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Abstract: The solvent dependence of the 2-naphthyl(carbomethoxy)carbene (2) singlet—triplet energy gap
has been examined by time-resolved infrared (TRIR) and computational methods. The ground state of 2
changes from the triplet state in hexane to the singlet state in acetonitrile. Preferential stabilization of the
singlet carbene is the result of its increased dipole moment in polar solvents. Variable-temperature TRIR
experiments provide measurements of the enthalpic and entropic differences between 12 and 32 and suggest
that solvent and geometry effects on the entropy of singlet and triplet carbenes can offset differences arising
from spin multiplicity. B3LYP calculations using the polarizable continuum solvation model (PCM) reproduce
the general trends in enthalpic differences seen experimentally.

Introduction to explain such an observation for the reaction of diphenylcar-
bene with methanol, discussed beldw.

Thus, accurate measurements of carbene singiptet
energy gaps are both fundamentally and mechanistically very
important. The singlettriplet splittings of several carbenes have
been directly measured in the gas phase by photoelectron
|spectroscop§/ Direct measurements of carbene singleiplet
splittings in solution, however, have proven much more elusive.
Previous experimental estimates usually employ a combination
of product studies and kinetic measurements and have been

barrier of the reactionEx(rxn)) plus the energy required to forced to rely on assumptions concerning the spin selectivity

populate the singlet from the lower energy triplet carbene of carbene-trapping reageritBor example, alcohols are thought
(AHs7) to be selective traps of singlet carbenes; molecular oxygen and

isoprene are believed to be selective triplet carbene traps. Any
obsd)= E.(rxn) + AH 1 inaccuracy in these Sup_posmons could lead to critical errors in
( )= Edrxn) ST @) the estimated energy difference between the two carbene spin
states.
Following the pioneering work of Closs and Rabindw,
Eisenthal, Turro, and co-workérexamined the singlettriplet

One of the most fundamental properties that determines a
carbene’s reactivity is its spin state. However, even in those
cases where the triplet state is of lower energy, chemistry often
arises from the higher lying, but more reactive singlet carbene.
Two mechanistic schemes have emerged to explain such
observations. The classical mechanism, first advanced by Bethel
and co-workers, predicts that the observed barrigi,(0bsd),
eq 1) for the reaction of a singlet carbene in rapid equilibrium
with its triplet ground state is given by the actual activation

The alternative, proposed by Griller, Nazran, and Scafaso,
an avoided surface-crossing mechanism in which the triplet
carbene surface crosses the singlet carbene to product surface

at a point below the energy of the singlet carbene leading to an (3) (a) Legﬁold Bthlgl\ggrgag‘lg (%;egens '\Q"?\Z AHE JLlr|1_ebetrjger w.
em ! rvin [0} Ineperger,

Ex(obsd) that is lower than the sum B(rxn) andAHsr. In w C.J. Chem. Phys1989 91, 5974. (c) Gilles, M. K. Ervin, K. M. Ho,

this case, if the activation energy for the singlet carbene reaction ~ J.; Lineberger, W. CJ. Phys. Chem1992 96, 1130. (d) Gilles, M. K.;

. . . .. Lineberger, W. C.; Ervin, K. MJ. Am. Chem. Sod.993 115 1031. (e)
is very small, one might experimentally observe an activation Gunion, R. F.; Koppel, H.: Leach, G. W.; Lineberger, W. T.Chem.

barrier less than the singletriplet ener ap. Indeed, the Phys.1995 103 1250. (f) Robinson, M. S.; Polak, M. L.; Bierbaum, V.
. . 9 p . 99 p M.; DePuy, C. H.; Lineberger, W. Q. Am. Chem. S0d.995 117, 6766.
avoided surface-crossing mechanism was originally formulated (g) Gunion, R. F.: Lineberger, W. Q. Phys. Cheml996 100, 4395. (h)

Schwartz, R. L.; Davico, G. E.; Ramond, T. M.; Lineberger, WJPhys.
* To whom correspondence should be addressed. C.M.H.: Fax: (614) Chem. A1999 103, 8213.

_ _mail- . . i " (4) For a review, see: Platz, M. S.; Maloney, V. M. Kinetics and
292-1685. E-mail: hadad.1@osu.edu. J.P.T.: Fax: (410) 516-8420. E Spectroscopy of Carbenes and Biradic&tatz, M. S., Ed.; Plenum: New

mail: jtoscano@jhu.edu. York, 1990; p 239.
" John Hopkins University. (5) Closs, G. L.; Rabinow, B. El. Am. Chem. Sod.976 98, 8190.
*The Ohio State University. (6) (a) Eisenthal, K. B.; Turro, N. J.; Aikawa, M.; Butcher, J. A., Jr.; DuPuy,
(1) (a) Bethell, D.; Stevens, G.; Tickle, Ehem. Communl97Q 792. (b) C.; Hefferon, G.; Hetherington, W.; Korenowski, G. M.; McAuliffe, M. J.
Bethell, D.; Newall, A. R.; Whittaker, DJ. Chem. Soc. B971, 23. (c) J. Am. Chem. Socl98Q 102 6565. (b) Sitzmann, E. V.; Langan, J.;
Bethell, D.; Hayes, J.; Newall, A. R. Chem. Soc., Perkin Trans1874 Eisenthal, K. B.J. Am. Chem. Sod.984 106, 1868. (c) Langan, J. G.;
1307. Sitzmann, E. V.; Eisenthal, K. BChem. Phys. Lett1984 110, 521. (d)
(2) Griller, D.; Nazran, A. S.; Scaiano, J. @. Am. Chem. Sod 984 106, Eisenthal, K. B.; Turro, N. J.; Sitzmann, E. V.; Gould, I. R.; Hefferon, G.;
198. Langan, J.; Cha, YTetrahedron1985 41, 1543.
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energy gap of diphenylcarbene in both nonpolar (isooctane) andScheme 1N
2

polar (acetonitrile) solvents. Since only the triplet ground state oMo OMe U ome
of diphenylcarbene could be observed spectroscopically, estima- v, —_ OO )
tions of the singlettriplet energy gap were obtained with a 1
combination of pico- and nanosecond time-resolved-Wié

measurements, chemical quenching, and triplet sensitization, ariap|e-temperature TRIR experiments have allowed investiga-
experiments. This analysis relied on kinetic equations derived tjon of solvent effects omHsr and ASst for carbene2. Our
for the diphenylcarbene system assuming the validity of eq 1 experimental analysis is supported by B3LYP calculafins

and on the use of spin-selective carbene traps such as methancdsing the polarizable continuum model (PCM) for solvatibn.
and isoprene. The estimated free energy difference between the

two carbene spin statedAGst) was found to be 4.6 kcal/mol  Results and Discussion
in isooctane and 3.2 kcal/mol in acetonitrile (the latter value in

good ggreement with Closs’_s or_iginal experiments)_. The as- comparing the intensities of IR bands dué2aelative to those
S‘Hmpt"?“ that the only eqtroplc dlffergncg betweer! smglgt gnd of 32 as a function of solvent. Since the ratio of these signals is
triplet diphenylcarbene arises from their different spin multiplic- directly related to the ratio of singlet to triplet carbene, a

ity (RIn 3) led to derivedAHst values of 4.0 and 2.5 kcal/mol e 5n0nding equilibrium constant and, hence, a standard free
in isooctane and acetonitrile, respectively. Due to the zwitter- energy difference{Gsy) can be easily derived. Such an analysis
ionic nature of singlet carbenéssinglet diphenylcarbene is requires the following: (1) the two spin states must be
stabilized relative t.q triplet diphenylcarbene in pqlar solyents. equilibrated, (2) IR signals from each spin state must be clearly
Such solvent stabilization effects on the reactivity of singlet yiginqishable, (3) the ratios of extinction coefficients for these

Earbente)s in egumbrlulm W|th”th§|r tr;]plet grloung statgs haést.also signals must be known, and (AGsr must be small enough to
een observed experimentally in other arylcarbene denvatives. g,y experimental observation of the solvent perturbation of

The above analysis has been questioned by Griller, Nazran,y,q oquilibrium constant. As discussed below, carthuills
and Scaiand, who measured the activation energy for the all of these requirements.
reaction of triplet diphenylcarbene with methanBl(obsd)= In our original TRIR study in Freon-113, we found that IR

3."6} ald 1'63. kcal/m0|1in isgogtar;]e a|2db acetonlitriler,] FeSPEC- signals due td2 and32 decay at equal rates and that quenching
tively). According to eq 1E(obsd) should be equal to the sum rate constants derived for a singlet band and a triplet band with

O.f AlHtSTdar;d thF pr:sumal_atlr)]/ dlff;Jhsmn-lcoantkrollsd r?a(fpr?_n of reagents that could potentially react in a multiplicity-dependent
singiet dipnenyicarbene with me _ano—( cal/mol). This fashion (e.g., methanol and oxygen) are equivalent, consistent
latter value is an apparent activation energy tha}t reflects theWith rapid spin equilibration of carben2. More recently,

temperature dependence of the solvent viscosity. Thus, theKohler, Platz, and co-workers used femtosecond absorption

measttjr(?déagobtﬁd)fvaluelstg re I?fﬁ than_(;exgect(?d and Sut.)se'spectroscopy to demonstrate that singteplet spin equilibra-
quently led to the formulation of the avoided surface-crossing ;i< complete within 50 p&

mechanism. Griller, Nazran, and Scaiano also considered a Distinct IR bands for singlet and triplet carbonyl carbenes

model Wh.ere the addeq methanol affects the smgfqllgt gap (RCCEO)R) are expected since theoretical calculations indi-
by changing the polarity of the medium or by associating to a cate that their geometries are significantly differ€na very

d'ffsre?;\?i)gj;t ng?egizigfrg;imgncg?ﬁige dﬁgrlwrw]rif\t/\?sﬁl d recent high-level computational analysis of carbonyl carbenes
be if tEe entrop)i/c differ,ence between singlet and triplet diphen- has been provided by Radom and co.-worléérWhlle tnple_t
Icarbene is larger thaR In 3. Reasonably, the polar nature of cgrbonyl carbenes are planar (RCCC.) dihedral angle$offir
)s/in let (:arbeneiJ could resuli in a more o?/clieredpsolvent medium singlet counterparts are nonplanar with nearly orthogonal RCCO
9 ‘dihedral angles. This orthogonal orientation allows donation of

' bring the expected activation energy close o that messured ™ -PIANE OXygen one paifofhe carbony| group to the empty
9 P 9y ‘p orbital of the singlet carbene. In addition, this arrangement

_We became mtereste_d n solvgnt effects on garbene singlet also allows the filleds? orbital of the carbene to conjugate with
triplet energy gaps during our time-resolved infrared (TRIR) the zr system of the carbonyl group
study of 2-naphthyl(carbomethoxy)carbe} groduced upon Estimations of singlettriplet extinction coefficient ratios of

photolysis of diazoester (Scheme 17 Detection of IR bands 2 are available from the recent low-temperature study of Bally,

golrjri]lit?r?tiéhfarzlgr?éegll{j\ave%ng girilrrt)elc?tt eiZ)ezﬁfr?ta(I)];sstipr:a;te McMahon, and co-workers, who were able to characterize
4 P independently both2 and 32 by matrix IR spectroscop$?

of the free energy difference betwe&hand32 in Freon-113 . .
(1,1,2-trichlorotrifluoroethane) solutid® Reported herein is an Interestingly, they observed that the two carbene spin states can

extension of this previous work to different solvents. In addition, (10) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Lee, C.; Yang, W.; Parr,
R. G.Phys. Re. B 1988 37, 785. (c) Becke, A. DJ. Chem. Physl1993

2 32

Our analysis of the singletriplet energy gap of relies on

(7) Salem, L.; Rowland, CAngew. Chem., Int. Ed. Endl972 11, 92. 98, 5648.

(8) (a) Sugiyama, M. H.; Celebi, S.; Platz, M. $. Am. Chem. Sod 992 (11) (a) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027. (b) Cossi, M.;
114, 966. (b) Adamasu, A. S.; Platz, M. 3. Phys. Org. Chenil992 5, Barone, V.; Cammi, R.; Tomasi, €hem. Phys. Lettl996 255, 327. (c)
123. (c) Garcia-Garibay, M. AJ. Am. Chem. Sod 993 115 7011. (d) Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997 107, 3210. (d)
Garcia-Garibay, M. A.; Theroff, C.; Shin, S. H.; JerneliusT8trahedron Barone, V.; Cossi, M.; Tomasi, J. Comput. Chem1998 19, 404. (e)
Lett. 1993 34, 8415. (e) Motschiedler, K. R.; Toscano, J. P.; Garcia- Cossi, M.; Barone, VJ. Chem. Phys1998 109, 6246.

Garibay, M. A.Tetrahedron Lett1997 38, 949. (f) Sung, D. D.; Lim, G. (12) Hess, G. C.; Kohler, B.; Likhotvorik, I.; Peon, J.; Platz, MJSAm. Chem.
T.; Kim, M. S.; Park, D. K.Bull. Korean Chem. Sod.995 16, 47. Soc.200Q 122, 8087.

(9) (a) Zhu, Z.; Bally, T.; Stracener, L. L.; McMahon, RJJ.Am. Chem. Soc. (13) (a) Kim, K. S.; Schaefer, H. F., l10. Am. Chem. S0d.98Q 102, 5390.
1999 121, 2863. (b) Wang, Y.; Yuzawa, T.; Hamaguchi, H.; Toscano, J. (b) Gosavi, R. K.; Torres, M.; Strausz, O.®an. J. Chem1991, 69, 1630.
P.J. Am. Chem. Sod.999 121, 2875. (c) Wang, J.-L.; Likhotvorik, |.; (c) Xie, Y.; Schaefer, H. F., llIMol. Phys.1996 87, 389.

Platz, M. S.J. Am. Chem. S0d.999 121, 2883. (14) Scott, A. P.; Platz, M. S.; Radom, . Am. Chem. So@001, 123 6069.
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Table 1. Measured Extinction Coefficients for Methyl 2-Naphthyl overlapping carbeneacetonitrile y|ide band at 1656 crh) The
Acetate (NpCH,CO;Me) IR Bands Freon-113 data are best resolved and are most easily compared
mode hexane* Freon-113* CH,Cl* CH4CN® with the low-temperature matrix data of Bally and McMal8n,

C=0 str 1751 (467) 1748 (439) 1737(418) 1739 (437) who observed a triplet carbene band at 1660%(@=0 stretch)

C=CArstr  1637(17) ~ 1637(19)  1636(21)  1636(19)  gnd singlet carbene bands at 1646<T stretch), 1625 (aromatic
C=CArstr 1603(24)  1605(22) 1602 (30) 1603 (27)

CH, bend 1330 (63) b 1335(84) 1335 (67) c=C stret'ch), anq 1590 cm (qromatig GC strchh). The

CH; bend 1300 (55) b 1301 (65) 1302 (43) matrix-derived extinction coefficient ratios of the singlet bands
CH; bend 1271 (110) b b 1271 (110) are 0.5:1.4:1.0¢s40€1625€1500. On the basis of these observa-
C-Ostr 1258 (134) b b 1266 (109) tions, we have previously assigned the TRIR band detected at
C—O—Cstr 1200 (134) b 1202 (117) 1200 (113) N

C—O str 1158 (164) b 1165 (170) 1167 (160) 1650 cn1! to the carbonyl stretch o2 and those detected at

1620 and 1584 cri to aromatic G=C stretches of2. The 1640

2 Frequencies a{e reE)?rEed in thextinction coefficients (in parentheses)  ¢cm~1 matrix band is not resolved in our TRIR experiments as
ate reported in M e, ® Unavailable spectral window due to solvent o raqit of its low intensity and the relative broadness of solution

IR bands. We assume that this singlet carbonyl band appears

near 1630 cm! in Freon-113 with an intensity approximated

: i g : from the matrix-derived intensity ratios of the singlet carbene
T 5 Hexane bands as indicated in Figure 1.
| Tl The 1650 cm® band of*2 and the 1584 cr band of2

s I |5 were used to evaluat&Gst in Freon-113 solution (Table 2).

: : : The low-temperature, matrix-determined rafi?/t2) for these
signals is approximately 1.5; the Freon-113 solution, TRIR-
determined ratio at 294 K is 2.1. These values lead to an
5 : equilibrium constant of 1.4 0.2 at 294 K and\Gst = 0.2+
] 1\ : ' T 0.1 kcal/mol. (A positive value indicates that the triplet carbene

: : is lower in energy.) An analogous treatment in hexane leads to
a AGsr value of 0.3+ 0.09 kcal/mol.

Analysis in the 16861540 cnt?! spectral region becomes
T more complicated in polar solvent. As expected (e.g., Table 1),
carbonyl bands shift to lower frequency with increasing solvent
foig - polarity, while aromatic bands are unaffected. In dichlo-
l romethane (and acetonitrile), the triplet carbonyl band (at 1650
: : : cm~1 in Freon-113) shifts down to overlap with the singlet
l L '[ LI '[ . . . . .
1680 1640 1600 1560 aromatic stretch at 1620 crh As |nd|cateq in Figure 1, we
Wavenumber have assumed that both the triplet and singlet carbonyl bands
Figure 1. TRIR difference spectra observed in the 168640 cr shift in dichloromethane from their Freon-113 values by an
spectral region. Data are averaged ove® us following 266 nm laser amount equal to that observed for the carbonyl band of methyl
photolysis (5 ns, 1 mJ) of diazoeste(1.1 mM) in argon-saturated solvent. ~ 2-naphthyl acetate (11 crh Table 1). (Similarly, these bands
The bars represent our interpretation of the singlet (S) and triplet (T) carbeneyere assumed to shift to higher frequency by 3 &mwhen
contribution to the observed spectrum as discussed in the text. .
solvent was changed from Freon-113 to hexane.) These shifts

A Absorbance

T

be interconverted photochemically and also tiathermally are fairly consistent with B3LYP/6-31G* calculations using the
relaxes only t62 over several hours at 12 K in an argon matrix. PCM solvation model (Table 3). Thus, the broad peak observed
Thus, the intensity ratio of a find2 IR band to an initiaf2 IR at 1624 cm* in dichloromethane is believed to be made up of

band, following thermal relaxation, reflects the ratio of their three peaksthe singlet and triplet carbonyl bands and a singlet
extinction coefficients. Of course, for our analysis to be valid aromatic G=C stretch. We have estimated the portion of this
in solution, we have to assume that the relevant extinction Peak thatis due to singlet carbene signals using the intensity of
coefficients of'2 and32 do not vary with solvent. To address the observed 1584 cm band and the matrix-derived intensity
this concern, we have examined the FTIR spectrum of the parentfatios for the singlet peaks. The remaining portion of the 1624
methyl 2-naphthyl acetate (NpGEO,Me) as a function of cm! band is assumed to be due to the triplet carbonyl, which
solvent. As shown in Table 1, extinction coefficients for all is then compared with the intensity of the singlet 1584 tm
major IR bands in the region 116a800 cnt! are reasonably ~ band to give the estimatetiGsr shown in Table 2.
constant with most deviating from the average by less than 10%. Complications of shifting bands are avoided in the 1260
This potential variation has been considered in estimating errors1140 cn1? spectral range, where several distinguishable singlet
for our experimentally measured equilibrium constants, dis- and triplet carbene IR bands are also observed in Bally and
cussed below. McMahon’s matrix experiment$. Due to solvent broadening
We have examined carberz by TRIR spectroscopy in  and the spectral resolution at which our TRIR data are collected
hexane, Freon-113, dichloromethane, and acetonitrile solutions.(16 cntt), we observe only two major IR bands (1216 and 1170
Data observed following 266 nm laser excitatiorloh argon- cm~1) in this spectral region (Figure 2). (TRIR data in Freon-
saturated solutions are shown in Figure 1 for the 16B840 113 are not displayed for this spectral region due to interference
cm1 spectral region. (TRIR data in acetonitrile are not displayed from strong solvent IR bands.) On the basis of the matrix IR
for this spectral region since analysis is complicated by a broad, data, we have assigned the 1216¢rband to mainly?2 (81%
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Table 2. Experimental Thermochemical Parameters for 2-Naphthyl(carbomethoxy)carbene (2) Derived in Two Spectral Regions

1680-1540 cm ! 1260-1140 cm !

solvent T (K) AGsr (kcal/mol) AHgr (kcallmol) ASsr (cal/mol-K) T (K) AGsr (kcal/mol) AHgr (kcallmol) ASsr (cal/mol-K)
hexane 294 0.3 0.09 294 0.4+0.1
233 04+01 0.8+£0.3 15+13 a a a
Freon-113 294 0.20.1
262 03+01 0.7+ 0.8 1.7+£3.0 b b b
CH.Cl» 294 0.1+ 0.1 o 294 —0.06+0.1 . _
243 01+ 01 0.2+ 0.6 0.3+24 238 —0.094 0.07 0.2+0.7 0.5+ 2.7
CHsCN 294 —0.2+£0.08 _ _
¢ ¢ ¢ 253 —0.3+0.07 0.4+06 1.5+25

a | ower temperature data complicated by low signal inten8itynavailable spectral window due to solvent absorbahéaalysis complicated by overlap
with IR bands due to a carbenacetonitrile ylide.

Table 3. Selected Low-Temperature Matrix and Calculated IR

Bands (cm~1) of 2-Naphthyl(carbomethoxy)carbene

mode matrix ~ gasphase*  heptane®  Freon-1132  CH,Cl,>  CH,CN?
Singlet Carbene
C=0 str 1642 1626 1624 1623 1619 1620
C=C Ar str 1625 1607 1609 1609 1607 1606
C=C Ar str 1590 1580 1581 1587 1581 1580
C—Ostr 1250 1230 1230 1229 1229 1228
C—Ostr 1218 1202 1204 1204 1203 1202
O—-CHszwag 1184 1168 1167 1166 1165 1164
C—Ostr 1179 1160 1160 1159 1157 1155
ArCHbend 1174 1144 1146 1146 1146 1146
Triplet Carbene
C=0 str 1660 1633 1630 1630 1625 1623
C—Ostr 1238 1229 1230 1229 1229 1228
C—Ostr 1214 1197 1197 1196 1205 1196
O—CHswag 1208 1180 1180 1180 1185
O—C—Ostr 1194 1166 1167 1166 1167 1167

aB3LYP/6-31G* using the PCM solvation model, scaled by 0.96.

— Acetonitrile
CH,Cl,

- - Hexane

normalized peaks

I

A Absorbance

"Triplet"

“Singlet"

1260

photolysis (5 ns, 1 mJ) of diazoeste(l.1 mM) in argon-saturated solvent.

1240

i
1220

1200

1180 1160

Wavenumber

Figure 2. TRIR difference spectra observed in the 128040 cmt
spectral region. Data are averaged oveO® us following 266 nm laser

1140

triplet, 19% singlet) and the 1170 crhband to mainly*2 (20%

triplet, 80% singlet). Calculations indicate that these bands

correspond to vibrational modes involving stretching of theGC

single bond.

Figure 2 clearly shows that the population'@fincreases in

more polar solvent. To deriv&Gst values in each solvent, we

again rely on the matrix IR datato estimate extinction
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0.5

04+ Hexane
L ]

03}

Freon-113
02

0.1 |
[

AG, (kcal/mol)

01 ¢
02

0.3 w i ‘
30 35 40 45

E,(30) (keal/mol)

Figure 3. Plot of experimentally derivedGst at 294 K as a function of
solvent polarity parametér(30). When possible, the average of th€st
values derived in the 16801540 and 12661140 cnT? spectral regions is
used.

coefficient ratios for the singlet and triplet contribution to the
1216 and 1170 crt TRIR signals. These ratiog616-s:€1216-T:
€1170-S-€1170-T — 1.0:4.3:5.9:1.5) lead to the derive{ﬂBST values
in hexane, dichloromethane, and acetonitrile that are shown in
Table 2. The values for hexane and dichloromethane compare
reasonably well with those derived from the 168540 cnt?
TRIR data of Figure 1. As was the case for diphenylcari§ene,
our derived values oAGst for 2 correlate very well with the
solvent polarity paramet&(30) (Figure 3)t> That there is such
a good correlation ofAGst with solvent polarity suggests
specific carbenesolvent complexes, as have been postulated
for other system& do not play a significant role in determining
carbene stability for the solvents examined in the present
investigationt’

Variable-temperature TRIR experiments allow investigation
of the enthalpy AHs7) and entropy ASst) differences between
12 and32. Solvent freezing point and flow cell limitations restrict
the available temperature range (ca. “&) for these experi-
ments. Thus, the values féxHst and ASst derived for2 in
hexane, Freon-113, dichloromethane, and acetonitrile are re-
ported (Table 2) with a fair amount of errbr Despite these

(15) (a) Dimroth, K.; Reichardt, CLiebigs Ann. Chem1969 727, 93. (b)
Reichardt, C.Sobent Effects in Organic Chemistry\Werlag Chemie:
Weinheim, 1979. (c) Experimentally derived values AdBst, AHst, and
ASst also correlate well with the Onsager functiesee Supporting
Information.

(16) (a) Khan, M. I.; Goodman, J. 1. Am. Chem. Sod.995 117, 6635. (b)
Moss, R. A,; Yan, S.; Krogh-Jespersen, X.Am. Chem. Sod.998 120,
1088. (c) Ruck, R. T.; Jones, M., Jretrahedron Lett1998 39, 2277. (d)
Krogh-Jespersen, K.; Yan, S.; Moss, R.JAAm. Chem. Sod.999 121,
6269.

(17) We intend to extend our investigations to benzene and related solvents to
determine if carbenearomatic solvent complex®snfluence the singlet
triplet energy gap fo.
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1 ; ‘ Table 4, the difference in calculated dipole moment between
08 12 and32 (Aust) increases with solvent polarity. This increase
—_ is mainly due to solvent effects on the singlet carbene’s dipole
g 0.6 moment and results in preferential stabilization of the singlet
5 04 carbene in polar solvents.
é 0.2 The experimentaASstvalues (Table 2 and Figure 4) suggest
2 o that12 is favored entropically in hexane, but titis favored
E in acetonitrile, opposite to the enthalpic trend noted above. (The
02 enthalpic contribution to the total free energy, however, is
0.4 greater and\Gst is negative (singlet state being more stable)
06 J ‘ L ] in a polar solvent.) Entropic differences betwé@rand32 in
30 35 40 45 50 general can originate from (1) differences in the molecular
E_(30) (kcal/mol) contribution Gyo) and (2) differences in solvent organization
Figure 4. Plot of experimentally derived\Hsr as a function of solvent  contribution Gon) to the total entropy. The molecular contribu-
polarity parameteEr(30). When possible, the average of thEst values tion to the total entropy for the singlet or triplet carbene can be
derived in the 16861540 and 12601140 cnt! spectral regions is used. derived from statistical mechanics and is given by
2 T
15 e * Freon-113 1 Sinot = Srans T Sot T Sib T Siee = NRIN(NN) — 1] (2)
z rHexane 1 whereSyans Sot Siib, andSec are the translational, rotational,
S 05 F ] vibrational, and electronic contributions, respectivety,=
§, ol ] number of molesR = gas constant, antlly, = Avogadro’s
8 number?? Differences inSno between'2 and32 are expected
g 05 b CH,C, ] to arise mainly from differences 8, andSec The difference
4 CH.ON | in electronic contributionR In 3, 2.2 cal/molK) is, of course,
A5 b N3 due to the difference in spin multiplicity as previously discussed.
o ‘ ‘ ‘ Differences inSi», which is defined in eq 3
30 35 40 45 50
F1(30) theal/mol S =Ry (@ — 1) =In(@—e™] @)
|

Figure 5. Plot of experimentally derivec\Sst as a function of solvent

polarity parameteEr(30). When possible, the average of th&st values

derived in the 16861540 and 12661140 cn1! spectral regions is used. (wherev; = vibrational frequenciek = Boltzmann’s constant,
and T = temperature;u; = hy/kT), arise from bonding

errors, hqwever, the expenmenta! trends for _the enthalpy anddifferences betweet? and®2. Note that low-frequency vibra-
entropy differences between the singlet and triplet carbenes are

clear and also correlate quite well wiy(30) values (Figures tions h ave the Iargestl effeCt;ﬁ’ib' Differences in solvent_
4 and 5)1519 organization &) for 2 and 32 are expected due to their

dissimilar dipole moments. Solvation of the more polar singlet

Our experiments suggest th# is favored enthalpically in . . C
P 99 pically carbene will be more ordered in polar solvents, resulting in an

hexane, but that? is favored in acetonitrile. These results are L
in good agreement with calculations using the PCM solvation unfayorablse solvent contribution to the total entropy ‘af
model at the B3LYP/6-314G*//B3LYP/6-31G* level (Tables  'S/ative 10°2 S o

4 and 5). There is a large basis set effect on the relative energies, Based on the above discussion, we expect that the contribution
but Table 5 demonstrates that single-point energy evaluationst© &Xperimentally observedSsr values will be negative from

at the B3LYP/6-313G**//B3LYP/6-31G* level provide results the Sy andSec differences (triplet carbene being entropically

similar to full geometry optimizations at the B3LYP/6-32G** favored). TheASst value being greater than zero in nonpolar
level. The calculations indicate thatHs; = 1.4 kcal/mol in solvents indicates that the contribution from &g difference
heptane (triplet state being lower in energy), Alitst = —0.6 is positive and greater than the sum of tBgy and Sec

kcal/mol in acetonitrile (singlet state being lower in energy). differences in nonpolar solvent. Since tBgec difference is
Relative to our experimental values, the B3LYP calculations constant, the negativaSst value observed in polar solvents
seem to overestimate the stability of the triplet carbene by indicates that the contribution from trfa,y difference now
approximately 0.6 kcal/mol, although there is still a good CUtWeighs that fromS;,. This observation is consistent with
correlation withEr(30) values (Supporting InformatiofySuch ~ the increased difference in dipole moment betwé2and *2
overestimations of triplet carbene stability by density functional N Polar solvent. Thus, our results suggest that both solvent and

theory methods have been noted previod$RLAs shown in geometrical effects on the entropic difference between singlet
and triplet carbenes should be considered when assessing

(18) Errors inAGst, AHst, andASsr are directly related to errors in measured  energetic differences between carbene spin states.
equilibrium constants. Contributions to equilibrium constant errors include
uncertainty in the measurements themselves (calculated as the standard

deviation from three separate measuremehs;4%), error in extinction (20) Correlation with the Onsager function, however, is not as gcee
coefficient ratios £5—10%), and error due to overlapping bands0¢- Supporting Information.
5%) (21) Geise, C. M.; Hadad, C. M.. Org. Chem200Q 65, 8348.

(29) AIthbugh solvent dielectric constant does increase with increasing tem- (22) (a) McQuarrie, D Statistical MechanicsHarper and Row: New York,
perature, the temperature ranges examined in this study lead to changes 1976. (b) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAIA.
that are small enough such that the Onsager function is essentially constant. Initio Molecular Orbital Theory John Wiley and Sons: New York, 1986.

J. AM. CHEM. SOC. = VOL. 124, NO. 8, 2002 1765



ARTICLES Wang et al.

Table 4. Calculated Geometry, Dipole Moment, and Thermochemical Parameters of 2-Naphthyl(carbomethoxy)carbene (2)

singlet? triplet?
dihedral angle carbene angle dihedral angle carbene angle AGgr” AHs® ASgr®
€ (C-C-C=0) (c-Cc-C) (C-C-C=0) (c-Cc-C) Aust (D)*€ (kcal/mol) (kcal/mol) (callmol-K)
gas 1.0 83.3 120.6 0.003 135.0 3.8 2.3 2.2 —-0.3
heptane 1.9 83.9 121.1 —0.30 135.3 4.3 0.9 1.4 1.7
benzene 2.2 84.6 121.0 —0.18 135.3 4.4 2.1 11 -3.3
Freon-113 2.4 84.2 121.0 —0.03 135.4 4.4 2.2 1.3 —-2.9
CH.Cl> 8.9 85.4 1215 —0.22 135.6 5.0 -1.1 0.5 5.2
MeOH 32.6 86.7 122.0 0.36 135.7 53 -1.7 —-2.0 -1.2
CH3CN 36.6 87.1 121.6 0.62 135.5 5.3 —-0.7 —0.6 0.3

aB3LYP/6-31G* geometry with the PCM solvation modeB3LYP/6-31H-G**//B3LYP/6-31G* level using the PCM solvation model and corrected to
298 K. ¢Individual dipole moments are given as Supporting Informatiofhe Freon-113 calculations are somewhat suspect as!®athd 32 structures
had one small€60i cn1) imaginary vibrational frequency at the B3LYP/6-31G* level. All attempts to obtain a true minimum with the PCM method in
Gaussian98 were unsuccessful, even with analytical (humerical) second derivatives. The thermal and entropic corrections (which dep&hd-dh the 3
vibrational frequencies) are, therefore, suspect.

Table 5. Calculated Singlet/Triplet Energy Gaps (kcal/mol) for 2-Naphthyl(carbomethoxy)carbene (2)

B3LYP/6-31G*//B3LYP/6-31G* 2 B3LYP/6-311+G*//B3LYP/6-31G* 2 B3LYP/6-311+G*//B3LYP/6-311+G** b
medium AHgr (0K) AHsr (298 K) AGgr (298 K) AHsr (0K) AHgr (298 K) AGs (298 K) AHsr (0K)
gas€=1) 4.6 4.7 4.8 2.1 2.2 2.3 1.9
heptaned = 1.9) 3.9 4.1 3.6 1.2 1.4 0.9
benzened = 2.2) 3.8 3.9 4.9 1.0 1.1 2.1
Freon-113¢ = 2.2y 4.1 4.1 5.0 1.4 1.3 2.2
CH.Cl, (e = 8.9) 2.8 3.5 1.9 —0.2 0.5 -1.1
methanol ¢ = 32.6) 1.0 1.0 1.4 —2.1 —-2.0 -1.7
CH3CN (e = 36.6) 2.3 25 24 -0.8 -0.6 -0.7 -0.8

aUsing the scaled B3LYP/6-31G* zero-point vibrational energy (and thermal and entropic corrections as appropriate). AAtasiiivdicates that the
triplet state is more stabl& Fully optimized geometry at the B3LYP/6-31G** level, but the scaled ZPE correction was taken from the B3LYP/6-31G*
vibrational frequency analysi§.The Freon-113 solvent was modeled as £@th the PCM method in Gaussian98.

Unfortunately, the theoretically derived entropies are not very dependence of vibrational frequencies and intensities were
insightful (Table 4) as the PCM method does not have analytical essential in the practical determination of the singteplet
second derivatives and obtaining numerical convergence on theenergy gap by TRIR measurements due to overlapping singlet
convergence criteria with PCM inclusion was very challenging. and triplet IR bands.

Furthermore, the smaller vibrational frequencies contribute the  The synergistic interplay of experiment and theory has
most to the calculated entropy, and these low-energy motionsprovided insight into the role of solvent on the singl&iplet

are the most difficult ones to calculate accurately. In addition, energy gap of 2-naphthyl(carbomethoxy)carbene. Further ap-
the calculated entropies include only effects due to the solute, plication of these techniques to other carbenes will be reported
and do not include any explicit changes in solvent organization. in due course.

As noted above, however, the trends in calculafddsr are £ . | Secti
consistent with the experimental results. xperimental Section

General Methods.Unless otherwise noted, materials were obtained
Conclusions from Aldrich Chemical Co. and used without further purification.
Acetonitrile and dichloromethane were distilled from Gdtdfore use.

The solvent de_pendence of the smg{e’[plet- energy gap of Hexane and Freon-113 were dried by passage through a neutral alumina
2 has been examined by TRIR and computational methods. The.,ymn and stored under argon. IR spectra were recorded on a Bruker

g.round state 92 Change§ from the triplet 'state in hexane to the |Es.55 Fourier transform IR spectrometer at 4 émesolution. Methy!

singlet state in acetonitrile. The magnitude of the observed 2-diazo-(2-naphthyl)acetate was prepared by the diazo transfer rffethod

solvent effect (approximately 1 kcal/mol) is comparable to that as described previous#.

observed experimentafiyand computationallf for other car- Time-Resolved IR Methods.We conducted TRIR experiments

bene systems. Preferential stabilization of the singlet carbenefollowing the method of Hamaguchi and co-workéras described

is the result of its increased dipole moment in polar solvents. previously® Variable-temperature TRIR experiments were carried out

Variable-temperature TRIR experiments provide measurementsWith a flow cell that allowed the solution temperature to be monitored

of AHsr and ASst and suggest that solvent and geometrical at poth the inlet and outlet of the flow cell. The two readings typically
- . varied by 0-3 °C; reported temperatures are the average of the two

effects on the entropy of singlet and triplet carbenes can offset

L - . S readings.
entropic differences arising from spin multiplicity. Computational Methods. All geometry optimization and vibrational

Calculations at the PCM level reproduce the general trends frequency calculations were completed with Gaussi#i98. most

for AHst seen experimentally; however, the calculate$sr cases, the B3LYP/6-31G* level was used for geometry optimizations,
trends are quite scattered due to the poor calculation of low-

H H i H (23) (a) Baum, J. S.; Shook, D. A.; Davies, H. M. L.; Smith, H. Synth.
energy motions which h,ave,the g_reateSt COﬂtI’IbutIOA&T. Commun1987, 17, 1709. (b) Davies, H. M. L.; Clark, T. J.; Smith, H. D.
The calculated (enthalpic) singtetriplet energy gaps are also J. Org. Chem1991, 56, 3817.

; ; (24) (a) Iwata, K.; Hamaguchi, Hppl. Spectroscl99Q 44, 1431. (b) Yuzawa,
over(_estlmated by the B3_LYP calculations, but thg trends are T Kato, C.. George, M. W.: Hamaguchi, Appl. Spectroscl994 48,
consistent between experiment and theory. Trends in the solvent  684.
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and single-point energy evaluations were conducted at the B3LYP/6-

3114+G** level utilizing the B3LYP/6-31G* geometrie¥:2*However,

in a few cases, the B3LYP/6-3t5** level was used for the geometry
optimization as well in order to compare the single-point energies to
the fully relaxed energies with the 6-3tG** basis set. Six Cartesian

d functions were used with all basis sets.

The triplet states at the B3LYP level had very minimal spin
contamination as<&> values were typically between 2.0 and 2.05.
However, MP2/6-31+G** single-point energy calculations for the
triplet states had terrible spin contamination> ~ 3.2), and led to
a very large overestimation of the singtetiplet energy gapAHsr ~
—7 kcal/mol). Calculations based on unrestricted Hartifeeck theory

corrections to the bottom-of-the-well energy were performed with
Gaussian98 using the unscaled vibrational frequencies.

All of the calculations at the PCM level utilized the default
parameters for each solvent as implemented in Gaussian98, but the
Freon-113 calculations (reported here) were modeled as soGlent.

The numerical PCM second derivatives were expensive computation-
ally, and in the Freon-113 case, they were problematic. All four
convergence criteria for the vibrational frequency calculations could
not be completely achieved for the singlet and triplet statesaifthe
PCM level with Freon-113 due to numerical instabilities in the
optimization sequence, despite utilizing numerically derived second
derivatives (force constants) for the optimization.

were, therefore, considered to be unacceptable for comparison to the

non-spin-contaminated B3LYP values, and were not pursued further.

All stationary points, in the gas phase and with the continuum
dielectric model, were verified to be minima from the vibrational
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