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Abstract: Computations on 2,6-dibromo+ést-butyl-2,6'-bis(trifluoromethyl)-4-isopropyldiphenylcarbend)
usingab initio and density functional theory methods underscore the unusual stability of the triplet over the
singlet state. At the B3LYP/6-311G(d,p) level, the triplet state had a slightly bent cert@-C bond angle

of 167, whereas this angle in the singlet was 13%he B3LYP singlet-triplet splitting (12.2 kcal/mol) was
larger than that of the parent molecule (5.8 kcal/mol), diphenylcart®nevhich also has a triplet ground
state. The energy of a suitable isodesmic reaction showed the triplet and singlet sfatedeflestabilized

by 6.3 and 12.5 kcal/mol, respectively, due to the combined effects of theBgFand alkyl substituents. The
linear-coplanar form of1, which might facilitate dimerization or electrophilic attack at the more exposed
diradical center, was prohibitively (35.9 kcal/mol) higher in energy. Our results confirm Tomioka's conclusion
that the triplet diarylcarbene, ortho-substituted with bulky; @Rd Br substituents, is persistent due to steric
protection of the diradical center. Dimerization and other possible reaction pathways are inhibited, not only by
the bulky ortho substituents but also by the para alkyl groups. The increase in stability of the Ytiptate
relative to the singletl{) state does not influence the reactivity directly.

I ntrOd uction (|)1=4(c2-c1-c1 “C2Y) Br C F3 ¢3:4(c3'-c4--c7'-cs')

Stable carbenes provide insights into transient organic
species Singlet carbenes, persistent at room temperature, are
well known: the recent examples reported by Igau ef al
Arduengo et alb and Buron et at benefit particularly from
stabilizing electronic effects.

In contrast, the steric (kinetic stabilization) effects of bulky
substituents are considered to be more important for the _
persistence of triplet carben&s? Besides preventing access Figure 1. Geometric parameters, rz, 6, and¢ measured from the

to the diradical center, such groups tend to increase the centraﬁqptm‘ilzi?_i ge‘;meﬁg'iesh OrI |2'Grbdiﬁg’mﬁ'?j}terta“wﬁgi?{ ifr'“?r?i;
angle and hence are said to “stabilize the carbene thermody- ethyl)-4-isopropyldiphenylcarbend. Hydrogens omitted for clarity.

namically, since _the wider the angl_e the more stable the triplet putyl-2,6-bis(trifluoromethyl)-4-isopropyldiphenylcarbene (Fig-
state becomes with respect to the singtéfThe trifluoromethyl ure 1) has a half-life of~16 min at 20°C and an indefinite

group was found to be an ideal protector of triplets due to its shelf life at—40 °C. In related work, para alkyl substituents
steric bulk and lack of reactivity toward carbenic cenfets.  \were found to increase triplet persisterice.
Culminating a series of impressive investigations, Hirai and  |n |ight of the results of Tomioka et &71%12 and of the

Tomiokd 1012 demonstrated that triplet 2,6-dibromoteit- potential for triplet carbenes to be used as organic ferromag-
(1) Arduengo, A. JAcc, Chem. Re<.999 32, 913 netst314we have investigated the complete experimental system
(2) Bourissou, B.; Guerret, O.; Gabbai, . P.; G.@em. Re. 200q 1, not only with its bulky_ ortho CEgand Br groups but also_

100, 39. with the para alkyl substituents. We computed the geometries
(3) Buron, C.; Gornitzke, H.; Romanenko, V.; Bertrand 3gience200Q of the singlet {1) and the triplet{1) states, the singlettriplet

28%4)8atrrmann W. A.: Kocher, CAngew. Chem., Int. Ed. Engl997, splitting, and the energetic effects of the substituents on both

36, 2162. T L nge T ' 11 and 31 in an effort to ascertain reasons for the unusual

(5) Igau, A.; Grutzmacher, H.; Baceirdo, A.; Bertrand,JGAm. Chem. persistence of the triplet. The parent diphenylcarbene sy8tem

Soc.1988 110, 6463. w. Iso studied for comparison, an itable i mi
(6) Arduengo, A. J.; Harlow, R. L.; Kline, M. J. Am. Chem. So4991, as also studied for comparison, and a suitable isodesmic

113 361, reaction was used to ascertain the energetic effects of the
(7) Hu, Y.; Hiari, K.; Tomioka, H.J. Phys. Chem1999 103 9280. substituents irtl and31.
(g) ?'a”g *li Tk?fﬁ#)kka, H.J. ijﬂ-gr?em- 550‘19?:% 121, (::L0213{1r997 We also computed the approximate barrier to linearitylof
17515) omioka, H.; Taketsuji, KJ. Chem. Soc., Chem. Commas97 and examined a highly congested triplet coplanar structure to
(10) Tomioka, H.; Hattori, M.; Hiari, K.; Murata, Sl. Am. Chem. Soc. give an approximation of the energetic penalty required to gain
1996 118 8723. access to the diradical center.
(11) Harrison, J. FJ. Am. Chem. S0d.971 93, 4112.
(12) Itakura, H.; Mizuno, H.; Hirai, K.; Tomioka, H.. Org. Chem200Q (13) Rajca, A.Chem. Re. 1994 94, 871.
65, 8797. (14) lwamura, HAdv. Phy. Org. Chem199Q 26, 179.
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Table 2. HF/SCF and DFT Optimized Geometric Parameters for
Singlet ¢1) and Triplet £1) 2,6-Dibromo-4tert-butyl-2,6'-bis(tri-
fluoromethyl)-4-isopropyldiphenylcarbere

Table 1. Absolute Energies (in hartrees) and Singl€tiplet
Energy Separations ST) (in kcal/mol) for Singlet and Triplet
2,6-Dibromo-4tert-butyl-2,6'-bis(trifluoromethyl)-4-isopropyl-
diphenylcarbenel)), Diphenylcarbene?), and Methylene (Cg?

state method 1rf(A)> r, (AP  @°p  @ob g0 @R
molecule program method  singlet triplst % singlet ¢1) B3LYP 1.393 1403 1342 79.1 177.3 119.6
1 Q-Chem B3LYP —6596.981 12 —6597.000 72 12.3 BLYP 1.387 1.394 138.7 80.7 1735 112.8
Q-Chem BLYP —6597.594 78 —6597.607 96 8.3 HF 1432 1452 126.7 80.1 179.8 118.1
1 Q-Chem HF —6586.369 47 —6586.45270 52.2 triplet (1) B3LYP 1.368 1.368 176.3 90.7 178.2 110.0
1 G98 B3LYP —6598.025 47 —6598.044 53 12.0 BLYP 1.368 1.369 175.8 84.2 171.4 1228
1 G98 BLYP —6597.59391 —6597.60728 8.4 HF 1.389 1.382 1589 94.6 180.0 117.1
1 G98 HF —6586.369 47 —6586.452 70 52.2 — - -
2 G9s B3LYP -501.4150Y -501.42428 5.8 a All structures were optimized, using Q-ChemGnsymmetry with
CHs G94 B3LYP —39.14438 —39.1644% 12.6 the 6-311G(d,p) basis set at each level of theorjs(the C-C distance
CH2 G98 BLYP —39.123 41 —30.14083 10.9 to the Br substituted rnng, Is the C-C distance to the QJ’_SUbStltUted

ring).  See Figure 1 for details of bond length$, @ngles §), and
a Energies refer to structures optimized with the 6-311G(d,p) basis dihedrals §).

set at each level of theoryRefer to refs 28 and 29 to account for

energy difference between Q-Chem and G98 DFT calculatfdRsfer

to Table 2 for more diphenylcarbene resuftResults for methylene

were obtained from ref 31.

parameters and energies fik and 31 was done using Q-Cheff.
Optimizations as well as energetic and force constant determinations
of 12, 32, and the reference compounds needed to evaluate the isodesmic
equation were carried out with Gaussian'®8lote that the VWN’
correlation functional is implemented differently in Q-Chem and in

Methods
. . . . _Gaussian 98, and the absolute energies given by the two programs
Quantum chemical computations were performed using the Gaussnandiffer 28,29 ges g 4 prog

98 and Q-Cherf RHF (singlet), UHF (triplet), and DFT algorithms.
Spin-unrestricted KohnSham orbitals were used for the DFT
computations. We converged Cartesian gradients to at least@*
hartree/bohr in Gaussian 98 and in Q-Chem. Numerical integration of ~ The triplet £1) and singlet ¥1) total energies and singlet
the functionals used a pruned grid consisting of 75 radial shells with triplet splittings (S-T) are summarized in Table 1. The triplet
302 angular points per shell, the so-called (75,302)p in Gaussi&h 98, states were lower in energy at all levels of theory. Density
with 194 angular points per shell, in Q-Chem. The Q-Chem SG-1 grid ¢ relation energy, have been shown to be a cost-effective way
has been shown to give numerical integration errors on the order of of estimating singlettriplet energy separatiorf€.In contrast
0.2 kcal/mol for medium-sized molecul&s. ! : !
Geometries for both the singlet and triplet states were optimized HF/SCF th‘?ory is well ".”OW" tq_perform p_oorly dueo to
via standard analytic derivative methd8s?? At the pure DFT level, overestimation of the relative stability of the triplet stéﬁé_, .
the 1988 exchange functional of Becke {Bwas employed in this is shown here by the greater than 40 kcal/mol deviation
conjunction with the Lee, Yang, and Parr (L¥&jorrelation functional between the HF/SCF and B3LYP-J splitting results. The
S—T differences for'l and31 computed using B3LYP came

(BLYP). Another of Becke’s exchange functionals (B3yas used at
the hybrid HF/DFT level, also in conjunction with the standard LYP out to be nearly the same as those for,Gitithe same level of
theory?26.30-47

correlation functional (B3LYP). All computations used the Pople
(27) Vosko, S. J.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

triple-¢ split valence set, 6-311G(d,#) Determination of geometrical

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, (28) Vosko, Wilk, and Nusair actually recommended implementation of
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann, the VWNS5 functional. Gaussian Inc. implemented VWN3 as a part of the
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.  B3LYP functional, and Q-Chem Inc. implemented VWNS5. This leads to a
N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, substantial energy difference between G98 and Q-Chem computations using
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; the hybrid B3LYP functional.
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; (29) Roland, H. H.; Koch, WChem. Phys. Lettl997 268, 345.
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowsk, J.; Ortiz, J.  (30) Bettinger, H. F.; Schreiner, P. R.; Schleyer, P. v. R.; Schaefer, H.
V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; F., lll. In The Encyclopedia of Computational ChemistB¢hleyer, P. v.
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, R., Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer, H.
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; F., Schreiner, P. R., Eds.; John Wiley & Sons. 1998; pp-18%.
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; (31) Dehareng, D.; Dive, Gl. Comput. Chen200Q 21, 483.
Replogle, E. S.; Pople, J. A. Gaussian Version A.5; Gaussian, Inc.:  (32) Das, D.; Whittenburg, S. LJ. Mol. Struc (THEOCHEM}999 492,
Pittsburgh, PA, 1998. 175.
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(16) White, C. A.; Kong, J.; Maurice, D. R.; Adams, T. R.; Challacombe,
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Figure 2. Q-Chem B3LYP optimized geometry of singlet 2,6-dibromeed-butyl-2,6'-bis(trifluoromethyl)-4-isopropyldiphenylcarbenél). The
central C-C—C optimized bond angled] is 134.2. Hydrogens omitted for clarity.

©

(Y-axis view)

Figure 3. Q-Chem B3LYP optimized geometry of triplet 2,6-dibromdett-butyl-2,6'-bis(trifluoromethyl)-4-isopropyldiphenylcarbenél). The
central C-C—C optimized bond angled] is 176.3. Hydrogens omitted for clarity.

2 ¢:4(cz-c1-c1'-c2') 2!

Figure 4. Diphenylcarbene2) geometric parametens, 6, and ¢.
Hydrogens omitted for clarity.

At all levels of theory, the alkyl groups (isopropyért-butyl)
adopted comparable conformations relative to the rings to whi
they were bonded. The isopropy! dihedral angfesFigure 1,

Table 2), were approximately equalibh and31; similarly, the
tert-butyl dihedral anglesp, (Figure 1, Table 2), nearly were
the same for the two states. The isopropyl hydrogen is oriented
in the plane of the aromatic ring to which it is attached, while
the tert-butyl group is most stable when a methyl carbon lies
in the plane of the ring. Optimizations and vibrational frequency
analyses of 1,5-dibromo-3-isopropylbenzene and of 1,5-di-
(trifluoromethyl)-34ert-butylbenzene confirned these results.
The torsional anglep; (Figure 1, Table 2), revealed a nearly

ch perpendicular arrangement between the aromatic ring planes at
all levels of theory.
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Figure 5. Isodesmic reaction scheme used to estimate the contribution of aryl ring substitution to the staHilijmd$1l. Hydrogens omitted for
clarity. G98 B3LYP/6-311G(d,p)//B3LYP/6-311G(d,p) energies (kcal/mol) are shown below structures. Two energies (kcal/mol) are shown for
singlet (in parentheses) and triplet (in brackets) spin states.

Table 3. Diphenylcarbene, Singlet and Triplet Absolute Energies
(in hartrees), First Harmonic Vibrational Frequencies

(or imaginary frequency), and Optimized Geometric Parameters
(Figure 4%

state symm energy o (cm™?) ri (A) 6°  ¢°

singlet C, —501.38829 372 1.436 119.7 0.0
Cs —501.40717 160 1.435,1.441 118.8 75.0
C, —501.415 07 57 1.431 119.5 59.1

triplet D, —501.41510 120 1.391 180.0 0.0
Dy —501.42179 36 1.371 180.0 90.0
D, —501.42180 3b 1.371 180.0 90.0
C, —501.421 47 52 1.405 147.0 0.0
C, —501.42428 44 1.400 143.1 67.8

aAll structures were optimized using G98 and the B3LYP/
6-311G(d,p) level of theory. The singletriplet separation was 5.78
kcal/mol at the optimizedC,; geometries. <

Figure 6. Space filling model of triplet 2,6-dibromo-rt-butyl-2,6'-
bis(trifluoromethyl)-4-isopropyldiphenylcarbenél), compared with
a ball-and-stick model.

The flatness of the potential energy surface was shown by a
number of computations in which the centrat-C—C angle
was varied. For example, a B3LYP structure with a 16Bdnd
angle obtained by optimization using the default convergence is consistent with the trend in the optimized andr, bond
criteria had an energy of only 0.19 kcal/mol greater than the lengths of'1 and31.
lowest energy structure which had a bond angle of 76i8te, Bond distances;; andrz, were shorter it and®1 than in
that the geometries given in Table 2 are subject to cutoff limits '2 and 2. The differences were computed to be 0.028]
in optimization algorithms; tighter limits were not employed and 0.028 A Ar») for the singlet and 0.032 A for the triplet
due to the flat potential energy surface and large computational (Wherery = r). The changes in the bond lengths were primarily

cost involved. due to the central EC—C bond angles i1 and2. These central
The C-C—C bond angle §) and G-C carbene-ring dis- angles (Tables 2 and 3) are bent significantly mor2 than in
tances, designated andr,, of 2,6-dibromo-4tert-butyl-2,6'- 1: 12 (119.5) versus'l (134.2) and °2 (143.T) versus’1

bis(trifluoromethyl)-4-isopropyldiphenylcarbene (Figure 1) are  (176.3). For example, whef2 was optimized irD, symmetry
summarized in Table 2: the B3LYP optimized singlet and triplet (187), ther; distance was decreased by 0.031 A relative to
states are shown in detail in Figure 2 and Figure 3, respectively. that of*2 optimized inC; symmetry. The triplet diphenylcarbene
From the singlet carbene-€C bond distances{is shorterthan ~ C—C—C bond angleq = 143.T") comports with they ~150¢°
r,, Figure 2), it is clear that some stabilization occurs via €xperimental estimate for triplet diphenylcarbéhe.
donation of electron density from the bromine-substituted  The S-T energy separation f@&; only 5.8 kcal/mol at B3LYP
aromatic ring into the vacant p orbital on the diradical center. Using G98, was significantly lower than the 12.0 kcal/mol
Conversely, in the triplet state (Figure 3), where carbene p computed forl and also agreed well with the=% kcal/mol
orbitals are singly occupied and orthogonal, both aromatic rings experimental estimafé.
interact equally with the diradical center. Because of the flat A suitable isodesmic reaction (Figure 5) shows that Bath
potential energy surfaces, the geometries vary among theand®l aredestabilizedby 12.5 and 6.3 kcal/mol, respectively)
different methods (Table 2). The major differences, between by the addition of the bulky substituents (at B3LYP). Tomioka’s
the HF and DFT geometries, are due to the lack of electron assertion that the substituents “stabilize the triplet thermody-
correlation and poor treatment of conjugation by HF theé#). namically” does not refer to the absolute stabilization (the triplet
The B3LYP and BLYP functionals describe-p conjugation actually is destabilized) but to the increase inTSseparation.
better and predict a larger<C—C angle in comparison to HF  Also, widening the angle ofl from equilibrium has very little
theory. effect on its energy. This also is true for the parent diphenyl-
Diphenylcarbene (Figure 4) singlet2f and triplet £2) carbene triplet (Table 3), where the barrier to linearity is only
structures were optimized at the B3LYP level using Gaussian 14 kcal/mol. . _ . .
98. Vibrational frequency analyses confirmed that both the ~ TO underscore the steric protection of the carbenic center in
singlet and the triplet minimums have &guilibrium geometries ~ °1, we evaluated the energetic penalty required to open the
(Table 3), in agreement with experimental deductithishe (49) Wasserman, E.; Trozzolo, A. M.; Yager, W. A.; Murray, R. W.

central C-C bond lengthi(;) was longer int2 than in32, which Chem. Phys1964 40, 2408.

(50) Eisenthal, K. B.; Turro, N. J.; Sitzmann, E. V.; Gould, I. R;
(48) Zittel, P. F.; Ellison, G. B.; O'Neil, S. V.; Herbst, E.; Lineberger,  Hefferon, G.; Langan, J.; Cha, Yetrahedronl985 41, 1543. M. S. Platz,

W. C.; Reinhardt, W. PJ. Am. Chem. Sod.976 98, 3731. private communication.
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Figure 7. Q-Chem, B3LYP/6-311G(d,p), optimized triplet state of 2,6-dibromterd-butyl-2,6'-bis(trifluoromethyl)-4-isopropyldiphenylcarbene
(1) in a highly congested (flinear-coplanar conformation.

nylcarbene is more persistent due to the steric hindrance of the

large Ck and Br substituents. However, our analysi§bfloes
not confirm Tomioka’s implication that expansion of the central
C—C—C bond angle contributes additional stability due to
thermodynamic effects in the absolute sense. Larger §aps
have been stated to “stabilize” the triplet with respect to the
singlet when bulky substituents are present.In contrast, our
data show that the substituents actuakstabilizeboth11 and

31, with respect to diphenylcarbene, but do so moretfahan

for 31. Although singlets are generally more prone to electronic
stabilization effects, the isodesmic reaction ¥bi(Figure 5) is
endothermic; even more so than the triplet. The reason seems
clear—the intramolecular steric interactions are more adverse
conformation of triplet 2,6-dibromo-tert-butyl-2,6'-bis(trifluoro- In the singlet, with its smaller |n'.[ernal blond a.ngle, than in the
methyl)-4-isopropyldiphenylcarbenél), optimized at B3LYP/6-311G-  tfiplet. The central ©C—C angle in the triplet diphenylcarbene
(d.p). is of minor importance energetically. The potential energy
surfaces of the triplet state¥ and32, are extremely flat and
central angle and make the diradical center more accessiblechanges in the carbene angles have little effect on the energies.
However, this opening would result in greater internal conges- Only 1.4 kcal/mol is required to linearize triplet diphenylcarbene
tion. For example, in a nearly linear-coplanar configuration of (32) from its 143 equilibrium geometry. The steric effects of
the triplet state, the bulky Grand Br substituents would collide  the bulky substituents iff resulting in a persistent carbene are
in the plane of the two rings (Figures—8). This coplanar due to the blocking of attack by external reagents rather than
structure, optimized using Q-Chem’s constrained algorithm at by internal effects (widening the bond angle).
B3LYP/6-311G(d,p), resulted in an energy increase of 35.9 kcal/  The space filling model (Figure 6) shows just how effective
mol with respect t&1. Consequently, before this rather extreme the large substituents should be in protecting the carbenic center
coplanar structure is reached, the triplet state should cross to(as well as aryl rings) from reaction. The deformation energy
the singlet, since only 17.9 kcal/mol is needed for optimiZed  required to expose the carbenic center to attack is prohibitively
to undergo interstate conversion to the singlet at the optimized large. Hence3l is persistent due to the steric protection, which
31 geometry. Rotation around the-C single bonds of thél precludes dimerization and other reactions, rather than to
carbene carbon would also be inhibited. Consequently, the thermodynamic stabilization.
persistence of the triplet state results from the steric protection

Figure 8. Space filling model of the highly congested linear-coplanar
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