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reflecting the additional entropic cost of bringing two particles 
together18 and demonstrating that any intramolecular kinetic 
advantage resides in AS*. 

The present results provide a fairly detailed thermodynam-
ic/kinetic picture of the reaction coordinate for eq 4. As found 
by Jones and Feher, the intramolecularly metalated product is 
thermodynamically more stable than the corresponding inter-
molecular product under the reaction conditions—for eq 4 because 
TAS > AH > 0. In addition, this study quantitates the change 
in entropy on releasing an alkyl silane from (or conversely for 
incorporating an alkyl silane into) a metal complex. This change 
in entropy, although smaller'9 than predicted by simple physical 
models, is sufficient to drive the cyclometalation reaction and to 
overcome the ring strain in the product. As is the case for chelate 
ring formation,20 the change in entropy upon cyclometalation is 
likely a complex composite of a number of factors. 
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(19) Had we chosen neat alkyl silane as the standard state, AS would have 
been even smaller (ASnrat = A5,M - R In (Cneal/CiM) = AS1M - 4.0 eu, where 
Cnea, and Cm, are concentrations).1211 

(20) (a) Meyers, R. T. Jrtorg. Chem. 1978, 17, 952-958. (b) Martell, A. 
E. Adv. Chem. Ser. 1967, No. 62, 272-294. 
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There is considerable uncertainty about the rate constant for 
a "diffusion-controlled" unimolecular reaction. For a bimolecular 
reaction the encounter rate can be calculated1 in good agreement 
with experimental values.2 When one of the reactants is the 
solvent, it does not need to diffuse to the other reactant, since it 
is already there. Consequently the reaction becomes formally first 
order. Several models have been proposed to treat this situation. 
In the most widely accepted, the reaction rate is considered to 
be limited by translational diffusion of two products, A and B, 
from each other. The rate constant is given3 by eq 1, where D 

k = A-KDr /V (1) 

is the sum of the diffusion constants of A and B, r is the sum of 
their radii, and V is the volume of a spherical shell on the surface 
of one of the reactants. This leads to k = 1010 or 1011 s"1,4 but 
the value is too sensitive to the values assumed for r and V. An 
alternative model5 considers the rate to be limited by a rotational 
reorientation. From dielectric relaxation of the solvent the rate 
constant can then be estimated as 108-1012 s"1. The simplest 
model6 is to multiply the second-order encounter rate constant 
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(3) Amdur, I.; Hammes, G. G. Chem. Kinetics; McGraw-Hill: New York, 
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by the concentration of solvent or by an estimated "effective 
molarity" of solvent. This gives estimates for k ranging from 1010 

to 1012 s""1. Experimental values for proton-transfer reactions of 
HClO4,

7 H3O+,8 OH",8 and electronically excited 1-naphthol9 with 
solvent H2O are 4.35 X 1013, 6 X 10", 1.6 X 10u, and 2.1 X 1010 

s"1, respectively. The first value is unreliable,10 since hydrogen-
bond formation ("nonreactive" motion along the reaction coor­
dinate) also broadens Raman lines, and the latter cases do not 
involve strongly exergonic proton transfers, required2 for diffusion 
control. We now report that the rate constant for deprotonation 
of the strong acid RCONH3

+ is 6 X 1010 s"1. 
This first-order rate constant is 2kd, obtainable from the kinetics 

of acid-catalyzed proton exchange in primary amides (eq 2). (The 

RCONH2 + H3O+ ^=t RCONH3
+ + H2O (2) 

factor of 2 arises because there are two acidic protons in the 
preferred conformer, 1, of the intermediate.) It is essential to use 

\ /H \ A 
C—N+ C — N 

/ VNH / \ 
R H R H f 

1 2 
a primary amide, 2, with protons H £ and H z whose rates of 
exchange, kE and kz, can be measured separately." From Scheme 
I (eq 3, 4, and 7) of ref 11 it follows that /tp[H30+] = 2kE - l/2kz. 
For acrylamide (2, R = CH 2 =CH) at pH 1.9, kE = 49 s"1 and 
kz = 33 s"1, so kp = 6.5 X 103 M"1 s"1. If K, (=2kd/kp), the acidity 
constant of RCONH3

+, were known, it would then be possible 
to evaluate k&. From the thermodynamics of hydrolysis of 
acyltrialkylammonium ions, p£a has been estimated12 as -7.6, and 
this leads13 to kd ~ 10" s"1. However, this estimate has been 
criticized14 for neglecting solvation effects on RCONH3

+, and a 
pKa of -1.8 (for methacrylamide) was proposed instead, corre­
sponding to kA ~ 105 s"1. This is not obviously wrong, since proton 
transfer is often retarded13 when it is accompanied by electronic 
reorganization. 

We have sought a more direct determination of 2&d. Fortu­
nately this is possible because deprotonation of 1 competes11 with 
rotation about its C-N single bond, and 2kr, the rate constant 
of this latter process, can be estimated independently. From 
Scheme I (eq 3, 4, and 7) of ref 11 it follows that kE/kz = 1 + 
kd/2kT, so kd/kr = 0.97 for acrylamide. 

For many years kT was also uncertain. Rotation was assumed1' 
to be fast, by analogy to methyl rotors on a double bond, where 
the rotational barrier is 1-2 kcal/mol,15 varying only slightly with 
substitution. The barrier is 1 itself is unknown, but two MO 
calculations16 on HCONH3

+ (1, R = H) give barriers of 1.3 and 
1.08 kcal/mol. This latter is quite close16b to the value of 1.14 
kcal/mol calculated for HCOCH3 with the same STO-3G basis. 
Therefore we might expect the barrier in 1 (R = CH 2 =CH) to 
be 1.2 kcal/mol, as in the isoelectronic ketone.17 However, this 
estimate neglects solvation, and it is quite possible that solvation 
and hydrogen bonding greatly retard the rotation.18 Nevertheless, 
the rotational correlation time of aqueous NH4

+ was recently 
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determined19 to be 1.1 X 10~12 s at 21 °C. This is a measure of 
the time required for rotation of NH4

+ by 34° about any axis, 
within its solvent cage. This time is so short as to signify that 
solvation and hydrogen bonding hardly retard the rotation. If we 
convert20 this value to that for rotation of a tetrahedral NH3

+ 

group by 60° about only one axis, subject to an additional barrier 
of 1.2 kcal/mol, we can calculate that kT = 3.0 X 1010 s"1. 
Therefore 2kd = 6 X 1010 s"1. 

This value represents quite a fast reaction. It is much too high 
to be consistent with the suggested pK^ of -1.8. Therefore we 
reject the conclusion14 that proton-exchange kinetics support 
N-protonation of amides. However, the experimental rate constant 
is distinctly lower than some quite reasonable estimates and slower 
than two isoenergetic proton transfers.8 It may be that the ne­
cessity for electronic reorganization has reduced the rate slightly. 
Indeed, an intrinsic barrier21 AG0* of 6 kcal/mol would be suf­
ficient to reduce the rate constant from kT/h to the 6 X 1010 s_1 

observed. 
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A basic tenant of heterocyclic chemistry2 is that pyridine-like3 

nitrogen atoms cause the activation of ring C-methyl groups 
toward proton loss. In its simplest examples, 2- and 4-methyl-
pyridine undergo a range of useful reactions which are initiated 
by this process. Even /3-alkyl group such as those in 3-methyl-
pyridine and 3-methylquinoline can be lithiated by lithium di-
isopropylamide.4 Similar reactions are well-known and much 
employed in the chemistry of azines (six-membered rings with 
two or more nitrogen atoms) and in generalized azoles (five-
membered rings containing two or more heteroatoms). 

However, such activation is not caused by a pyrrole-like5 ni­
trogen atom, and proton loss from C-methyl groups in pyrroles 

(1) Carbon Dioxide: A Reagent for Simultaneous Protection of Nucleo-
philic Centers and the Activation of Alternative Locations to Electrophilic 
Attack. Part V. Part IV: Katritzky, A. R.; Fan, W. Q.; Akutagawa, K. 
Synthesis, in press. Part III: Katritzky, A. R.; Fan, W. Q.; Akutagawa, K. 
Tetrahedron 1986, 42, 4027. 
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C. W., Eds.; Pergamon: Oxford, 1984; Vols. 1-8. 
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and indoles is difficult.6 Although the generation of a -y-lithio 
enamine or a /3-aminoallyl carbanion7 could be anticipated, only 
one literature reference has been found for such a reaction of a 
methylpyrrole or -indole.8 No report has not been found for the 
formation of a Y-lithio enamine or /3-aminoallyl carbanion from 
a precursor with an N-H moiety. Indeed, our own effort to 
generate dilithiated species, such as /V-lithium 2-(lithiomethyl)-
indole failed.9 

We now report that the 2-alkyl groups of N-unsubstituted 
2-alkylindoles can be activated toward proton loss by using carbon 
dioxide both to protect the N-H position and to enable lithiation 
at the methyl group. Subsequent reaction with an electrophile 
affords the corresponding 2-(substituted alkyl)indole-l-carboxylic 
acid, and loss of CO2 then occurs to reform the NH group. The 
whole sequence can be carried out in a one-pot procedure, which 
comprises the following individual operations: 

(i) Protection. The 2-alkylindole (1) was converted into the 
corresponding lithium carbamate (3) by reaction with «-butyl-
lithium in tetrahydrofuran (1 —• 2), followed by quenching with 
carbon dioxide (2 —• 3). 

(ii) Lithiation. Lithiation of this lithium carbamate (3) was 
accomplished by the addition of 1.1 equiv of fer?-butyllithium in 
tetrahydrofuran at -20 0C for 45 min to give 4. 

(iii) Carbon-Carbon Bond Formation. Intermediate 4 was 
converted to 5 by adding 1.0 equiv of the electrophile at -70 0C 
for 2 h. 

(iv) Deprotection. Aqueous 2 N sulfuric acid was slowly added 
to the mixture at -70 °C (5 -* 6) to give the 1-indolecarboxylic 
acid (6). The isolated acid (6) could be decarboxylated under 
a variety of conditions, e.g., at 100 0C in acid condition. However, 
we found that brief thermolysis (up to 210 0C for 1 min) was a 
convenient and high-yielding procedure. 

(v) Workup. The crude 7 was chromatographed on silica gel 
(n-hexane) to give the product in high yield. 

nBuLi 

CO1 

0 3 ^ -
CO5Li 

(6) C(2)-Side chain modification of 2-methylindoles has previously been 
accomplished via 3-methoxy- or 3-(methylthio)indolenines (see: Vice, S. F.; 
Friesen, F. W.; Dmitrienko, G. I. Tetrahedron Lett. 1985, 26, 165). 

(7) Enamines with y-positions which are also conjugated benzylic systems 
(e.g., a pyrrolidine enamine of indan-2-one, 1,3-diphenylacetone, or 3,4-di-
phenylcyclopentenone) can form a 7-lithio enamine or /3-aminoallyl carbanion 
(Thompson, H. W.; Huegi, B. S. J. Chem. Soc, Chem. Commun. 1973, 636. 
Thompson, H. W.; and Huegi, B. S. / . Chem. Soc, Perkin Trans. 1 1976, 
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2019). 

(8) 3-(Hydroxydiphenylmethyl)-l-methyl-2-[2,2-bis(hydroxyphenyl)-
ethyl] indole was obtained in 30% yield by reaction of 1,2-dimethylindole with 
1 equiv of n-butyllithium followed with 1 equiv of benzophenone at reflux in 
diethyl ether (Szmuszkovicz, J. J. Org. Chem. 1962, 27, 511). 

(9) Dianions of indole derivatives having a 6-amino substituent carrying 
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