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The gas-phase proton affinity of the ~ N-heterocyclic carbene, 1-ethyl-3-methylimidazol-2-ylidene, was determined to be 251.3 + 4 kcal/mol using
the kinetic method, a value which makes the carbene one of the strongest bases reported thus far. Density functional theory calculations have

been carried out at the B3LYP/6-31 +G(d) level to compare the high experimental value with that estimated theoretically. Experimental results

also show that two other  N-heterocyclic carbenes with larger substituents have even higher proton affinities.

The thermochemical properties of carbenes, including their 1,3-di-1-adamantylimidazol-2-ylider(R = 1-adamantyl),
proton affinities (PAs, the negative of the enthalpies of their simply by the deprotonation of an imidazolium salt (Scheme
protonation reactions), are of fundamental interest since 1)® This appears to provide a general method for the
carbenes play key roles as reactive intermediates in many

organic reaction$.However, due to their transient nature, _
limited accessibility, and the special experimental techniques  Scheme 1. Formation of Carbene from Imidazolium lon
required for their detection, the measurement of the PAs of

carbenes is extremely challenging. Previous measurements
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are limited to very few carbenes such as difluorocarbene :CF E AN " +H° [N>
% 0 :

N *H N
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(172« 2 kcal/mol¥ and dichlorocarbene :C£{208.34 2

kcal/mol)? as well as to related compounds such as silylene

SiH;: (201 + 3 kcal/mol)? and were made using proton- R R

transfer bracketing methods. 1 2
A breakthrough in organic structural chemistry is the

successful isolation of a stable sing\eheterocyclic carbene,

formation of variousN-heterocyclic carbenes. The most

(1) () Maxwell, J. L. Brown, K. C.; Bartley, D. W.; Kodadek, Science  gtriking application of electron-riciN-heterocyclic car-
1992, 256, 1544. (b) Martin-Matute, B.; Nevado, C.; Cardenas, D. J.; 9 app Y

Echavarren, A. MJ. Am. Chem. So@003,125, 5757. benes occurs in organometallic catalysis where they serve
(2) Vogt, J.; Beauchamp, J. . Am. Chem. S0d.975,97, 6682. as novel metal ligands to enhance catalytic activity (e.g., the

Le\(,fj)é‘j’lxu%%?sé_P\)il.%'a%h?éyc\g,fﬂ Eﬂ?@m‘?’ﬁ%ﬁ%ég%g‘ggéé? second-generation Grubbs ruthenium olefin metathesis cata-
(4) Shin, S. K.; Beauchamp, J. [I. Phys. Chem1986,90, 1507. lyst).”
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1,3-Dialkylimidazolium salts are among the most thor- || NG

oughly investigated classes of room-temperature ionic liquids Scheme 2. Fragmentation Pathway of Dimer lons
(ILs).2 They are used as novel solvents for organic synthesis R
due to their extraordinary solubilizing power and negligible N/
vapor pressuré.However, it has been observed that ILs [ >: . w®
having an imidazolium structure are unstable in the presence s N
of base'® This instability would prevent imidazolium ILs N o oD \Rz
from being used as a general medium to perform base- [ > Bl —
catalyzed reactions. These considerations make information ”\

R

R
/
®
N
on the acidity of the imidazolium ions or the PA values of 2 L . [ \>7H + B
N
\
R,

the correspondinfy-heterocyclic carbenes highly significant.
The basicity ofN-heterocyclic carbenes and the acidity of
the C2 hydrogen of the imidazolium nuclei in solution have
been studied by several groupds-However, the gas-phase
PAs of N-heterocyclic carbenes have not been investigated
experimentally, although both theoreti€and experimental
evidencé® for the existence oN-heterocyclic carbenes in
the gas phase has been obtained.

Thermochemical properties of nonvolatile compounds
including their PAs can be estimated by the mass spectro-
metric kinetic method? The method relies on the isolation
of a proton-bound cluster which dissociates primarily through
two competitive pathways as shown in eq 1 below.

2

N-heterocyclic carbene with the reference bases (Scheme 2)
were generated by electrospray ionization (ESI) of a methanol/
water solution containing an imidazolium salt (e.g., a room-
temperature IL, 1-ethyl-3-methylHtimidazolium tetrafluo-
roborate), and one of the commercially available reference
super bases (SB, compounds characterized by PAs above
1000 kJ/mol or 239 kcal/molf The two super bases used
were 1,5-diazabicyclo[4.3.0]Jnon-5-ereBN, PA =248.16
kcal/mol) and 1,8-diazabicyclo[5.4.0Jundec-7-eB8U, PA

= 250.45 kcal/mol). The dimer subsequently fragments into
B,H" +B,—[B,HB, 1 —B,H" + B, 1) the protonated reference SB by loss of tiéheterocyclic
carbene and competitively to the imidazolium ion by loss
of the reference SB upon collision-induced dissociation (CID)
(Scheme 2). The two SBs were chosen for three reasons:
(i) they contain imino functional groups and are structurally
similar to the analyte; under these circumstances, the
difference in the entropy of protonation between the reference
base and the carbene remains constant, providing the basis
for the application of the extended version of the kinetic
method to obtain PA valués$;(ii) they have self-consistent
thermochemical values as reported by Hunter and ¥Yiaag

(i) their cognate carbenes are expected to have extremely
high gas-phase basicities, as indicated by experimental results
fn solutiort* and by theoretical calculatiod&Determination

of their gas-phase PAs therefore requires reference com-
pounds with very high PAs in order to obtain accurate peak

Thermochemical information may be obtained from the
product ion spectrum of the mass selected cluster ion using
the relationship Ing/l;) = (A[AG])/RTet = (A[AH])/RTes
— (A[AS])/R. In this equation])x (X = 1, 2) is the relative
abundance of the product ionxkB*, R is the ideal gas
constant]T« is the effective temperature of the excited cluster
ion, andA(AG), A(AH), and A(AS) are the differences in
the free energy, enthalpy, and entropy of protonation between
the two bases, B

Herein, we report the gas-phase PAsNsheterocyclic
carbenes, as measured by the extended version of the kineti
method!® In this study, the proton-bound dimer ions of the

(5) Arduengo, A. J.; Harlow, R. L.; Kline, MJ. Am. Chem. Sod991,

113, 361. ratios. (Note that the kinetic method ideally requires at least
g% ?r)dgenglo, A chcéChem. gegé)9t?632, 9Fl3F.) 5 . three references for good accuracy. In this study, accessibility
a ourissou, D.; Guerret, O.; Gabbaie, F. P.; Bertran m. e f
Rev.2000,100, 39. (b) Trnka, T. M.. Grubbs, R. HAcc. Chem. Re2001, to three good referenf:e_s Was_d|ﬁ|<_:ult. P_hosphazenes failed
34, 18. to form clusters with imidazolium ions; instead, they gen-
(8) Dupont, J.; Spencer, Angew. Chem., Int. E®2004,43, 5296. ; ; -
(9) (8) Welton, T.Chem. Rev1999,99, 2071. (b) Wasserscheid, P.; erated. prt_edo_mlnantly p_rotonat(_ed molecules during electro
Keim, W. Angew. Chem., Int. E®000, 39, 3772. spray ionization, even in aprotic solvents such as@H
13§10) Formentin, P.; Garcia, H.; Leyva, A. Mol. Catal. A2004,214, We also considered guanidine derivatives as the reference

(11) () Alder, R. W.; Allen, P. R.. Williams, S. J. Chem. Soc., Chem.  P@ses, but their multiple basic sites could result in high
Commun.1995, 1267. (b) Kim, Y.-J.; Streitwieser, 4. Am. Chem. Soc.  entropy effects in kinetic method measurements).
f/lop%blﬁ,K5351réc)c/?‘rgr¥1eségééd4oi\£%r, féeTe" Richard, J. P;Rivas, F. - g lision-induced dissociation of the mass-selected cluster
(12) Heinemann, C.; Thiel, WChem. Phys. Lettl994,217, 11. ion was effected, and the abundance ratio of the resulting
(13) (a) McGibbon, G. A.; Kingsmill, C. A,; Terlouw, J. kKChem. Phys. roton monomers was m r As an example. Figur
Lett. 1994,222, 129. (b) McGibbon, G. A.; Heinemann, C.; Lavorato, D. protonated monomers was measured. As an example, Figure
J.; Schwarz, HAngew. Chem., Int. Ed. Endl997,36, 1478.
(14) (a) Gozzo, F.; Santos, L. S.; Augusti, R.; Consorti, C. S.; Dupont, (15) Cheng, X.; Wu, Z.; Fenselau, €.Am. Chem. So&993 115 4844.

J.; Eberlin, M. N.Chem. Eur. J2004,10, 6187. (b) Cooks, R. G.; Patrick, (16) (a) Decouzon, M.; Gal, J. F.; Maria, P. C.; Raczynska, ER&p.
J. S.; Kotiaho, T.; McLuckey, S. AMass Spectrom. Re#994,13, 287. Commun. Mass Spectrom993, 7, 599. (b) Gal, J.-F.; Maria, P.-C;
(c) Patrick, J. S.; Yang, S. S.; Cooks, R..Am. Chem. S0d.996,118, Raczynska, E. DJ. Mass Spectron2001, 36, 699.

231. (d) Nagaveni, V.; Prabhakar, S.; Vairamani, Mal. Chem 2004, (17) Hunter, E. P,; Lias, S. @. Phys. Chem. Ref. Daf098,27, 413.
76, 3505. (e) Cerda, B. A.; Wesdemiotis,.LAm. Chem. S0d.996,118, (18) (a) Alder, R. W.; Blake, M. E.; Oliva, J. M.. Phys. Chem. A999
11884. 103, 11200. (b) Lee, M.-T.; Hu, C.-HOrganometallic2004,23, 976.
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Figure 1. Product ion mass spectrum of the mass-selected
- - -H- - -DBN]™* cluster ion at 10 eV collision energy under

multiple collision CID conditions showing formation of two
competitive fragment ions.

1 shows the product ion spectrum of the proton-bound cluster
ion of 1-ethyl-3-methylimizadol-2-ylidene8 with DBN
yielding two products corresponding to the individual pro-
tonated monomers, the imidazolium cation111, i.e., the
protonated carbene) af@BN + H]* (m/z125).

The predominance of the peakmfz111 relative to that
at m/z125 strongly suggests th8thas a higher gas-phase
PA thanDBN. This tentative conclusion was tested further
by performing CID experiments on the cluster ion generated
from the two SBs each complexed with the imidazolim ion
at five different collision energies. The results are sum-
marized in Table 1.

Table 1. Natural Logarithm of Product lon Abundance Ratios
R for CID of the Proton-Bound Dimers

CID
energies (eV) DBN DBU Tetr (K)
InR 10 —6.66 +0.16 —3.30 = 0.60 344
15 —6.50 £0.08 —3.26 +0.63 357
20 —6.43 £0.55 —3.24+0.61 362
40 —6.22 £0.22 —3.03+0.48 363
50 —5.58 £0.18 —2.99 £+ 0.69 447

The natural logarithm of the ratio R of the product ion
abundancesR = lredlcarvend IS first plotted versus the known
gas-phase PAs of the reference SBs (plot 1, Figure 2). This
treatment provides straight lines at each collision energy with
different slopes and intercepts. Then, the negative intercept
were plotted against the slopes of each of these plots to obtai
a second plot, from which the PA of 1-ethyl-3-methylimi-
zadol-2-ylidene3 was determined as 2518 4 kcal/mol
(assuming no error in the PAs of the references) and the

difference in entropy of the two competitive fragmentation .

channels was found to be 4.1 cal/mol K. The effective
temperatureT.s, derived from the kinetic method plots varied
from 344 to 447 K as the collision energy was increased
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Figure 2. Plots of the extended version of the kinetic method (error
bars in plot 1 are not shown for clarity).

from 10 to 50 eV. Density functional theory (DFT) calcula-
tions at the B3LYP/6-31+G(d) level were carried out to
estimate the PA of the carber®e which gives a value of
260.8 kcal/mol, including a thermal correction (298.15 K, 1
atm). This calculated value is higher than the above experi-
mental value by 9.5 kcal/mol. The phenomenon that calcu-
lated thermochemical values using DFT are higher than the
experimental values was observed previously. For instance
the theoretical value of the gas-phase basicity of tera-
butyltetrahedrane obtained from the B3LYP/6-31G(d) was
reported to be 23 kcal/mol higher than the experimental data
meaured by the equilbrium methétiand a very large basis
set was therefore suggested for the computation. Our
calculated PA for the carberis close to the PA of its
parent carbene, imidazol-2-ylidene (258.4 kcal/mol), calcu-
lated at the B3LYP/6-31G* level by Aldép2

Figure 3 displays the B3LYP/6-31G(d)-optimized struc-
tures of the planar singlet carbene (a), its precursor imida-
zolium ion (b), and its cluster ion witlbBN (c). Several
different rotational isomers of the carbeBevere tested, and
the one shown in Figure 3a is the best rotamer. The cal-

culation also shows that the singlet—triplet splitting for this
carbene is very large, 82.8 kcal/mol, and thus the chemistry
will be dominated by the ground-state singlet. The singlet
stablity stems from ther-donor, o-acceptor nature of the
amino substituents in the carbene. In addition, in the cluster
ion, the distance between the C2 hydrogen of the imidazo-

(19) Notario, R.; Castano, O.; Andres, J. L.; Elguero, J.; Maier, G.;
Hermann, CChem. Eur. J2001, 7, 342.
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Figure 3. Optimized structures & (a), its precursor imidazolium
ion (b), and its cluster ion witiDBN (c) calculated by DFT at the
B3LYP/6-31+G(d) level.

lium ion and the nitrogen of the imino group &BN is
1.94 A

OtherN-heterocyclic carbenes examined included 1,3-di-
tert-butylimizadol-2-ylidenet and 1,3-di-(2,6-isopropylphen-
ylimizadol-2-ylidene5. UsingDBU as the reference base,
the natural logarithm of the ratio R of the product ion
abundances lcamend Under the same CID conditions

3952

(collision energy and pressure) follows the ord8r> 4 >

5 (see the table in the Supporting Information), indicating
the PA order3 < 4 < 5. This is in agreement with the
expected substituent effect, assuming large substituents can
stabilize the imizadolium ion. This observed substituent effect
is also consistent with the computational results by'ftee
which show an increase in PA with increasingly bulky
substituents.

In conclusion, we present the first experimental measure-
ments of gas-phase PAs df-heterocyclic carbene super
bases. This fundamental information on these species may
lead to greater insight into their reactivity. The measured
PA of 1-ethyl-3-methylimidazol-2-ylidene (2518 4 kcal/
mol) places it as one of the most basic neutral compounds
as well as the most basic carbene species measured thus far.
This study also extends the application of the kinetic method
to the measurement of thermochemical values of exotic
species in the gas phase.
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