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The kinetics of the reactions of some imidazoles, benzimidazoles and benzotriazoles with
benzhydrylium ions (diarylcarbenium ions) have been studied photometrically in DMSO, acetonitrile,
and aqueous solution at 20 °C. The resulting second-order rate constants have been used to determine
the nucleophile-specific parameters N and s of these azoles according to the linear-free-energy
relationship log k (20 °C) = s(N + E). With N = 11.47 (imidazole in acetonitrile), N = 10.50
(benzimidazole in DMSO), and N = 7.69 (benzotriazole in acetonitrile) these azoles are significantly
less nucleophilic than previously characterized amines, such as DMAP (N = 14.95 in acetonitrile) and
DABCO (N = 18.80 in acetonitrile). For some reactions of the 1-methyl substituted azoles with
benzhydrylium ions equilibrium constants have been measured, which render a comparison of the
Lewis basicities of these compounds. Substitution of the rate and equilibrium constants of these
reactions into the Marcus equation yields the corresponding intrinsic barriers AG,*. From the ranking
of AG,* (imidazoles > pyridines > 1-azabicyclooctanes) one can derive that the reorganization energies
for the reactions of imidazoles with electrophiles are significantly higher than those for the other amines
and that imidazoles are less nucleophilic than pyridines and 1-azabicyclooctanes of comparable basicity.

Introduction

Azoles, such as imidazoles, benzimidazoles, and benzotriazoles,
are important reagents in organic synthesis.! They are common
structural motifs in natural products, and several N-substituted
azoles have become well established drugs,'¢® which can be synthe-
sized by metal catalyzed N-arylation? and N-allylation® of imida-
zoles and benzimidazoles. Iminium catalyzed enantioselective
1,4-conjugate additions of azoles to o,B-unsaturated aldehydes
have been reported by Jergensen et al. and Vicario et al. and
reviewed by Buckley and Enders.* A chiral [(salen)Al] complex
was used as catalyst for conjugate additions of azoles to «,f3-
unsaturated ketones and imides by Jacobsen and Gandelman.®
Wang and co-workers reported cinchona alkaloid-catalyzed enan-
tioselective additions of benzotriazole to nitroolefins.® The nucle-
ophilic displacement of acetoxy groups in Baylis—Hillman acetates
by imidazoles and benzimidazoles under DABCO-catalysis has
been demonstrated by Zhang et al.”

Since the discovery of the participation of the imidazole
moiety of histidine in the active center of several enzymes,?
imidazole and its derivatives have become a natural choice as
organocatalysts for a manifold of reactions’ in particular for
acylation reactions.” Miller has designed imidazole containing
small peptides for kinetic resolutions of alcohols.!™ Recently
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Ishihara and co-workers developed artificial acylases derived from
L-histidine for the kinetic resolution of mono-protected cis-1,2-
diols and N-acylated 1,2-amino alcohols.’” Imidazoles have also
been used to promote Baylis—Hillman and aza-Morita—Baylis—
Hillman reactions" including reactions of nitroalkenes with
carbonyl compounds and azodicarboxylates.'? Six-membered car-
bocycles have been obtained by imidazole-catalyzed reactions of
nitroalkenes with two equivalents of benzylidenemalononitriles."
Recently 1-methylimidazole was employed for transferring the
thiocyanate group from acylisothiocyanates to phenacyl or benzyl
bromides.™

Though all of these reactions have been rationalized by the
nucleophilic properties of azoles,’ quantitative studies of their
reactivities are rare.!® It was the goal of this investigation to
quantify the nucleophilicities and Lewis basicities of imidazoles
la—g, benzimidazoles 2a—g, and benzotriazoles 3a,b (Scheme 1) in
comparison with previously characterized nucleophilic organocat-
alysts. For this purpose we have performed kinetic and equilibrium
studies with the title azoles by employing the benzhydrylium
methodology where benzhydrylium ions (diarylcarbenium ions,
Table 1) are used as reference electrophiles and reference Lewis
acids.”

N >N N,
RT3 R“@[ > @ N
N N N

R2 R? R

1a-g 2a-g 3ab
Scheme 1 Azoles investigated in this work (for precise structures see

Table 3).
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Table 1 Abbreviations and electrophilicity parameters E of the benz-

hydrylium ions Ar,CH*
"
(&)
Ar,CH* xx E*
(1il),CH* H -10.04
(jul),CH* H -9.45
)
(ind),CH* H -8.76
Mel Me
(thq),CH* H -8.22
)
’\IAE I\Ille
(pyr),CH* X = N(CH,), -7.69
(dma),CH* X = N(CH,), -7.02
(mpa),CH* X = N(Ph)CH; -5.89
(mor),CH* X = N(CH,CH,),0 -5.53
(mfa),CH* X = N(CH;)CH,CF; -3.85
(pfa),CH* X = N(Ph)CH,CF; -3.14

“ Empirical electrophilicity parameter from ref. 17a.

Results and discussion
Product studies

When solutions of (dma),CH*BF,” in acetonitrile were added
to solutions of imidazoles in acetonitrile at room temperature,
1-benzhydryl substituted imidazoles were formed and isolated
after deprotonation with K,CO, (Table 2, entries 1, 2). 1-
Benzhydryl substituted benzimidazoles were obtained analogously
in DMSO solutions (Table 2, entries 3-5). Unsymmetrical imida-
zoles or benzimidazoles yield mixtures of regioisomers. While 5-
methylbenzimidazole renders equal amounts of both regioisomers
(entry 4), 4-methylimidazole yields a 1.0 : 0.4 mixture of 4-methyl
and 5-methyl-1-benzhydrylimidazole (entry 2), the constitution of
which was derived from two-dimensional '"H NMR spectroscopy.
This ratio may be rationalized by the repulsive steric interaction of
the ortho-substituents in the 5-methyl-isomer. Details of individual
experiments are given in the ESI.§

Products of the reactions of benzotriazole with highly reactive
benzhydrylium ions (E > 0) have previously been reported.’® We
have now observed that the reactions with amino-substituted benz-
hydrylium ions (E < —7) are highly reversible. Only small amounts
of carbocations were consumed even when high concentrations
of benzotriazole were added, and products from the reactions of
highly stabilized benzhydrylium ions with benzotriazole could not
be isolated.

Kinetics

Rates of the reactions of the imidazoles 1, benzimidazoles 2,
and benzotriazoles 3 (Table 3) with benzhydrylium ions (Table 1)
were determined by monitoring the decay of the benzhydrylium

Table 2 Benzhydrylations of imidazoles and benzimidazoles

® ©
dma),CH BF K,CO
Nu — el CH BR )zrt ‘o (dma),CHNUH’ BFy — > (dma),CH-Nu
Entry NuH Solvent  Product Yield/%*
1 N\ la CH,CN ;=\ 87
£ £
A (I:H(dma)g
2 Me, le CH;CN Ve 82°
/ﬁ ; Z—g and Me/qﬁ
N N CH(dma),
CH(dma),
3 N 2a DMSO N 76
oo s
H CH(dma),
4 Me N 2d DMSO Me 74¢
N
(:[g Me/QN» and Q_g
(‘:H(dma)z EH(dma)z
DMSO

pos "

CH(dma),

“Isolated yield. ®1.0:0.4 mixture of regioisomers. “1:1 mixture of
regioisomers.

absorbances after combining the benzhydrylium tetrafluoro-
borates with the azoles 1-3 using stopped-flow techniques or
conventional UV-Vis spectrometers equipped with fiber optics as
described previously."” As 1-3 are generally used in high excess over
the benzhydrylium ions to achieve pseudo-first-order conditions,
the absorbances of the benzhydrylium ions decrease mono-
exponentially (Fig. 1) and the pseudo-first-order rate constants
kqs (s7') were obtained by fitting the decays of the absorbances to
the monoexponential function 4 = A4, exp(—kot) + C.

K gps = 446 7[2b] + 0.051

< R
Kops! 51—
[=2]

TD.E—
0B

R2=1
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Fig. 1 Exponential decay of the absorbance 4 at 610 nm and linear
correlation of the pseudo-first-order rate constants k., vs. [2b] for the
reaction of (dma),CH*BF,~ with 2b in acetonitrile at 20 °C.

Plots of k., versus the concentrations of 1-3 were linear with
the second-order rate constants k (M~ s™) being the slopes of the
correlations lines (Fig. 1, Table 3). Because most benzimidazoles
2 have low solubility in CH;CN, and on the other side DMSO
reacts with benzhydrylium ions which are more reactive than
(dma),CH", it was not possible to perform all kinetic investigations
in one of these solvents. However, kinetic studies with the parent
compound la show that the rate constants of its reactions with
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Table 3 Second-order rate constants (k) for the reactions of azoles 1-3

with the benzhydrylium ions (Ar,CH") in different solvents at 20 °C

Azoles solvent N,s Ar,CH* k/Ms!
la Y CH,CN  1147,0.79 (ind),CH*  1.24x10?
N (thq),CH*  3.52x 107
(pyr),CH*  1.14x10°
(dma),CH*  2.74 x 10°
DMSO  11.58,0.79  (ind),CH*  1.37x10?
(thq),CH*  4.78 x 10
(pyr),CH*  1.61x10°
(dma),CH*  3.09 x 10°
H,O 9.63,0.57  (lil),CH* 6.10x 10”!
(jul),CH* 1.23
(pyr),CH*  1.22x10'
(dma),CH*  3.22x 10!
b CH,CN  11.90,0.73  (lil),CH" 2.33% 10"
N (ind),CH*  1.88x 10
tre (thq),CH*  4.81 x 10?
(pyr),CH* 144 x 10°
(dma),CH*  3.48 x 10°
H,O 9.91,0.55  (lil),CH* 9.44 x 10!
(ind),CH*  3.79
(thq),CH*  8.01
(pyr),CH*  1.63x10!
(dma),CH*  4.51 x 10!
ey CH,CN  11.31,0.67 (thq),CH*  9.44x 10'
¥ (pyr),CH*  2.64 x 10?
Ph (dma),CH*  7.29 x 107
(mpa),CH*  6.75x 10°
(mor),CH*  5.21x 10°
(mfa),CH*  8.14 x 10°
oy CH,CN  11.74,0.76  (lil),CH* 1.95 % 10'
N e (jul),CH* 5.27 % 10!
(ind),CH*  1.72x 10
(thq),CH*  4.73 x 10?
(pyr),CH* 147 x10°
(dma),CH* 329 x 10°
H,O 9.45,0.54  (lil),CH* 5.38x 10"
(ind),CH* 192
(thq),CH*  4.66
(pyr),CH* 8.72
(dma),CH* 221 x 10"
le e CH,CN  11.79,0.77  (lil),CH* 2.37x 10!
Z’\ (jul),CH* 6.41 x 10!
N (ind),CH*  1.96 x 102
(thq),CH*  5.23x 10?
(pyr),CH* 176 x 10°
(dma),CH*  4.59 x 10°
o owe CH,CN  11.51,0.84  (jul),CH" 4.96 x 10!
FHS (ind),CH*  2.44 x 10?
N (thq),CH*  4.92x 10?
(pyr),CH*  2.06 x 10°
(dma),CH*  5.41x 10°
gy CH,CN  1143,079  (jul),CH* 3.69 % 10!
N (ind),CH*  1.20x 10
Site (pyr),CH*  1.03x10°
(dma),CH*  2.74 x 10°
(mpa),CH*  2.34x 10
2a @N\> DMSO  10.50,0.79  (jul),CH* 6.97
N (ind),CH* 196 x 10!
" (thg),CH*  6.55x 10!
(pyr),CH* 2.19 x 10%
(dma),CH*  4.65x 10?
2b C[N\> CH,CN  10.37,0.82  (ind),CH*  2.02x 10!
N (thq),CH*  5.97x 10!
Me (pyr),CH*  1.60 % 10?
(dma),CH*  4.47 x 10?
(mpa),CH*  4.84 x 10°
2c N DMSO  10.02,0.85  (jul),CH* 2.89
e (ind),CH*  1.08x 10'
: (thq),CH*  3.38x 10!
(pyr),CH*  1.39% 10
(dma),CH*  2.75x 107

Table 3 (Contd.)

Azoles solvent N, s Ar,CH* k/Ms!

24 e N DMSO 10.69,0.79  (jul),CH*  9.75
CQ (ind),CH*  2.73x 10"
H (thq),CH*  9.13x 10'
(pyr),CH*  3.19x 107
(dma),CH*  6.37x 10?

2e M N DMSO 10.21,0.85  (jul,CH*  4.53
\@NH“ (ind),CH*  1.45x 10'
H (thq),CH*  4.75x 10!
(pyr),CH*  2.00 x 10?
(dma),CH* 4.12x10?

2A e N DMSO 11.08,0.71  (li),CH*  5.87
Meﬁ& Gu),CH*  1.46 x 10"
" (ind),CH*  3.65x 10!
(thq),CH*  1.18x 10
(dma),CH*  8.03 x 10

25 MO DMSO 11.0,0.71  (lil),CH*  4.62
\C[u> Gul,CH*  1.22x 10"

3a @N\\N CH;CN 7.69,0.76 (dma),CH* h.r®
N (mor),CH*  4.50 x 10!
: (mfa),CH*  8.64 x 10
3b C[N\N CH,CN 7.77,(0.76) (pyr),CH* n.<
N (dma),CH* n.r.c
Me (mfa),CH*  9.46 x 107

“ N was calculated from the single rate constant, see text. ® h.r. = highly
reversible. ¢ n.r. = no reaction.

various benzhydrylium ions differ by less than a factor of 1.4
in DMSO and CH;CN. For that reason one can neglect solvent
effects when comparing rate constants determined in any of these
two solvents.

Some rate constants for the reactions of imidazoles with
benzhydrylium ions have also been determined in water. When
an amine is dissolved in water, the concentration of hydroxide ions
increases by protolysis. For that reason competing reactions of the
carbocations with hydroxide have to be considered.’ However, the
pK.u values of imidazoles 1in H,O are close to 7; therefore, only
very small amounts of hydroxide ions will be generated which are
negligible when evaluating the kinetic experiments. This statement
is quantified in the ESI (pp. S49-S51),1 where the second-order
rate constant for the reaction of 2-methylimidazole (1d) with
(ind),CH* was calculated with and without consideration of the
contribution of hydroxide ions. Both methods yielded identical
second-order rate constants and because the other azoles have
similar or even smaller pK,y values, we have generally neglected
the effect of OH™. As the reactions of benzhydrylium ions with
water?! are also very slow compared to the corresponding reactions
with imidazoles, the second-order rate constants for the reactions
of azoles 1 with benzhydrylium ions in water (Table 3) were
determined without considering the contribution from hydroxide
ions and water, following the procedure described for the reactions
in acetonitrile and DMSO.

Correlation analysis

In numerous publications we have shown that the rate constants
for the reactions of carbocations with nucleophiles can be de-
scribed by eqn (1) where electrophiles are characterized by the
electrophilicity parameter E and nucleophiles are characterized

This journal is © The Royal Society of Chemistry 2010
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by the nucleophilicity parameter N and the nucleophile-specific
slope parameter s. On this basis it became possible to compare
the reactivities of numerous o-, n-, and w-nucleophiles in a single
scale."’

log k(20°C) = s(N + E) (1)

Fig. 2 correlates second-order rate constants & (Table 3) with the
previously published electrophilicity parameters E (Table 1). The
linear correlations for the different reaction series demonstrate
that the reactions of carbocations with the azoles 1-3 also follow
eqn (1). The slopes of these correlations yield the nucleophile-
specific parameters s, and the intercepts on the abscissa give the
nucleophilicity parameters N listed in Table 3.

i (lin,CH* (ind),CH* (p_yr)ZCH* (mpa),CH"  (mfa),CH"
[ 3L
2 ;
x !
o
kel
1 |
D }-
A | L | )
-1 -9 -7 -5 -3

Electrophilicity E ————

Fig.2 Plots of log k for the reactions of 1-3 with the benzhydrylium ions
versus the electrophilicity parameters E in acetonitrile at 20 °C (1b also
in H,O; for the sake of clarity only a few correlation lines are shown, for
other correlations see ESIT).

In agreement with our earlier observations,'” Table 3 demon-
strates that structurally related nucleophiles have closely similar
s values in a particular solvent. Therefore, the nucleophilicity
parameter N of 3b was derived from the rate constant for its
reaction with (mfa),CH* in CH;CN assuming s = 0.76 as for 3a.

The almost parallel correlation lines in Fig. 2 imply that the
relative reactivities of the N-heterocyclic compounds 1-3 are
almost independent of the reactivities of electrophiles (Ar,CH?).
Table 3 and Fig. 2 show that in acetonitrile imidazoles 1 are
one and three orders of magnitude more nucleophilic than the
benzimidazoles 2 and the benzotriazoles 3, respectively.

Because of the paucity of pK,;; values for 1-3 in organic solvents,
pK.u values in water have been used for the Brensted correlations
shown in Fig. 3.2** Though the correlation is not very good, one
can see that in general the nucleophilicities increase with basicities.

Fig. 4 shows that the second-order rate constant for the reaction
of the parent imidazole 1a with (pyr),CH*BF,~ decreases with
increasing solvent polarity E;".* The reactions in water are
approximately two orders of magnitude slower than in CH;CN
and DMSO.

Fig. 5 compares the nucleophilicities of azoles with those of
other nucleophilic organocatalysts and some compounds which
have been used as nucleophilic substrates in iminium catalyzed
reactions.”>* The N-values show that the imidazoles 1 are among
the weakest nucleophiles of the commonly used catalysts in Baylis—

e ® e
L]
10 b Ady imidazoles (1)
Berzimidazoles (2)
¥oglm
Benzotriazole (3a)
6 |
4 1 1 1 1 I
0 2 4 6 8 10

PK gy (H0) ——

Fig. 3 Plots of nucleophilicity parameters N (in CH;CN or DMSO) vs.
pK.u (H,O) for the azoles 1-3.

5
log F=-3.786 EY +4.829
4T pMmeo R* =0.997
3
CHLCN
=
e 2
g, MeOH
H,0
0 "
03 06 0.9 1.2
E}—

Fig. 4 Plot of rate constants log k vs. E" for the reactions of imidazole
1a with (pyr),CH* BF,™ in different solvents at 20 °C.**

N
19 Me OEt
NN o o OMSO0
DABCO— 18 @
N 17
Q’j - HY ) DMSO
S

16
— == Q—N:] CHyCl
et — N\ "

CHaClp PhaP ——=—— |14 QNi >CH20|2
/\ B _/ PhaP=CH-CO,Et DMSO
i um— 7 aY
o~ ~0SiMe; CHCh
- 12
T i N
\‘/‘N/— y <,j© 2a DMSO
N
12 ) —/ H
=N T~ N
¢ 2b
B N
MeQMe ) Me
CH,Cl, H

N 1s

N
3a C]: ‘N~ 7
H N\ Me H Me

8 3 OMe
N
3

H2Cl
CHaChL CH,Cl,

Fig. 5 Comparison of the nucleophilicities of organocatalysts and of
nucleophilic substrates used in organocatalysis (solvent is CH;CN unless
otherwise mentioned, N from ref. 25, 26).

Hillman reactions. They are more than six orders of magnitude less
nucleophilic than DABCO and 10* to 10° times less nucleophilic
than Ph;P, DBU, and DMAP. While the reactivities of the
imidazoles are comparable to those of cyclic ketene acetals, they
are considerably higher (AN > 2.5) than those of Hantzsch ester,
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pyrroles, indoles, and silyl enol ethers. Ordinary enamines are also
more nucleophilic than imidazoles.

Lewis basicities and intrinsic barriers

In previous work we have shown that nucleophilicity is not the only
factor controlling the efficiency of nucleophilic organocatalysts.
Lewis basicity towards an electron deficient carbon center is an
equally important issue.”™ Therefore, we have also determined
the equilibrium constants for the reactions of azoles with benz-
hydrylium ions (eqn (2)).

K
CH,CN

Ar,CH* +NR, Ar,CHNR;’ ®)

While most of the azoles 1-3 react quantitatively with the
benzhydrylium tetrafluoroborates, some of the reactions proceed
incompletely. As benzhydrylium ions are colored and the resulting
adducts are colorless, the equilibrium constants can be determined
by UV-Vis spectroscopy. Assuming proportionality between the
absorbances and the concentrations of the benzhydrylium ions
(Lambert-Beer law), the equilibrium constants K for reaction (2)
can be expressed by the absorbances of the benzhydrylium ions
before (A4,) and after (4) addition of the amines (eqn (3)).

_ [ALCHNR,'] _ 4,- 4
[A,CH'J[NR;]  A[NR;] (3)
Where[NR, ] =[NR], - [Ar,CH-NR, "]

Comparison of the equilibrium constants in Table 4 shows
that 1-methylimidazole 1b is a 30 times stronger Lewis base than
1-methylbenzimidazole 2b and a 50-60 times stronger Lewis base
than 1-phenylimidazole 1c. Though a direct comparison of the
Lewis basicity of the benzotriazole 3b with the Lewis basicities of
imidazole 1b and benzimidazole 2b is not possible, it is obvious that
1-methylbenzotriazole 3b is a much weaker Lewis base because it
only gives adducts with less stabilized carbocations (E > -7).

Fig. 6 shows that the nucleophilicities (k) and Lewis basicities
(K) of different organocatalysts towards a carbon center do not
correlate with each other. Despite the fact that 1-methylimidazole
1b has a higher Lewis basicity than DABCO and Ph;P, it is
less nucleophilic. DMAP is a 100 times stronger Lewis base
than 1-methylimidazole 1b. This absence of a rate-equilibrium-
relationship indicates the presence of different intrinsic barriers.””

Table 4 Equilibrium constants (K) for the reactions of the azoles 1-3 with
benzhydrylium ions in CH;CN at 20 °C

Azoles Ar,CH* K/M™!

1b (lil),CH* 2.44 %102
(jul),CH* 242x10°
(ind),CH* 5.56 x 10°
(thq),CH* 8.69 x 10°

1c (ind),CH* 9.08 x 10!
(thq),CH* 1.83 x 10?
(pyr),CH* 472 % 10°
(dma),CH* 4.99 x 10°

2b (ind),CH* 1.86 x 10?
(thq),CH* 2.60 x 10°
(pyr),CH* 9.99 x 10*
(dma),CH* 1.11 x 10*

3b (mfa),CH* 211 % 102
(pfa),CH* 8.54 x 10°

kK
{(ind);CH™ + Nu ArgCH-Nu*
CH4CN, 20 °C
a e
7F . N@N DABCO
6 | i
5 -
i R
4 + J .F’Ph3 Y N/;>—NM32
« 3 (N " DMAP
@ 3 . N
o 2 N 1b
B 1% ; E_N»
Tr 2h QN]@ Ve
0r )
Me

'
-

log K —

Fig. 6 Relationship between rate and equilibrium constants of the
reaction of (ind),CH* with different Lewis bases in CH;CN at 20 °C. Data
from Tables 3 and 4 and ref. 25h and 28; log k for 1¢ was calculated from
N,s,and E.

From the rate (Table 3) and equilibrium constants (Table 4)
one can calculate activation free energies AG* (using the Eyring
equation) and reaction free energies AG® (—RT InK) for the
reactions of the azoles 1-3 with benzhydrylium ions (Ar,CH?").
Substitution of these values into the Marcus equation (eqn
(4)) yields the intrinsic barriers AG,”, which are defined as the
activation free energies of processes with AG® = 0.7

AG* = AGy* + 0.5 AG® + (AG°)/16AG,”) @)

In line with previous studies,®»?%&"? Table 5 shows that for
reactions with a certain azole, the intrinsic barriers AG,” decrease
slightly with increasing reactivity of the benzhydrylium ions,
though this decrease is not steady. Comparison of the intrinsic
barriers referring to reactions with the same carbocations shows
that those for the reactions of the imidazoles 1b,c are similar and

Table 5 Activation energies AG”, reaction free energies AG’, intrinsic
barriers AG,”* (in kJ mol™) and rate constants of the reverse reactions k.
for the reactions of benzhydrylium ions with azoles 1-3 in CH;CN at 20 °C

Azoles Ar,CH* AG* AG® AGy* k. /s

1b (lil),CH* 641 —134 706  0.10
(ind),CH* 59.0 -21.0 69.1 0.034
(thq),CH* 567  -22.1 67.3  0.055

-12.7 66.9 0.52
-15.0 65.5 0.56
-20.7 65.6 0.15
-12.7 70.6 0.11
-13.5 68.4 0.23
-16.8 67.5 0.16

1lc (thq),CH* 60.7
(pyr),CH* 58.2
(dma),CH* 55.7
2b (ind),CH* 64.4
(thq),CH* 61.8
(pyr),CH* 59.4

(dma),CH* 569 227  67.8 0.040
3b (mfa),CH* 551 -13.0 614 45
DMAP+*  (lil),CH" 531 246 648 0.086
(ind),CH* 487 =322 638 0.023
(thq),CH* 464  (-337)  (62.1) (3x10?)
DABCO**  (ind),CH* 322 (-162) (399 (1x10%)
(thq),CH* 300 -179 384 1.79 x 10
(pyr),CH* 277 =207 373 1.42 x 10

Ph,P (ind),CH* 524 —18.0 61.1 1.7

*AG*, AG®, and k_ values for DMAP and DABCO from ref. 25h; AG,*
has been recalculated. * Values in parentheses were estimated in ref. 25h.
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1-2 kJ mol™ lower than those for benzimidazole 2b. The reactions
involving 1b have intrinsic barriers which are 5-6 kJ mol™ higher
than those for the corresponding reactions with DMAP because
electrophilic attack at the unsubstituted nitrogen is associated
with a significant structural reorganization, i.e. lengthening of
CN-double bond and shortening of the vicinal CN-bond.?" This
finding is in line with the principle of least motion which was
used by Hine to rationalize why imidazoles abstract protons
more slowly than pyridines of comparable basicity.*® From the
comparison of the reaction free energies AG’, it is clear that
imidazole 1b is a significantly stronger Lewis base than DABCO
(AAG® = 5 kJ mol™). It is the large reorganization energy for
the electrophilic attack at the imidazoles, which gives rise to the
high intrinsic barriers of these reactions and eventually leads to
the much lower nucleophilicities of imidazoles compared with
DABCO. The higher nucleophilicity of Ph;P compared with the
stronger Lewis base imidazole 1b can analogously be assigned to
the 8 kJ mol™ difference of the intrinsic barriers.

Combination of the rate constants in Table 3 with the equi-
librium constants in Table 4 yields the rate constants for the
reverse reactions (k. ) which reflect the leaving group abilities of
these amines (last column, Table 5).3' While the leaving group
ability of 1-methylimidazole 1b is 3-4 times smaller than that of
1-methylbenzimidazole 2b, it is comparable to that of DMAP and
3 x 10° times smaller than that of DABCO.

Conclusion

The rate constants of the reactions of imidazoles and benzim-
idazoles with benzhydrylium ions follow the linear free energy
relationship (eqn (1)). It is, therefore, possible to determine the
nucleophilicity parameters N for these azoles and compare them
with those of other amines and phosphines. The poor correlation
between N and pK .,y shows that Brensted basicities cannot be used
for predicting relative nucleophilicities. Because pK .,y values refer
to relative basicities towards the proton, while the nucleophilicity
parameters N refer to the rates of reactions with an electrophilic
carbon center, the origin of the poor Brensted correlation has
previously been not clear.

By using benzhydrylium ions of variable reactivity as reaction
partners, it was possible to find systems for which rate and
equilibrium constants could be determined. Substitution of these
data into the Marcus equation rendered the corresponding
intrinsic barriers AG,* which decreased in the order imidazoles >
pyridines >> 1-azabicyclooctane. As a result, imidazoles are weaker
nucleophiles than pyridines, and much weaker nucleophiles than
1-azabicyclooctanes of comparable Lewis and Brensted basicity.
Because rate and equilibrium constants refer to reactions with the
same substrate, the low nucleophilicities of imidazoles can now
unambiguously be assigned to the high reorganization energies
required for their reactions with electrophiles.
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