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Abstract: The basicity of 1,3-di-tert-butylimidazol-2-ylidene (1) was measured in THF against three
hydrocarbon indicators. Both ion pairs and free ions were found and the corresponding equilibrium constants
were measured. Homoconjugation was not found in either THF or DMSO. The carbene is effectively more
basic in DMSO by several pK units, probably because of hydrogen bonding of 1-H* to DMSO. Model ab
initio computations are consistent with these results.

Introduction rene completely but not fluorene; this result suggests that the
Studv of the struct d chemical fiviti f carb carbene is effectively more basic in DMSO than in THF. Some
udy ofne structures and chemical reactivilies of Carbenes ;o |atar it was found that the carbenes are reactive toward

hasthbe(_:ome q an Ia;:_nve fre?e;rch f?‘(;ea lafzterl_ éﬁ\rduenggés fIrSthalogenated and acidic solvents including DMS®Thus, we
'Isynd;r_?ls atn trl]soa|t<_)n IO sda ﬂ? m]l' a(tjzo- -ytlle?ea_car hnes. considered it important to determine the basicity of carbenes
n acation fo theoretica’ and other undamental StUCKEIC more precisely in inert solvents such as THF.

effort has been expended to develop organometallic catalysts
that contain carbenes as ligarfd§or example, ruthenium  Results and Discussion

alkylideng compounds have been used successfully as olefin Our group has developed ion pair acidity scales for the lithium
metathesis catalystsNevertheless, much of the fundamental and cesium salts of various hydrocarbons in TiHffative to a

chemistry of these carbenes is n_ot known since they ar€ standard taken as 22.90, the ionk.of fluorene per hydrogen
relatively new. For example, there is only one report dealing ;, p\1SO 10 The relative acidities apply to the equilibria in eq
with their basicity. The Alder group has reported the basicity 1 ', \vhich the lithium salts are solvent separated ion pairs

of 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene in dimethyl (SSIP) and the cesium salts are contact ion pairs (CIP).
sulfoxideds (DMSO-ds) as Ka = 24, which makes it more

basic than such strong nitrogen bases as DBN and DBhey
also tried the same measurement in TégHy an NMR method
and found that the carbene is able to deprotonate 9-phenylfluo-

RM"+RH=RH+R M*"(M"=LiTorCs) (1)

More recently we have applied such ion pair acidity scales
* Address correspondence to this author. E-mail: astreit@socrates. to the ion pair basicities _Of amlngs in THF..AmlneS z.ire Oft.e.n
berkeley.edu. used as base catalysts in organic synthesis under ion pairing

(1) Carbon Acidity. 117. For paper 116 see: Streitwieser, A.; Kim, Y.-J.; Wang, conditions!! The relative ion pair basicities of amines were
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Table 1. Equilibrium Constants at 25 °C Obtained from Plots of
{R7} vs ([RH][carbene])’2 and Comparison of pK Values with pKi;

Ph-2,3-BF (2 3,4-BF (3 BnFl (4
( ) ( ) ( ) K\p Kd KI pK\.ia pKlp pKi

, , Ph-2,3-BF 24.17  1.87E-05 4.52E-04 17.84-1.38 3.34
used, yet thémax values are essentially constant over this range. 3 4.gr 7.68 158E-05 1.21E-04 19.29-059 4.2
Accordingly, the extinction coefficients of the Li salts were used BnFI 0.0656 3.79E-06 2.49E-07 21.36 1.18 6.60

for the calculation of the concentrations of the anion moieties
as in our earlier amine basicity study. Thekgy values are

3—5 nm shorter than those of the SSIP lithium salts. Similar
results were found for those amines whose protonated forms Scheme 2

aReference 8b? Per-hydrogen basis, statistical correction applied.g).

are delocalized cations. RH + 1 + 1 AC T A T - 3)
The reaction of the carbene with the indicator hydrocarbon

produces first an ion pair between the protonated carliehe, {R} = A, [RH][carbene]® + (4 [RH][carbene]?)"/2

and the indicator anion with an equilibrium const&s The

ion pair dissociates to the free ions with an equilibrium constant Scheme 3

Kq (Scheme 1). In treating the data, however, it is convenient RH + 1 L 1 R | —— gt + R @)

to consider both species as directly equilibrating with the

reactants, that is, the free ions in equilibrium with the carbene {R'} = A, [RH][carbene] + (4 [RH][carbene]?)"? eq 4

and hydrocarbons with equilibrium constéqt(=K;,Kq). Since

the spectra measure both the ion pair and free indicator anion,  Arduengo et al. have reported a crystal structure of a carbene
the measured anion moiety, expressed with curly brackets aspydrogen bonded to its conjugate acid with-8—C hydrogen

{R7}, is given by eq 2. bonding!3 The rapid proton transfers between carbenes such
as1 and their conjugate acids on the NMR time scale in THF

{R} = [ion pair] + [free ion] = Kip[RH][Carbene]+ suggests that such homoconjugation might apply in the equilibria

(Ki[RH][carbene]}’z @) in Scheme 1. Two possibilities are that homoconjugation occurs

both in the ion pair and in the free ion (Scheme 2) or that it

. _ applies to the free ion alone (Scheme 3). The corresponding
Figure 1 shows plots ofR"} vs ([RH][carbeney? for all equations fo{ R~} are 3 and 4, respectively.
three indicator hydrocarbons. The plots are smooth second-order Neither equation provides a satisfactory fit to the data:

polynomials &2 > 0.98) for which straightforward curve-fittings negative equilibrium constants result. Scheme 2 and eq 3 were

yle_:_d g?elcc;[[]espon?tmg equ:llbrlum cofntitantsd as sfulrg:\n/larlzed found to apply to some amines (for example, DMAP) in THF.
in Table 1. The resultingy values are of the order o ’ Homoconjugation, therefore, does apply to some cases but it

Wh'(c:jh '?. s_|tm|lar to the valtg_srggr SSIP Ll sa:lt_s ob%med f]rcom appears to be negligible for the carbenend its conjugate acid
conductivity measurements. this agreement 1S evidence for -, THF, at least at the low concentrations involved in our

the validity of this method. experiments.

. From theKip and.Kd values obtained, the concgntratlpns of If the pK, values were known for the indicator hydrocarbons
ion pairs and free ions were calculated and are listed in Tablein THF then the f in Table 1 would provide a value forka
1

S1. They are of comparable magnitude in the dilute solutions for 1-H* in THF. These [ values are not known but since
. a

used, bL.H of course, _the ion pairs are much more important alhe dissociation constants of the SSIP lithium salts are ap-
synthesis concentrations.

(13) Arduengo, A. J., lll; Gamper, S. F.; Tamm, M.; Calabrese, J. C.; Davidson,
(12) Kaufman, M. J.; Gronert, S.; Streitwieser, A. Am. Chem. Soc988 F.; Craig, H. A.J. Am. Chem. S0d.995 117, 572.
110 2829. (14) Kim, Y.-J.; Wong, K.; Streitwieser, A. Unpublished results.
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Figure 2. Plot of{fluorenyl anion} vs ([RH][carbenefy2for fluorene and
1 in DMSO at 25°C. The regression curve shown is (1.300.05x +

(54.36+ 9.45)%; R? = 0.998. Calculatedyg = 0.031 M,K; = 1.68, and
Kip = 54 M7,

proximately constant for the indicator hydrocarbons, differences
in the ion pair K, are equal to the differences irkKp'?
Accordingly, Kii — pK; in Table 1 should be approximately
constant and it is. The resulting value, 14:9.1, has no other
fundamental significance but does demonstrate the self-
consistency of the experiments.

A plot of pKjp in Table 1 vs [ for the corresponding
indicators gives a linear fit with a slope of 0.240.08, a value
similar to that, 0.75, reported earlier for similar equilibria
between DBU and indicator hydrocarboisThe compressed
sensitivity for [Kj, results from changing of the dissociation
constantKy. The more basic indicators have tighter ion pairs
and smalleiKy values; the same effect occurs with the cesium
contact ion pair indicator salt8.This plot gives [Xi, = 0 for
pKyi = 20, which puts a lithium salt of thisig; and the carbene
1 at the same level of effective basicity, a level sevekalipits
less basic than that reported in DMSO solution. That is, in THF

either THF or DMSO. The derivedik for 1-H* in DMSO is
22.7. This value is appreciably lower than the value of 24
reported for a close analogue bf We note in Table 1 also
the significant ion pairing found in DMSO; Olmstead and
Bordwell have also reported a number of salts that ion pair
appreciably in DMSGY Thus, we suggest that Alder et l.
measured both ion pair and free ion as their anionic species,
which would lead to a K, that is too high. For example,
combining the ion pair and free ion concentrations in our DMSO
experiment gives a ‘," of 23.04, which is significantly higher
than that for free ions alone. At the higher concentrations of a
NMR measurement this value would be expected to be still
higher; nevertheless, the two carbenes are different structures
and even the correctedp could well be different.

Even with the corrected values, the carbeheis still
effectively somewhat more basic in DMSO than in THF. The
most likely explanation is the following. It is well-known that
hydrocarbons with delocalized carbanions have comparble p
values in water and in DMSO; neither the hydrocarbon acid
nor the delocalized conjugate base is significantly stabilized by
hydrogen bonding. Hydroxylic acids, however, are generally
less acidic in DMSO than in water; in water, both acid and
conjugate base are stabilized by hydrogen bonding but in DMSO
only the hydroxylic acid is so stabilized. Similarly, the proto-
nated carbené&-H™ can be stabilized by hydrogen bonding in
DMSO but not the carbene itself.

Theory

One of the remaining questions concerns the structure of the
ion pair: is it a type of charge-transfer complex with the two
ring systems parallel or is the central CH dH™ directed
toward the anionic ring system? This question was addressed
with the help of ab initio computations of a model system,
protonated 2,5-dimethylimidazol;H™, and cyclopentadienyl
anion. Ab initio calculations, RHF 6-31G*, were carried out

the carbene is as basic as the lithium salt of a compound havingwith PC Spartat® and Gaussian98.All energies and coordi-

an “ion pair K" of 20 on our lithium scale. To the extent that

nates for the imidazolium complexes are summarized in Table

this type of comparison is appropriate the carbene is effectively S3 (Supporting Information). The energies are summarized in

relatively less basic than in DMSO. One possible explanation
for such a difference is that homoconjugation could be occurring
for the carbene in DMSO; such homocojugation has been
demonstrated for some amines in acetonitrile solutfaro test
this possibility we applied the method of eqs£to DMSO
solution.

From the UV-vis spectra we found that fluorene is depro-

Table 2. Stationary points were characterized by frequency
calculations.

Starting with5-H* in a plane perpendicular to the Cp plane
and with the central €H pointing at the center of the Cp ring
gave a second-order saddle point with the distance between the
ring center and the H &&-H* of 2.089 A. Relaxing this structure
led to a transition structur€A (one imaginary frequency), 0.11

tonated when similar amounts of carbene are present askcal mol? lower in energy with the €H of 5-H* pointing to

previously reported.The reported extinction coefficiedfsin
DMSO were used for the calculation of the concentration of
{R"}. The UV-vis spectra for the anion decreased and

generated unknown peaks to a significant extent after 1 day.
This observation shows that there is ongoing reaction and
gradual decomposition. Thus, the spectral measurements wer

limited to a 2-3 h period. The resulting experimental points
(Table S2, Supporting Information) do not fit either eq 3 or eq
4 but do fit eq 2 well (Figure 2). Accordingly, we find no
evidence for homoconjugation of the protonated carbene in

(15) Augustin-Nowacka, D.; ChmurZgki, L. Anal. Chim. Actal999 381, 215
220. Galezowski, W.; Jarczewski, A.; Stanczyk, M.; Brzezinski, B.; Bartl,
F.; Zundel, G J. Chem. Soc., Faraday Trank997, 93, 2515-8. Pawlak,
Z.; Urbaftzyk, G.J. Mol. Struct 1988 177, 401-406. Coetzee, J. F.;
Padmanabhan, G. R. Am. Chem. Sod.965 87, 5005.

(16) Steiner, E. C.; Gilbert, J. MJ. Am. Chem. S0d.965 87, 382.

the center of a CC bond in Cp at a distance of 2.210 A (Figure
3). Starting with a charge-transfer type structure with3td"

and Cp rings parallel and separated by 2.95 A led to another
transition structuregB (Figure 3), in which the central CH bond

17) Olmstead, W. N.; Bordwell, F. Gl. Org. Chem198Q 45, 3299-3305.

18) PC Spartan ProWavefunction, Inc.; Irvine, CA, 19962000.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98 Gaussian, Inc.:
Pittsburgh, PA, 1998.
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Table 2. Computed Energies at RHF/6-31+G* (Zero-Point
Energies Are Uncorrected)

E, au ZPE, kcal mol—t
Cp- —192.208 655 52.98
carbene5 —302.848 178 85.49
protonated carben&;H* —303.276 741 94.73
protonated carbene-Cp6A —495.628 927 149.35
protonated carbene-Cp6B —495.628 960 149.82
DMSO —551.545 088 53.76
MeO —154.069 429 53.93
7 —606.150 052 181.12
8 —854.854 930 149.39
9 —457.362 979 149.58

a0One imaginary frequency.

Figure 4. Hydrogen-bonded complexes &fH* with 5 (7), dimethyl
sulfoxide @), and dimethyl ether9).

lengths are 1.082 and 2.314 A. These values can be compared
to those in the crystal structure (mesityl group instead of methyl,
172.5, 1.159, and 2.026 A, respectiveRp)The complexation
energy,—15.8 kcal mot?, is between the values for dimethyl
ether andb-H™ (9, —10.5 kcal mof?) and for DMSO and-H™

(8, —20.8 kcal mot?). The stronger hydrogen bond to DMSO
in 8 compared to dimethyl ether if is also reflected in the
two O---H bond lengths, 1.966 and 2.057 A, respectively. The
Figure 3. Optimized geometries of two complexes BH* and cyclo- compgtational result; thus_ quel the experimental findings_that
pentadienyl anion6A and6B. there is no homoconjugation in DMSO and the greater basicity
of the carbene in DMSO compared to THF.

of 5-H* points to a carbon in Cp with a distance of 2.141 A Conclusions

and the ring planes at an angle of 1X7.8ransition structure The stable carbene, 1,3-hirt-butylimidazol-2-ylidene 1),
6B in Figure 3 is lower thaiBA by only 0.015 kcal mol* and was found to be more basic than any of the amines we have
is less stable than cyclopentadiene plus carbene by 10.6 kcaktudied. An accurate value of the effective basicity of the carbene
mol~1. That is, the computations indicate that in the gas phase in THF has been obtained. A method was demonstrated for
the model carbene is too weakly basic to abstract a proton fromdeducing the dissociation constant of ion pairs to free ions from
cyclopentadiene, but the results do suggest that the ion pairUV —Vis data as an alternative to conductivity measurement.
structure has the centralG1 of the protonated carbene pointing W€ have also developed methods for determining whether
toward the indicator anion rather thanretype structure. hornocon;ugatpn IS |mpqrtapt. These new methodg are now
being applied in our continuing study of the ion pair basicity
To model the role of solvation we compared structures with of amines.
5 hydrogen-bonded to the model carbesel™ (7, homocon-
jugation) and to DMSOS, and dimethyl ether (as a simple
model of THF), 9. In the homoconjugation model, the The carbene, 1,3-dert-butylimidazol-2-ylidene 1), was a generous

o - gift from Professor Arduengo. The indicators were available from our
C—H—C hydrogen bond is linear (180.90and two CH bond previous studies. Solutions of the indicator and the carbene were

Experimental Section
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prepared in a glovebox and spectroscopic measurements were made aChemical Society, for partial support of this research. We also
25°C using the gloveboxspectrometer system described previodsly.  thank Professor A. J. Arduengo for his generous gift of
The experimental results are reported in Tables S1 and S2 (Supportingcompoundl_
Information) and plotted in Figures 1 and 2.
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