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Abstract: The geometries and relative stabilities of the singlet and triplet states of phenyl- (Cs), diphenyl-
(C2), 1-naphthyl- (Cs), di(1-naphthyl)- (C,), and 9-anthryl-substituted (Cs) carbenes were investigated at
the B3LYP/6-311+G(d,p) + ZPVE level of density functional theory. The singlet—triplet energy separations
(AEst), 2.7, 2.9, 3.4, 3.7, and 5.7 kcal/mol, respectively, after including an empirical correction (2.8 kcal/
mol) based on the error in the computed singlet—triplet gap for methylene versus experiment, are in good
agreement with available experimental values. Consistent with literature reports, triplet di(9-anthryl)carbene
has a linear, D,4 symmetrical, allene structure with 1.336 A C=C bond lengths and considerable biradical
character. B3LYP favors such cumulene biradical structures and triplet spin states and predicts a large
(>15 kcal/mol) “di(9-anthryl)carbene” singlet—triplet (biradical) energy gap. The resonance stabilization of
both singlet and triplet carbenes increases modestly with the size of the arene substituent and overall,
(di)arylcarbenes, both singlet and triplet, are better stabilized by bigger substituents. For example, methylene
is stabilized more by a naphthyl than a phenyl group (singlets, 26.6 versus 24.4; and triplets, 20.9 versus
18.1 kcal/mol, respectively). The carbene geometries are affected by both steric effects and arene—carbene
orbital interactions (0—p and p—u). For instance, the central angles at the carbene are widened by a second
arene group, which leads to increased s-character and shorter carbene bond lengths (i.e., C-C, €-H). In
general, the aromaticity of the substituted rings in triplet carbenes is most affected by the presence of the
unpaired electrons.

thylcarbene %),1516 di(1-naphthyl)carbenes],!” 9-anthrylcar-

Carbenes are divalent carbon species having two nonbonded?®n€ 0)*° and di(9-anthryl)carbene)'®2% are summarized in
electrons, either with parallel (e.g., triplet methylén@ 1) or Table 1. Itis apparent from the values in Table 1 that aryl groups

paired spins (e.g., singlet dimethylcarbeBk, These reactive have more modest effects Gnval_ues than th?'r correqundlng
intermediates are frequently characterized using IR;-\igible, E values with the latter changing dramatically for different
and, in the case of triplets, EPR spectroscbpyThe later is a substituents. Theoretical predictions of carbene molecular and
particularly powerful technique, as EPR zero-field splitting electronic structure provide a powerful complement to ZFS

(ZFS) parameters give details of both the separation betweenM€@Surements, as computed carbene bond angles providing
the carbene nonbonded electroBsv@lue) and of the carbene qualitative insights intde values, while calculations of carbene

bond angle E value). The ZFSD and E parameters for electron delocalization shed light on obsen2dalues.
methylene, phenylcarben)£2 diphenylcarbene] 814 1-naph- The accurate determination of the energy separafidy,
between singlet and triplet carbene states (colloquially termed
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Table 1. Triplet Carbene Zero-Field Splitting Parameters £ and D (cm™1)

Carbene D E Carbene D E

methylene {1) 0.69 0.003 Di(1-naphthyl)carbene

phenylcarbene®)8-° 0.5150 0.0251 Nascent, béht 0.3157 0.0109

diphenylcarbene’g)?° 0.4055 0.0194 Relaxed, line&6yt’ 0.2609 0.0051

1-naphthylcarbene 9-Anthrylcarberf@)t> 0.3008 0.0132

s-E-conformer ¢5)15 0.4555 0.0202 Di(9-anthryl)carbene

s-Z-conformet® 0.4347 0.0208 Nasceritent® 0.1038 0.0000
Relaxed, linear3g)2° 0.0890 0.0000

1 2

H-C-H H C’C\CHZ C

O/C\

By T % e

Figure 1. Compounds studied here: methyledg @dimethylcarbene?),
phenylcarbene 3), diphenylcarbene 4, 1-naphthylcarbeneb5f, di(1-
naphthyl)carbene6], 9-anthrylcarbene7), and di(9-anthryl)carbene).

the S-T “gap”) has long challenged experimentalists and
theoreticians alike. The fundamentat-¥ gap of methylene
(Figure 1) is the most famous exampi®g=2° The S-T gap of
phenylcarben@-37 also has been much debated; determinations
range from 2 to 7 kcal/md®?-37 However, the results of laser
flash photolysis experimentaEsr = 2.3 kcal/mol§>3¢and high
level ab initio computations (2.4 kcal/mol at CCSD(T)/DZP//
CISD/DZPP8 and 2.5 kcal/mol at CCSD(T)/cc-pVDZ//B3LYP/
6-31G(d¥°) have narrowed the generally acceptedTSrange

of 3 to within 2—3 kcal/mol#° Estimates of the singletriplet
energy separation of diphenylcarbé&h&4142range from 2 to

6 kcal/mol30:3441.44N/e calculated a diphenylcarbene 5 gap

of 5.8 kcal/mol earlief! but the B3LYP/6-311G(d,p) level
employed is known to overestimate singiétiplet energy
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separations (vide infra); indeed, the benchmark laser flash
photolysis S-T gap of4 is 2.6 kcal/moF°

As density functionals do not include a Coulomb correlation
term, nor do they treat nondynamic electron correlation ac-
curately, they underestimate the stability of singlet species
relative to their triplet forms intrinsicall§? Because the size of
our larger systems precludes the application of more sophisti-
cated correlated multireference treatments (e.g., CASPT2, CISD,
geminal methods), we overcame the problem of singlet energy
underestimation by employing an empirical correctiaicqr,
based on the difference between the experimental methylene
singlet and triplet energy separation (9.05 kcal/dfol)ith that
computed at the same theoretical level. For example, this
empirical correction improves the B3LYP/TZ2P 2-propylidene
(dimethylcarbene) ST separation;-0.2 kcal/mol (favoring the
singlet), to—2.5 kcal/mol, which is very close to the high level
MRCI+Q values of—2.6 to —3.1 kcal/mol*? In addition to
the lack of multireference singlet state electronic descriptions,
density functional theory (DFT) suffers from the overestimation
of the cumulene-type delocalizatitfrfound in aryl-substituted
carbenes, particularly the triplet diaryl species. The DFT bias
for allene-like structures of the bisanthryl carbenes may be
responsible for its remarkable B3LYP-optimized tripBtq
geometry with a 180 0C—C—C central angle, dramatically
shortened central €€C bond lengths (1.336 A), and severely
quinoid-distorted aryl ring$>4% In contrast, ROHF and CAS-
(2,2) methods predict triplet di(9-anthryl)carbene geometries in
better agreement with experiment (e.qg., less seriously distorted
aryl rings) and longer €C bonds*

Aryl substituent effects on carbenes are dramatic because
arene interactions with both the p and sprbene orbitals are
involved (Figure 2). We reported earlier that a 1-naphthyl
substituent stabilizes the singlet-8 kcal/mol more than the
triplet state’” A previous study by McKellar et & showed
that a single phenyl substituent reduces theTSgap of
methylene significantly but that a second phenyl group has little
further effect. Prompted by experimental efforts to characterize
aryl group effects on carbenéswe now employ isodesmic
equations (Figure 3) to evaluate and compare the phenyl,
naphthyl, and anthryl stabilization energies of singlet (§tab
and triplet (Stal) mono- and disubstituted methylenes. The
experimental phenyl- and diphenylcarbeneSvalueg! are
compared with our empirically corrected computed values. The
1-naphthylcarben®, di(1-naphthyl)carbene, 9-anthrylcarbene,

(43) Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional

Theory Wiley-VCH: Weinheim, 2000.

(44) Woodcock, H. L.; Schaefer, H. F.; Schreiner, PJRPhys. Chem. 2002
106, 11923-11931.
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Figure 2. The interaction between a carbene p AO andshdO’s (shown schematically) of the first aryl-substituents. Because the carbene p-orbital is
unoccupied, the singlets are stabilized more than the triplets, which have singly occupied carbene orbitals. The second aryl substituentlt@vimnich res
twisted geometries) does not differentiate between singlet and triplet appreciably.

CH, + RCH —— RCH; + HCH Eqn. 3
CH, + RGCR RCHy + ROCH o Eqn. 4

"= 0. 010, 0O

Figure 3. |sodesmic equations used to evaluate the methylene stabilization due to mono- (eq 3) and di- (eq 4) phenyl, 1-naphthyl, and 9-anthryl substitutions.
Equation 4 gives the additional stabilization of the second aryl group.

and di(9-anthryl)carbene-ST gaps also have been evaluated. rected with B3LYP/6-31G(d) zero-point vibrational energies (ZPVESs).
Computed nucleus independent chemical shifts (N1ES) Unless otherwise noted, ZPVE corrected B3LYP/6-8GL(d,p) results
indicate the aromatic character of the aryl groups of carbenesare discussed throughout the text. Orpital po_pulatiorys were analyzed
3-8. We employed the widely tested B3LYP functional, as Using natural bond order (NBO) analysis (Versiori“gs implemented

numerous exampls*2475demonstrate its success in evaluating " ?r;gg:nARMM rogram packagéand the Replica Path Methdt
carbene ST gaps and NICS valueés:>6 program p P '

which maps discretized reaction pathways via a root-mean-square
2. Methods deviation (rmsd) restraint function, were employed to explore carbene
isomerizations. In particular, both the “endo” to “exo” interconversion
and theficcc bending surface, respectively, of singlet and triplet di(1-
naphthyl)carbene were examined.
The corrected energy separationgsr, between singlet and triplet

Quantum chemical computations principally employed Q-Che&m'’s
restricted (singlet) and unrestricted (triplet) B3LYP D¥F° UBS-
B3LYP and ROB3LYP energies were calculated using Gaussi&h 03.

- i 1 i _
Kohn—Sham orbital$* were employed along with the 6-31G(d) and carbene states, employing the difference between the computed and

6-311+G(d,p) basis set@_. Numerical integration in Q-Chethem- experimental methylene valué&s? were determined using egs 1 and
ployed the SG-1 grid, which is comprised of 50 radial and 194 angular 2 below

points (50,1942 B3LYP/6-31G(d) structures were confirmed to be
stationary points on the potential energy hypersurface (all real
vibrational frequencies for minima; one imaginary frequency for

AE,,,, = (CH, AEg)°™" — (CH, AEg; = 9.05 kcal/mof®)=®
transition structures). The B3LYP/6-3tG(d,p) energies were cor- <

AE¢; = (R,CR, AE)P ™ — A 2
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In addition to the primary goal of achieving accord with experiment,
the empirical correction also improves agreement between different
levels of theory. For example, the2 kcal/mol difference between the
S—T gap calculated foB at B3LYP/6-31G(d) and B3LYP/6-311G-
(d,p), is reduced to just 0.4 kcal/mol when the correction is applied.
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Table 2. Optimized? Carbene Bond Lengths (ra and 1, A) as Well and two di(1-naphthyl)carbene triplet minima were located using
as Bond (0) and Torsion Angles (¢)? the replica path method followed by refinement via unrestrained
molecule spin fa f 0° ¢° optimizations or transition state searches. The singlet di(1-
methylene 11(Cp) 1114 1111 10155 - naphthyl)carbene with an exoconformation benefits considerably
dimethvicarbene i; Egzif) i-g?? 1%? ﬁg-gg - from strain relief and is lowest in energy, as compared with the
y 3 (C;‘) 1468 1468 13373 - “gp-dowr_f’ _and "endo”_conformers. Tk@z-sym_metrlc ”Iln_ear”
phenylcarbene 13(C) 1437 1109 106.96  0.00 triplet minimum of di(1-naphthyl)carbene is approximately

3(C) 1389 1.081 13567  0.00 isoenergetic with the “bent” conformer, indicating the energy
diphenylcarbene ;2 (22) i-ggg }-ggé ﬁg-gg gg-g? potential describing the carbene angle is very flat. Tukada
1-naphthylcarbene 15 EC:)) 1430 1106 10673 o000  Studied di(1-naphthyl)carbene using ESR and reported that it

35(Cy 1.377 1.080 13548 0.00 has a linear carbene angle with naphthyl rings in a perpendicular
di(1-naphthyl)carbene ;g (82) i-g%g }-g%g i%gg g?-g‘l‘ orientation. We have, therefore, used the “linear” triplet
9-anthrylcarbene 17 ECE)) 1418 1101 10972  0.00 minimum of d|(1-napht_hyl)c_a_rbene for subsequent computatlo_ns.

57(C) 1.354 1.077 139.31 0.00 In the 38 Dyg symmetric minimum, the carbene CCC angle is
di(9-anthryl)carbene :1:,2 ESZ)) iggg iggg igg.gg ;g.gé exactly 180; the anthryl groups are perfectly perpendicular (
di(9-anthryl)diazomethane 9(Cz)2d 1491 1.491 12823 91.00 torspn ?0) .Trmdle4.5 describes t_WO e).(treme Cases of the

bonding” in bisaryl triplet carbenes: a spin-delocalized carbene
aB3LYP/6-31H-G(d,p)."See Figure 6 for detalils. and a cumulenic diradical. The UB3LYP/6-3-&(B(d,p) Opti-

mized geometry of triplet di(9-anthryl)carbene has the latter

character, in agreement with Trindle’s CAS computati®asad,

NICS(0),).**5°Aromatic molecules have negative isotropic NICS, while e importantly, in agreement with the very smialland E
antiaromatic molecules have positive valGe¥.6” 71 values 0f38.20.72,73

3. Results and Discussion As noted by Xie et al*/ carbene center CC bond lengths are
. affected by repulsion between substituenrbonds and the

3 -

Geometries Phenylcarbene’§ and®3), 1-naphthylcarbene adjacent carbene occupied-orbitals. As a result,r{e-C,)

1 3 N 3
(5 and *5), and 9 _an_thrylcarber?elT(_ and *7) favor planar distance between the carbene center and phenyl ring (Figure 5)
structures that maximize delocalization between the vacant or.

S . ) is substantially longer i3 (1.437 A) than irf3 (1.389 A) (Table
partially filled carbene p-orbital and the adjacent arersystem. i . P,
In contrast, diphenylcarben&(and?®4), di(1-naphthyl)carbene 2), as the carbene-substituenSp repulsio” is greater for

. . the singlet, which has a doubly occupied spbital in-plane
1 3 -
(*6 and6), and di(9-anthryl)carbenéq) are severely strained i, "o bhenvig-bond. Similarly, the 1.430 A €C, bond
in planar symmetries due to aryl-bumping and carbene-ring

S .
orbital repulsion. Instead, they adopt twist€gpropeller-like length in’5 is 0.055 A longer than the corresponding 1.377 A

. . length in35. Likewise, there is 0.064 A difference in bond

or Dyg-perpendicular conformations (Table 2). In the case of lengths betwee7 (1.418 A) anc®7 (1.354 A)
tcr?rt;enes with mgltlple con;c;;mers SUSI'EE&' 1;:116 (Sie below),l d The central CC bonds of the singlet disubstituted carbenes
Ce ower enekr)gyt/ ISOMErs 0835\5;;:6&3:@“6(18 ave d?etn gmp OY¥€C4re also longer than in their triplet counterparts. For instance,

omparison between our -3tEG(d,p) predicted ge- o jittorence betweeht (1.431 A) and®4 (1.399 A)r(C—Cy)
ometries and literature reports on the experimentally determined _ . 3

bond lengths Ar = 0.032 A) is less than betweé and 33

structural parameters of arylcarbe@es8 generally reveals good Ar = 0.048 A). Compared with the monosubstituted species
agreement between experiment and theory. The experimental( : i '

carbene angles of triplet phenylcarbene, diphenylcarbene o-sp? destabilization is expected to be less significant for
1-naphthylcarbene, and 9-anthrylcarbene range freiB5 to disubstituted carbenes, as their twisted, propeller-like structures

. . . minimize this carbene-substituent orbital interaction. However,
140°72and are in good agreement with the triplet carbene angles

for 3—5,7. As previously noted, di(9-anthryl)carbene is predicted steric interactions between adjacent aryl groups may also be

. . important.
m 20,72,73
;onzagls a;ﬂzﬁgﬁz%izg angle both experimentalty (& The variations in théccc bond angles (Figure 5) reflect the

) relative stabilities of the singlet carbenes among each other and
As is well-known from EPR spectroscopythere are two 9 g

. o to their triplet states. For instanc@ecc for 4 (119°) is 12
1-naphthylcarbene hydrogen orientations; both structures WereIarger thart3, while fcccis wider in3 (143) than in®3 (136°).

considered here. The anti-orientation of the l-naphthylcarbeneGreater singlet carben@occ angles have less favorable s-
hydrogen is 0.966) and 0.76 $5) kcal/mol more stable than ater singlet C gles _ P
orbital mixing (Figure 2Y4Hence, triplet carbenes typically are

the _syn-onentatl_on, which has unfavor_able—H t_)u_mplng_. In more stable wheficccis large. Hence, the differences between
addition, three di(1-naphthyl)carbene singlet minima (Figure 4) 13 and 4 and betweer?3 and % carbene bond angles is

(67) Cyranski, M. K.; Krygowski, T. M.; Katritzky, A. R.; Schleyer, P. v. R. c?onsisten_t With thé4—34 Versusl3__33 relative energy separa-
J. Org. Chem2002 67, 1333-1338. tions. Optimized8 has a propeller-lik€,-symmetric structure;

(68) Schieyer, P. v. RChem. Re. 2001, 101, 1115-1117. " . .
(69) Schleyer, P. v. R.; Manoharan, M.; Wang, Z.-X.; Kiran, B.; Jiao, H.; Puchta, the carbene bond anglédcc = 147) is much wider than those

R.; Hommes, N. J. R. v. EOrg. Lett.2001, 3, 2465-2468. f14 or 16. In ition t teric r Ision tween th H nt
(70) Williams, R. V.; Armentrout, J. R.; Twamley, B.; Mitchell, R. H.; Ward, 0 or -6 .add on to steric repuisio betwee € ad]ace
T. R.; Bandyopadhyay, Sl. Am. Chem. So@002 124, 13495-13505. anthryl-substituents, strong arene-carbene overlap helps widen

(71) Chen, Z. F.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, 1 i
B\ & .Cheim. Re 2008 105 3842.3888, the 18 Occc angle, because the increased carberbaracter

(72) Wasserman, E.; Kuck, V. J.; Yager, W. A.; Hutton, R. S.; Greene, F. D.; shortens the €C, bond and thereby increases the repulsion

Abegg, V. P.; Weinshenker, N. Ml. Am. Chem. Sod971, 93, 6335~ between the substituents
6337. '
(73) Astles, D. J.; Girard, M.; Griller, D.; Kolt, R. J.; Wayner, D. D. M.Org.
Chem.1988 53, 6053-6057. (74) Walsh, A. D.Nature 1947, 159, 712-713.
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TS:endoeup-down
TS:exoeup-down 9.11%

6.43"

-

e 308
7 up-down

Relative energy
(kcal/mol)

r,=1.416 A

Figure 4. Optimized singlet di(1-naphthyl)carbents) has three B3LYP/6-31G(d) minima. Ti@&-symmetric exo-structure'§) is 3.03 kcal/mol more
stable than th&€;-symmetric up-down-conformer, and 4.92 kcal/mol more stable tha@tfsymmetric endo-conformer (B3LYP/6-31G(d,p)//B3LYP/
6-31G(d)+ ZPVE).

Carbene bond lengths: ra\ o is 2.2 kcal/mol more stable than the broken-symmetry UBS-
o oo S \C/\><TC TC 23 B3LYP/6-31H-G(d,p) open-shell singlet with<S?> = 1.1
WH | /(':W Q (computed using the triplet geometry). UB3LYP, which among
Carbene angle: ¥ Substituent torsion: other general problemsoverestimates the stability of both
6=2C-Ct-H M ¢=2Cy-CCyC, cumulene structures and the triplet spin state, predicts an
Figure 5. Definition of important geometric parameters in mono- and anomalously large energy {37 difference (15.7 kcal/mol)
disubstituted arylcarbenes. between singlet and triplet states&fNote that this difference

does not include our 2.8 kcal/mol empiricaH3] correction,

Slnglej[—.TrlllpIet Ener[g)(; Zt_arparatlonsd.f'l;able 3 surgmaglzes as38 has a greater degree of delocalized biradical than of triplet
our empiricafly correcte energy differencesAEsr) for carbene character. While the spin contamination of this linear

carbenes—8 aI_ong with the raw (uncorrected) s_i_ng+ettip|et triplet biradical is minor €S> = 2.1), the ROB3LYP/6-
energy separations (fST]) for reference. By definition (see eqs 311+G(d,p) energy is 5.2 kcal/mol higher than the UB3LYP/
1 and 2), the correction is based on the difference between our6-311+G’(d p) optimized triplet energy, both at the latter
computed [ST] value for methylene (11.89 kcal/mol) and its geometry. Applying this larger correction reduces the singlet

?ccuratel); (ée(;esrrsin?/d ;)ép_(l?rr]i'mentalls.inglﬂetplet et.n ergy g'; 4 carbene and biradical triplet energy differenceBdfom 15.7
erence of 9. cal/ma@€ This empirical correction is 2. (UB3LYP) to 10.5 kcal/mol (ROB3LYP).

kcal/mol at the B3LYP/6-31tG(d,p) + ZPVE level. Our
corrected phenylcarbenEst (2.7 kcal/mol) is close to the
experimental value of 2.3 kcal/mé&t:3¢Likewise, ourAEst for
4 (2.9 kcal/mol, Table 3) is in equally good agreement with the
experimental 2.6 kcal/mol separati#hlhis agreement is much
better than that of our previous, 5.8 kcal/mol estinfates the
latter was not corrected. Experimental 1-naphthylcarbene and
di(1-naphthyl)carbene-ST gaps are not available, but oNEst
separations fob (3.4),6 (3.7), and7 (5.7 kcal/mol) should be
reasonably reliable.

While a single phenyl substituent reduceBst by 6.3 kcal/

Trindle*® attempted to diminish the triplet biradical character
of di(9-anthryl)carbene;1,4i(CF;) substitution decreased the
carbene angle from 180 to 155ut had little effect on the
unpaired electron distribution. We optimized model structures
of 38 having constrained central bond lengths and angles, but
delocalization of the spin-density to the anthryl groups remained
almost complete. However, we did have some success when
we predicted the di(9-anthryl)carbene-¥ gap using the
optimized geometry of di(9-anthryl)diazomethane, with the N
moiety removed (without further geometry optimization) to
. . produce a so-called “nascent” structure. This approach was
mol relative to methylene, the reductions due to the larger inspired by Tomioka and co-worke#who in explaining their
1-naphthyl (5.7) and 9-anthryl (3.7 kcal/mol) groupsEeun observations of di(9-anthryl)carbene introduced a species that
Table 4) acwally are smaller. Surprisingly, the second aryl “is generated in rigid matrices at very low temperature, it should

sut:stltuzréts fha\:f \r/]ery lllttledfdu'rtlher erf]fidl (Iesbs thar|1_|O.4 keal/ have the geometry dictated by that of a precursor.” In their case,
mol) onAEs for diphenyl and di(1-naphthylcarbene. However, the precursor was di(9-anthryl)diazomethdheind indeed,

Lhelse cohmpa;]rislons (bele ﬁ)hhlidedtge faﬁt (Ianalyzed f%r.:.herwhen the singlettriplet gap of8 is calculated using the so-
be (r)nW)r;t a_tt Ie arg:r “nap t” y En _'?m Yy é;roups sta 'k'lze called nascent geometry for both singlet and triplet species, a
oth the singlet and especially the triplet carbene more than S—T] gap of 7.8 kcal/mol (not ZPVE corrected) is predicted.

phenyl du'e to mcregse@ resonance stablllgatlon. The same i his is much more consistent with the other Bgaps in Table
true for diaryl-substitution. The difference i\Est between

1-naphthyl and di(1-naphthyl)carbene is only 0.3 kcal/mol. (75) (a) Check, C. E; Gilbert, T. M. Org Chem2005 70, 9828. (b) Yao,
. . X.-Q.; Hou, X.-J.; Jiao, H.; Xiang, H.-W.; Li, Y.-WJ. Phys. Chem. A
The much larger difference in {ST] (>7 kcal/mol) between 2003 107, 9991. () Izgorodina, E. I.; Coote, M. L.; Radom, L. Phys.
- - Wi i(9- i i “Tri Chem. A2005 109, 7558. (d) Grlmme, SAngew. Chem. Int. E®006
9-anthryl- with di(9 anthryl)c_arbene IS Spurious Trlrfélnoted . 45, 4460. (e) Wodrich, M. D.; Corminboeuf, C.; Schleyer, P. v.QRg.
that about 65% of the unpaired electron spin density of the di- Lett. 2006 8, 3631. (f) Schreiner, P. R.; Fokin, A. A.; Pascal, R. A., Jr.;

_ H i H deMeijere, A.Org. Lett.2006 8, 3635. (g) Zhao, Y.; Truhlar, D. GOrg.
(9-anthryl)carbene triplet is displaced from the carbene carbon Lett, 2006 8, 5753, (h) Grimme. S.. Steinmetz, M.: Korth. M. Chem.

to the 10 and 1'Qositions of the anthryl rings (Figure 6). Indeed, Theory Comput2007, 3, 42. (i) Carlier, P. R.; Deora, N.; Crawford, T. D.
3 ; i o J. Org. Chem2006 71, 1592. (j) Zhao, Y.; Truhlar, D. GJ. Org. Chem.

8 prefersDzq symmetry with a linear (180%) carbene angle 2007, 72, 295. (K) Kafafi, S. A.J. Phys. Chem. A998 102, 10404. ()
and allene-like central/€C bond lengths (1.336 A). The triplet Zhao, Y.; Truhlar, D. GJ. Phys. Chem. 2006 110, 10478.
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Table 3. Corrected Carbene Singlet—Triplet Energy Separations (AEsr, kcal/mol)2

molecule AEst [S-T] molecule AEst [S-T]
phenylcarbene3) 2.75 5.59 diphenylcarbend)( 2.94 5.78
1-naphthylcarbenesj 3.40 6.24 di(1-naphthyl)carben@) ( 3.74 6.58
9-anthrylcarbener) 5.67 8.51 di(9-anthryl)carben8)( b 15.70

ROB3LYP (8) b 10.5r
38 nascent 7.76

a As the uncorrected B3LYP/6-3%#1G(d,p) (B3LYP/6-31%G(d,p)//B3LYP/6-31Gq) + ZPVE) [S—T] gaps overestimate these separations, thel[S
values have been adjusted by the 2.84 kcal/mol difference between the experimental and comjpuged @t the same level) for methylene (the correction
is 2.84 kcal/mol at B3LYP/6-31G(d,p))."The allene-like triplet biradica® is not a carbene, and it is not meaningful to adjust theTBenergy separation
using the error between the experimental and computed methylefieggp.cROB3LYP/6-311-G(d,p)//UB3LYP/6-31G(dH- ZPVE. The nascent ST
gap does not include ZPVE. For reference, the 9-anthrylcarbene vibrationless (i.e., not ZPVE corredte@d)pds 7.81 kcal/mol.

Table 4. Enthalpies (kcal/mol) of the Isodesmic Reactions That
Evaluate the Effect of Adding Aryl Groups to Methylene?

Ew™ Ew™  AEw Eaw™ Ew™  AEwS
C En 244 181 63 C ¢ 158 160
GO ' < ‘9 (o )
CH 266 209 6 186  19.0
: - 5.7 S - Y 04

(') (9 ‘e) o)

&y 305 268 é 215 - )
% o oen g NG G

aSee Figure 3 for details of eqs 3 andPAEsy, = Esud™ — Esud™;
these data are derived from the difference betwaA&gr for methylene
and the monosubstituted carbenes in Tabl&Bese data are based on the
differences between the mono- and disubstituted carbdhg values in
Table 3.

e e

Figure 6. Resonance contributors for triplet 9-anthrylcarbene emphasizing
the spin delocalization onto the central ring of anthracene.

R

3, particularly the singlettriplet gap of7 (7.8 kcal/mol without ) . ) )
ZPVE correction). Figure 7. Optimized singlet and triplet strut_:ture_s4)f6, an_d8. In general,_
the structures demonstrate that thespconjugation of diarylcarbenes is
Substituent Effects Aryl groups stabilize carbenes signifi-  incomplete, as not all the ring atoms lie in a plane perpendicular to a carbene
cantly. However, p-r arene conjugation stabilizes the vacant P-orbital.
p-orbitals of singlet carbenes more than the singly occupied . )
p-orbitals of the triplet states. The mono- and disubstitution the carbene-center and substituent (see Figure 7). Both the
effects, evaluated using isodesmic egs 3 and 4 (Figure 3), arePhenyl groups in'4 would need to be coplanar to maximize
summarized in Table 4. The-r conjugation of arylcarbenes elegtron-densny dqnanoh into the vacant carbene p.-orbltal.
is maximized when all the atoms lie in the same plane, and this While both phenyl-rings i#4 would need to be perpendicular
may not be the case when there are two bulky substituents (Segor maximum overlap with the adjacent singly occupied carbene
Figure 7). Consequently, the effect of the second aryl group orbitals. Despite the greater substituent stabilization-effect for
may be quite different from the first, which is readily confirmed 3, *3 has a shorter carbene bond length (1.437 A versus 1.389
by comparing theD-parameter values in Table 1. Relative to A). This is because of carbene-substituersi? repulsion’’ as
methylene P = 0.69 cnt?) for example, a second phenyl- discussed below.
substituent¥, D = 0.41 cnt!) decreases thB-parameter less The 1-naphthyl group stabilizés and?5 by 26.6 and 20.9
than the first phenyl-substituent3( D = 0.52 cn?). kcal/mol, respectively, relative to methylene. These 1-naphthyl
For instance, phenyl stabilizé3 by 24.4 and3 by only 18.1 effects are 23 kcal/mol greater than those for phenyl, due to
kcal/mol. The vacant carben& p-orbital interacts more  the greater resonance stabilization of the larger arene.'Bke
effectively with the ringz-system than the singly occupied the 1-naphthyl substituent stabiliz&5.7 kcal/mol more than
carbene p-orbital if3. In contrast to this 6.3 kcal/mol difference 5. The second 1-naphthyl group stabiliZ&sand36 by 18.6
favoring 13 over 23, the second phenyl groups 4 and 34 and 19.0 kcal/mol, respectively (Table 4). The first aryl
stabilize both equally (by approximately 16 kcal/mol each; see substituent stabilizes carbenes more than the second. This

eq 4, Figure 3). The ringring torsion angle valuesy( Figure attenuation is more pronounced for the singlets. In contrast with
5), which are a measure of the twist of the substituent rings the C,-twisted disubstituted singlet carbenes, the plaGar
relative to each other, are 58 and®%dr 14 and?4, respectively. monosubstituted singlet carbenes have optimum planar geom-

Neither value is ideal for optimal orbital interactions between etries for arener-interaction with the aligned carbene p-orbital.
3768 J. AM. CHEM. SOC. m VOL. 129, NO. 12, 2007
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Table 5. B3LYP/6-311+G(d,p) Strain Energies (kcal/mol) Due to
Substituting Methylene with Phenyl, 1-Naphthyl, or 9-Anthryl
Groups at the Constrained Angles of the Parents?

phenyl- strain 1-napthyl- strain 9-anthryl- strain
13 0.70 15 0.65 17 14
33 0.00 35 0.01 37 0.22
diphenyl- di(1-naphthyl)- di(9-anthryl)-
4 8.66 16 10.02 18 .
34 0.70 3% 132 38 8.82
aB3LYP/6-31H-G(d,p) partially optimized geometries.
Table 6. B3LYP/6-311+G(d,p) Singlet and Triplet Carbene
NICS(0),, Values (ppm)
'3 3 '4 *4
@+ -10.4 23 Daa S 94 37
15 35 I6 36
H
@ 55 26 @ ﬁ 35 +5.4
@ -13.4 -10.8 @ -12.6 -9.7
7 37 '8 ’8
D 93 -5.9 ORVE -6.3 45
(e “H 238 +9.2 'c +5.2 +145
Q) -100 58 (o) & 65 45

Furthermore, the steric strain in the large disubstituted carbene
(e.g.,6) destabilizes the singlets in particular (vide infra).
Isodesmic eq 3 (Figure 3) shows that the 9-anthryl stabili-
zations of'7 and 37 are 30.5 and 26.8 kcal/mol, respectively.
Hence, 9-anthryl is the most stabilizing aryl-substituent con-
sidered. The NICS values for the central rings of the 9-anthryl
carbenes (particularly foi7) are significantly less than for the
adjacent rings, indicating a significant reduction in their diatropic

Substituent Strain Effects. The steric interactions involving
the aryl substituents were investigated by constraining the
phenyl, 1-naphthyl, and 9-anthryl carbene angles to theé 102
(singlet) and to the 135(triplet) HCH angles of @,. The
energies resulting from the partial optimization of these
constrained species are compared with those of the uncon-
strained optimizations (Table 5). With the exceptiorf®and
to a lesser exterb, all the triplets are virtually strain free, as
the unconstrained and constrain@gtc angles are large and
nearly the same. The model singlet pherg) @nd 1-naphthyl
(*5) carbenes with much smaller 1084cc angles are strained
by only ca. 0.7 kcal/mol due to the “bumping” between the
carbene hydrogen and the adjacent aryl CH group. The steric
environments i3 and?5 are essentially the same, as are their
fully optimized Oucc angles (107). The somewhat more
demanding steric environment &f (the relaxedpcc angle is
110) only increases the strain to 1.4 kcal/mol. However, in
disubstituted carbenes, the magnitude of the strain predicted for
the singlet species is very large 9 kcal/mol), which explains
why (as shown in Table 4) a second substituent stabilizes a
singlet carbene much less than the first substituent {gf'E
for 15 [26.6 kcal/mol] versud6 [18.6 kcal/mol]). Overall, strain
favors the triplets and increases the monosubstituted carbene
S—T energy separations modestly 1.2 kcal/mol). The disub-
stituted singlets are destabilized much more by carbene angle
Sstrain than their equivalent triplet species.

Carbene Substituent Rotational Barriers The p—z con-
jugation between the unoccupied (singlet) or singly occupied
(triplet) carbene p-orbital and thearene system is “switched-
off” in the rotational transition structures. Instead, tharene
system interacts (less effectively, due to the smaller overlap)
with the doubly or singly occupied carbené sphital. Indeed,

fing currents (see below). The substantial overlap between thethe rotational transition structuré3TS and*3TS, with 90 ring-
carbene and 9-anthryl orbitals results in some quinoid character®H dihedral angles are 11.73 and 3.30 kcal/mol higher in

of the central anthryl-rings. Like the phenyl and 1-naphthyl
carbenesl7 is stabilized more thad7 but only by 3.7 kcal/
mol. The unusually small difference is due to the exceptional
ability of the 9-anthryl group to resonance stabilfZg(Figure

4). Note that there is a similar loss in net stabilization of singlet
over triplet when comparing the isodesmic equations3f(g.3
kcal/mol) and5 (5.7 kcal/mol), which is due to the additional

energy thari3 and®3, respectively (Figure 8). The greater loss
of p—x conjugation for the vacant p-orbital 88TS than for
the singly occupied p-orbital G8TS during rotation is largely
responsible for the 8.43 kcal/mol difference.

Similarly, the transition structuré§TS and35TS correspond
to rotational barriers of 12.89 and 3.58 kcal/mol #6rand?5,
respectively (Figure 8). Thés barrier to sya-anti intercon-

resonance stabilization of a naphthyl group as compared to aversion is somewhat lower than the reported experimental range,

phenyl group.
109.24°,

33TS

which “must be greater than 4%.3 kcal/mol.*® The loss of

145.12°

: 1.076 A
©1.404 A

149.83°

Figure 8. Structural features and rotational barriers (in parentheses) of singlet and triplet carbene rotational transition states.
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p—a stabilization is responsible for much of the 9.31 kcal/mol group attenuate the additional stabilization of the singlets due
energy difference betweédbTS and35TS. Likewise, thel7— to ring twisting Consequently, the singletiplet energy separa-

17TS (13.63) and®7— 37TS (2.54 kcal/mol) $7TS) rotational tions tend to be larger for the di- than for the monosubstituted
barriers differ by 11.09 kcal/mol. Because of the lin@aec carbenes. The NICS values of both the singlet and the triplet

angle and allene-like structure & TS, the’7— 37TS rotation carbenes indicate that the—p net stabilizing interactions

results in the unusually large ring-carbene bond shortening of reduces the aromaticity of the arylcarbene substituents. The

0.012 A triplets exhibit substantial spin delocalization into the aromatic
Nucleus Independent Chemical Shifts In general, the  rings.

aromatic ring currents of the substituent aryl groups3e® The rotation barriers of the singlet monosubstituted carbenes

(Table 6) are most strongly affected by the presence of the (X—IXTS, X = 3, 5, 7), 11.7, 12.9, and 13.6 kcal/mol,
unpaired electrons from triplet carbenes (see Figure 4). This is respectively, are much larger than those of the corresponding
highlighted by comparing the NICS values for the_monosub- triplets @X—3XTS, X = 3, 5, 7), 3.3, 3.6, and 2.5 kcal/mol,
stituted carbenes, suhand5, where the 8.1 ppm difference  egpectively. This also demonstrates the importance of the
between the singlet and triplet values shows a dramatic geater 7 stabilization in the planar singlet ground states,
disruption of the aromatic ring current in bothand®. Indeed, e is ost during rotation. The triplet barriers involve small
the positive NICS(Q) value§ for th(: carbene-attached rings of igterences in interactions involving singly occupied orbitals.
the substituent groups 6%, and*7 indicate complete 10SS 6 reater flexibility of théXTS structures allow the carbene

of aromaticity. Focusing on the singlet species, it is interesting angles to widen more easily to reduce steric repulsions.
to note that the NICS values monotonically increase in going

from '3 (—10.4 ppm) to'8 (+5.2 ppm). With the exception of Overall and in response to the title question, bigger substit-

33, there is the same trend for the carbene-attached rings of theEemS are ber:ter at stabtl)hz_lng S’Oth slnglet z?lnd tfrf|plet_ arylcar-
substituent groups of the triplet species. enes. For the monosubsituted carbenes, the effect is greatest

for the singlet species. However, for the disubstituted carbenes,
4. Conclusions the singlet and triplet species are stabilized to approximately

The inherent DET underestimation of singlet carbene energiesthe same extent: the increased strain of the singlet diarylcarbenes
(nondynamic correlation problem) has been corrected empiri- effectively counteracts their electronic stabilization advantage
cally by the error (at the same DFT level) in the singtetplet relative to their triplet counterparts.
energy separation of methylene. When this correction is applied

to the B3LYP/6-31%G(d,p)+ ZPVE mono- and disubstituted .
carbene energies, the( rgiulting phenys)( diphenyl- C), an IRTA Postdoctoral Fellowship (to H.L.W.), the award of a

1-naphthyl- CJ), di(1-naphthyl)- C,) and 9-anthryl-substituted University of Sydney Sesqui qutdoctoral F_ellowship (to D.M.)
(CJ methyleneAEsr values, 2.7, 2.9, 3.4, 3.7, and 5.7 kcall and funding from t.he University of Georgia an_d NSF Grant
mol, respectively, are in excellent agreement with the available CHE-0209857. This research was Supporte_d in part by the
experimental and highest level theoretical data. Although no Ntramural Research Program of the NIH, National Heart Lung
trend is apparent in theskEs values, both singlet and triplet  @nd Blood Institute. We thank Professors Leo Radom (Univer-
carbene stabilizations follow the order of increasing size of these sity of Sydney)., Dahlel Crawford (V|rg|n|a.Pont.echn|c Institute
aryl groups. But there are complicating features. and_ Sta_te University), Anna Krylov_ (Unl_verS|ty of Squthern
While phenyl-, 1-naphthyl-, and 9-anthryl-substituents sta- California), and Wesley AIIe_n (Un_lversr[y of Georgia) for
bilize triplet carbenes considerably 15 kcal/mol), the singlets ~ encouragement and fruitful discussions.
are stabilized even more>@4 kcal/mol). This effect reduces,
but does not overcome, the inherent preference of the paren
methylene for the triplet ground state. Consequently, all the
mono- and diaryl-carbenes also have triplet ground states. While
the additional stabilization of a second aryl-substituent is nearly
the same as the first for the triplets, steric effects of the second JA068899T
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