al. (e.@®, Scheme If and Enders et
al. (e.g.,4, Scheme PP managed to suppress reactions of the
vacant out-of-plane orbital of Wanzlick'$M/—I substituted
singlet carbené$ through its incorporation into a formally
aromatic cyclic sixz-electron system, application of the
aromaticity concept to triplet carbenes attempted in 1964 by
Wasserman and Murray with 4-oxo-2,5-cyclohexadienylidene
(6, Scheme 2) and its 2,6-dichloro-, 3,5-dichloro-, as well as
2,3-cyclobutadienyl derivativé&led to species that are better
described as reactiv@/zr-biradical@® with at least one highly
delocalized electron.

Therefore, kinetic protection of the reactive triplet carbene
center, which is needed to avoid barrierfésdimerization?>
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atom as little as possible, while simultaneously compensating
for its electron deficiency by bonds to electropositive atoms
(Scheme 3). This means a desirable combination of structural
features such as (i) use of an element more electropositive than
carbon in theo-position, lacking multiple bonds, empty or
occupied p-orbitals, as well as strongly hyperconjugating groups
to minimize preferential singlet state stabilization; (i) identical
substituents ideally with a high local symmetry to retain the
degeneracy of the carbene frontier orbitals; and (iii) incorpora-
tion of strong polar bonds to tleeatom to avoid intramolecular
rearrangements (to improve kinetic stability).

Conceptually, this approach appears highly promising since
H—C-3-0-carboranef, Scheme 1§ H—C—SiH;,32 H—C—Si-
(CH3)3,33 H—C—SiH(Cl‘b)z,33 and (Cl‘&)gSi—C—Si(CHg)gss
possess triplet ground states, and G&—Si(OCHg)s,3* H—C—
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SCHEME 2. State of the Art: Strategies and Drawbacks of Sta
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SCHEME 3. Effects toward the Stabilization of Triplet
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SiHC,% as well as @Hs—C—PO(OCH,),%¢ have proven not
to undergo intramolecular insertions into—%), Si—Cl, and
P—O bonds. To increase their lifetime additionally, substituents
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singlet carbenes we utilized restricted and for triplet carbenes
unrestricted HF reference wave functions. Errors in the description
of singlet closed-shell carbenes by single reference computational
approachéeg are neglected since the singtétiplet energy separa-
tions reported here exceed them by one order of magnitude.

Results and Discussion

Singlet—Triplet Energy Separations. To probe the proposed
concept, we focused on symmetrically substituted carbenes with
electropositive atoms Si (EN 1.8)* B (EN = 2.0)3 P (EN
=2.1)"2and S (EN= 2.5y%in the a-position, possessing highly
polar, strong bonds such as SO, PO, SiO, SiF, and BF. A
selection of alkyl carbenes was considered for comparison. Since
the singlet-triplet energy splittings are a function of multiple
variables including p- as well as-contributions, Te values

of the model triplet carbenes can be modified by established (Purely electronicAEsr without consideration of the zero-point

method$’ for the kinetic protection of the reactive carbene
center (e.g., steric shielding).

Computational Methods

vibrational energy), summarized in Figure 2, do not strictly
follow the electronegativities of the--atom. C(BH),, for
example, exhibits d, value, which does not lie between that
of methylene 1, 12.1 kcal/mol, CCSD(T)/cc-pVDZ) and disilyl
carbene C(Sik),, as expected merely on the grounds of

Model singlet and triplet carbenes were optimized at the coupled inductive effects. As the occupancy of the empty p-orbital on
cluster level of theory truncated to single, double, and perturbatively poron increases from BHover BR, to BR;~ due to the lone

included triple substitutions [CCSD(P¥] combined with a cor-
relation consistent polarized valence doubleasis set, cc-pVDZ?

Keeping in mind the comparably good performance of the density

functional theory approach, utilizing the Becke, Lee, Yang, and
Parr three-parameter hybrid functional B3L*Ro carbenes in

pair electron donation from adjacent F atoms, the energetic
preference of the closed shell singlet vanishes, and the respective
boryl carbene adopts & value consistent with its electrone-
gativity. That is, the smaller the p-acceptor ability of the

general and to the selected structures (cf. Supporting Information) substituent, the weaker its interaction with the occupied p-orbital
in particular, we also applied it to compute formal reaction energies 0N the carbene carbon is, as displayed by the rotational barriers
of isodesmic equations in combination with a Pople-type triple split for triplet carbenes (Figure 3a), and the larger Taealue is.
valence contracted basis set, containing polarization and diffuse Similarly, in singlet silyl carbenes, both negative and positive
functions on all atoms, B3LYP/6-3%-G(d,p). The same level  hyperconjugative interactions are diminished with respect to
of theory was chosen to carry out natural population anatyses  alkyl carbened®and in the triplets, these are almost absent [the
determlne_ charges and spin o_Iensntles. All stationary points were ., and Da, structures ofC(SiHs), and 3C(SiF;) are quasi-
characterized based on analytical frequency computations. For théjgqenergetic, with rotational barriers smaller than 0.1 kcal/mol

at CCSD(T)/cc-pVDZ (Figure 3b)]. Hence, in accord with Si's
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FIGURE 2. Electronic singlettriplet energy separationgd) for carbenes of the general structure JRCSD(T)/cc-pVDZ) as a function of
Pauling electronegativity, EN, of the-atoms for the rows of varying-substituenté*
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FIGURE 3. (a) Influence of the interaction of substituent’s p-orbitals with carbene SOMOs (Singly Occupied Molecular Orbitalsdfsthe
(CCSD(T)/cc-pVDZ) value. (b) Rotation energy and p-effects in Si carbenes (CCSD(T)/cc-pVDZ).

TABLE 1. Charges,qc, on the Central Carbon Atom Obtained
from NBO Analyses at B3LYP/6-311-+G(d,p) for Carbenes with

the General Structure CR,

R

N

R

+ CHy (1)

TABLE 2. Reaction Energies AEs for Overall Singlet, AEt

R no. gc(*CRy) 0c(®*CRy) Triplet Multiplicity) of Isodesmic Eq 1 at B3LYP/6-311 ++G**
NH 8 0.173 0.249 R AEgkcal/mol] AEq[kcal/mol]
CHjs 9 0.121 0.179
CFs 10 0.138 0.165 2:2 7‘2‘3'2 711553
H 1 —0.109 —0.229 piy 14 Tos
BF3~ 11 —0.476 —0.457 SO.0H 73'2 3' 1
SO0H 12 —0.397 —0.327 PO(OH) *10'8 *7.6
PO(OH} 13 —0.768 —0.588 Si(OH) _10'5 _21'9
Si(OH) 14 —0.926 —0.801 SiHs —12'6 —23'8
SiH3 15 —0.735 —0.685 SiF; 1'9 _15'7
SiCls 16 —2.314 —0.759 ’ ’
Siks 17 -0.771 —0.820

electronegativity, these carbenes exhibit the largestalues

o-donor, is the largest, as confirmed by the homodesmotic eq
1 (Table 2). The polarization of adjacent bonds to atoms in the
B-position, determined by their EN and readily understood on

among the model carbenes under consideration and any othethe grounds of hybridization, dominates the charge on the triplet
carbenes discussed before. For the same reason, the dependenggrbene carbon. In singlet carbenes, it is additionally affected
of Te on the choice of-substituents is the least pronounced in by the hyperconjugation of the empty carbene out-of-plane

the series of silyl carbeneAT«(C(SiHs)/C(SiFs)2)ccspmyce-pvbz
=47 kcal/mol,ATe(C(CI-b)Z/C(CEe,)g)CCSD(T)/c&pVDZ = 9.6 kcal/
moI, andATe(C(BH2)2/C(BF2)2)CCSDm/C@pVDz =344 kcal/mol).

orbital. Therefore, for all singlet carbenes, charges are less
positive or more negative than for triplet pendants. The large
value for the G carbene'C(SiCk),, 116, with one bridging Cl

Stabilization by Charge. The charges on the carbene carbon atom can be rationalized in terms of attractive interactions of
(Table 1) indicate that all chosersubstituents less electrone- the carbene carbon with the p-orbitals on Cl, as depicted for
gative than C stabilize carbenes laydonation. They are  the model compoundCH(SICIH,) in Scheme 4.
proportional to the EN of the-substituent (cf. the series PO, While o-donation predominantly stabilizes the triplet and
SO, and SiO), and the overall stabilization by Si, the strongest o-acceptance the singlet carbenes, p-effects generally favor

9536 J. Org. Chem.Vol. 72, No. 25, 2007
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SCHEME 4. Interaction of Orbitals of Carbene Carbon with Lone Pairs of Cl in the f-Positior?

HOMO-1 HOMO-2 HOMO-3 HOMO-4 HOMO-5 HOMO-6

a1C(SiCk), parameters in Angstroms, optimized at B3LYP/6-3H#G**; for 1CH(SiCIH,), NBOs (Natural Bond Orbitals) at CCSD(T)/cc-pVDZ.

singlet carbenes. That is, contrary to a previous sugge&tion, better than Si, which manifests in a®ll@rger angle contraction
Te is generally not expected to correlate with the total charge and three times larger bond lengthening. In triplet carbenes, all
on the carbene carbon, which would be further inconsistent angles are almost equal and are only slightly smaller than those
with q(Cawom) = O possessing the largeAEsr value. Rather, to the-substituent anti to the CH bond of the singlet carbenes,
Te correlates with each of these contributions individually, in line with the weaker hyperconjugative interaction with the
which are difficult to be differentiated because of the strong singly than doubly occupied and unoccupied orbitals on the
sp-admixture of the in-plane frontier (3type) orbital. carbene carbon. Hence, as further confirmed by singlet pla-
Whereas for the classical p-donowcceptor substituted — narization with decreasing p-orbital occupancy from sBF
singlet ground state diamino carbenes the homodesmotic equaf12(, C,) over -BF, (147, Cy,) to -BH, (180, Dy, unlike the
tion indicates singlet stabilization/triplet destabilization and overall triplet boryl carbene®Gqy, D2y, andDoq, respectively),
strongly hyperconjugating alkyl-substituents favor singlet mul- the geometries of singlet carbenes are more sensitive to p-effects
tiplicity, o-donor substituents lacking p-interactions with the than those of the triplets. On the contraryeffects have a
carbene center preferentially stabilize triplet carbenes. The effectpredominant influence on the geometries of triplet carbenes:
of the S-substituent is smaller for Si than for C carbenes: the angles on the carbene centers vary ovérf@3triplets and
stabilization on going from H to F changes for Si less than for only 8 for singlets.
C in thea-position. The chosen disubstituted structures challéfitie commonly
Structural Features. The geometries (cf. point groups (PGs), accepted vie#*® based on Bent's ru¥ that there is a
Figure 4) of symmetrically substituted singlet carbe@ed7 proportionality between the singtetriplet energy splitting and
may be interpreted as a compromise between hyperconjugatiorthe angle at the divalent carbon of a carbene. This rule holds
from bonds almost perpendicular to the carbene molecular planeonly if inductive effects operate and all other through-space and
(parallel to the out-of-plane;kype orbital) and the donation  through-bond contributions are negligible. The case of GjBH
of the lone pair on the carbene center to the antibonding orbitalsdemonstrates that the 18@ngle guaranteeing the degeneracy
of antiperiplanars-bonds. The first structural characteristic is of the frontier orbitals in a triplet carbene is not a sufficient
reminiscent of the intramolecular stabilization operating in condition forAEst > 0 since the stabilization of singlet carbene
symmetrically substitute@; carbenium iong? In the preferred can surpass the exchange energy.
conformers of triplet carbenes, the interactions of the singly  Spin Densities: True CarbenesAs evident from the spin
occupied orbitals with substituents leave their orientations densities on the carbene carbon (Figure 5), all chosen com-
relative to each other and to the carbene plane unchanged withpounds possess fairly localized electronic structures as compared
respect to the corresponding R4 compounds (cf. Supporting  to diphenylcarbene at the same level of theory, legitimating their
Information). To determine the individual effects of the sub- description as carbenes. The most delocalized of them are those
stituents, structures of some monosubstituted carbenes weréearing substituents with double bond participation (spin density
optimized (Figure 4) as well. The strongest hyperconjugation on the out-of-plane oxygen amounts to 0. £E@{SQ,0OH),, 312,
is observed with the methyl, sulfonyl, and phosphoryl groups, and3C(PO(OH}),, 313). The delocalization of silyl carbenes is
as the bond (@-atom) and angle (G-atom—/-atoNtcarmene pland generally marginal and parallels thé&st values, with the leader
contraction in the singlet carbenes reveal. In the bis-sulfonyl 3C(SiR),, 317, followed by 3C(Si(OH)),, 314.
and bis-phosphoryl carbenes, the bonds with higher p-character Bonding in Silyl Carbenes. An ideal triplet carbene with
act as donors since the energy difference to the low lying b  perfectly localized p-electrons and Afst value approaching
type acceptor orbital is smaller than that of the nominal single (47) Schieyer, P. v. R.; Maerker, C.. Buzek, P, Sieber, SStable
bpnds. Chlorine ir? th_é-posit_ion pr_eferentia_lly Stab"iz_es the Carbocation )(/:hémi.str,.yPr;’;lkash, G. K. S Schle’yer.,’ P.v. R Eds.; John
singlet carbene via interaction with p-orbitals, leading to a wiley and Sons: New York, 1997; pp 194.
smaller T. value. As was already stated on the basis of the  (48) Pauling, L.J. Chem. Soc., Chem. Commus§8Q 102, 688-689.
stabilization energies, carbon mediates this effect considerably12(49) Schoeller, W. WJ. Chem. Soc., Chem. CommagsQ 102, 124-

5.
(50) Bent, H. A.Chem. Re. 1961, 61, 275-311. Boese, R.; Bker, D;
(46) Irikura, K. K.; Goddard, W. A.; Beauchamp, J. L. Am. Chem. Niederprumn, N.; Nisse, M.; Brett, W. A.; Schleyer, P. v. R.;"Bu M.;
So0c.1992 114, 48-51. Hommes, N. J. R. van EAngew. Chem1992 104, 356-358.
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This requirement is fulfilled by bis-trifluorboryl and bis-silyl
carbenes.

All data presented above underline the superiority of bis-
trifluorboryl and bis-silyl carbenes in every aspect: they possess
the largesfle values, the highest negative charges on the carbene
carbon and thus the strongest stabilization, the least spin
delocalizations, and triplet’s angles around 180e to purely
electronic effects (at least for Silgroups, steric repulsion can
be excluded). The particularity of these substituents originates
not only from strongo-donation: the crucial property of the
Cs, symmetrical SiX groups, creating a cylindrical symmetry
electronic environment for C, may be seen in their poor
hyperconjugative ability. This is well-known from the dimin-
ished conformational preference of3;$OSiH®! and the
rotational barrier of HSiSiH®? with respect to their alkyf
pendants (cf. also Figure 4). Covalent bonding as well as
antibonding interactions of Si to a given atom are known to be
weaker than those of C, and the sma&fleverlap integrals lift
the energetic advantage on bending of th&antier orbital in

1o%e 150! ;400 favor of the SOMOs degeneracy (Scheme 5).
206 15H R o 4% Doy Isogyric eqgs 3 and 4 show that the energy (CCSD(T)/cc-
c pVDZ) of the bond between the silyl-substituents and the

carbene carbon is of the same order of magnitude as in saturated
covalently bonded compounds (eq 2).

PG T No
('CRy)  '"CHR [keal/mol]

65 O9H

16 18H

11.0 10H

1089%

19.9 16H HsC-SiF3 —= HsC- + SiF; AEg = 101.4 keal/mol 2
Fosi-C sip, — FSIC: + SiFg AEg = 105.3 kcal/mol (3)
F3Si/C\SiF3 —= I + 2-Sif, AER = 175.6 keal/mol 4)

In contrast to an earlier propos&lthe participation of Si
d-orbitals is of minor importance for the description of the
electronic configuration of the carbenes. There is no differential
stabilization of the triplet state since the inclusion of d-functions
ona-atoms does not change significantly, irrespective of their
belonging to the second or third row of elements (Figuré®6).
A much larger contribution stems from d-orbitals on the carbene
center itself’

23.7 17TH

C, 218 14H

Conclusion

To obtain triplet ground state carbenes, substituents less
electronegative than carbon should be utilized. However, the
success of this approach depends largely on p-effects such as
(hyper)conjugation, as demonstrated in a series of boryl carbenes
and by the comparison of alkyl versus silyl carbenes. Moreover,
p-donors as well as p-acceptors affect the charges and angles
at the carbene carbon significantly, and no correlation wigr
can be generalized. While the hybridization concept helps
rationalize trends iMAEst values due to the electronegativity

9.2 13H

09 12H

(51) Luke, B. T.J. Phys. Cheml1993 97, 7505-7510.

(52) Urban, J.; Schreiner, P. R.; Huang, J. Q.; Vacek, G.; Schleyer, P.
FIGURE 4. Optimized geometries ant: values of selected mono-  v. R.; Leszczynski, JChem. Phys. Lettl997 264, 441-448. Pophristic,
substituted carbenes, HCR, and PGs of respective disubstituted carbened/-; Goodman, L.; Wu, C. TJ. Phys. Chem. 2001 105 7454-7459.

CR,, (CCSD(T)/cc-pVDZ); bond lengths in Angstroms. All'€R (53) Schleyer, P. v. R.; Kaupp, M.; Hampel, F.; Bremer, M.; Mislow,

i 3 . K. J. Am. Chem. Sod992 114, 6791-6797. Schreiner, P. RAngew.
carbenes, BC(Si(OH)), H3C(SQ:0H), and HC(PO(OH}) are asym Cherm.. Int. E42002 41 3579-3582.

metric; the remaining triplet carbenes possessymmetry. #: PGs of (54) W,
S alsh, A. D.J. Chem. Socl953 2260-2266.
CR; structures optimized at B3LYP/6-3+#G**. (55) Luke, B. T.; Pople, J. A.; Krogh-Jespersen, M.-B.; Apeloig, Y.;
Chandrasekhar, J.; Schleyer, P. v.JRAm. Chem. S0d.986 108 260—
269.

that of a carbon atpm due to purely through_—bond elec_tronlg (56) Reed, A E.: Schleyer, P. v. R.Am. Chem. S04990 112, 1434~
effects should acquire as much electron density as possible viaj445
o-donation but should not interact with any (group) p-orbitals.  (57) Shavitt, |.Tetrahedron1985 41, 1531-1542.
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SCHEME 5. Comparison of Correlation Diagrams$* of Orbital Energies (CCSD(T)/cc-pVDZ) with Angles at the Carbene
Carbon for Carbenes 3C(CHj3), and 3C(SiH3),?
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FIGURE 6. Dependence of thel. values on the inclusion of
d-functions.A: B3LYP/6-31G for all atoms$: B3LYP/6-31G for all
atoms except those in the-position of the carbene carbon; B3LYP/
6-31G() for thea-atoms. o: B3LYP/6-31@Gl) for all atoms. At B3LYP/
6-31G, structure&l2 and'13 possess one imaginary frequency toward
a stronger interaction of the out-of-plane oxygen with carbene carbon
(—371 and—48 cnt?, respectively) each; lifting symmetry constraints
does not lead to chemically meaningful structures.

FIGURE 5. Spin densities on the central carbon atom obtained from
NBO analyses at B3LYP/6-3#1+G(d,p) for carbenes with the general
structure CR the value for CH equals 2.0. The expectation values of
the spin operator amount to 2.00 at CCSD(T)/cc-pVDZ for all carbenes

and 2.01 at B3LYP/6-3Ht+G** with the exception of 2.09 fofC- tral b t . ked trast t lled stabl
(CeHs)2 and 2.06 forC(SQ:OH),. central carpon atom, In markea contrast to many so-called stable

triplet carbenes. The highest spin densities are predicted for
of the 8-substituents, p-orbital contributions may be important, effectively linear triplet ground state silyl carbenes; thelst
as exemplified for chlorine. values exceed the others by far.

Partial charges (most negative for Si carbenes) show that In searching for electronically stabilized triplet ground state
electropositive substituents stabilize the carbene carbon ther-carbenes, one should thus focus on silyl carbenes. Furthermore,
modynamically, reducing its electron deficiency. The unpaired SiF, SiO, and SiCl substitution provides exceptional kinetic
spins of all studied triplet carbenes are highly localized on the stability toward homolysis and rearrangement. WP@¢SiFs),
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should be the global minimum on the PES of respective Jensen, H. J. Aa.; Jgrgensen, P.; Olsen, J.) with which all
stoichiometry, sterically demanding siloxy-substituents appear computations at the coupled cluster level of theory have been
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