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Cl), 143.5 (C5a), 157.9 ((27). IR (KBr): 3100-3000, 3000-2750, 
1610,1583,1506,1267,738,699 cm-'. Mass spectrum: m/z 267 
(M", 60), 266 (24), 252 (20), 190 (12), 176 (36), 148 (20), 135 (68), 
134 (35), 132 (21), 91 (100). High-resolution mass spectrum calcd 
for ClsHzlNO 267.1617, found 267.1620. 
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The mechanism of addition reactions of organolithium 
and organomagnesium reagents to ketones has recently 
been shown to differ in spite of the fact that the two types 
of reagents react in a similar manner to give 1,2-addition 
products.'V2 For example in the reaction with benzo- 
phenone, MeLi exhibited no carbon kinetic isotope effect 
(KIE, 12k/14k = 1.000) for the carbonyl 14C-labeled com- 
pound and only very small electronic and steric effects of 
substituents on reactivity,l* while MeMgI showed a large 
KIE (1.056) and considerable substituent effects both 
electronically and sterically.lb These results were inter- 
preted by assuming a rate-determining electron transfer 
(ET) mechanism for MeLi and a fast ET process followed 
by a slow rate-determining C-C bond formation (RC) for 
MeMgI (eq 1). The interpretation for the MeMgI reaction 

ET ; RC PO t RM - >O, RM - >yO'M. 
R 

M = b  or h@X 

is consistent with the current view that the Grignard re- 
action proceeds via an ET  mechanism with aromatic ke- 
t o n e ~ . ~  However, the conclusion for MeLi might be con- 
troversial because (1) there are no reports indicating an 
ET  mechanism for the addition of MeLi to ketones and 
(2) there are only a few examples of ET processes which 
give very small KIE and substituent effects. 

We have recently reported that the reaction of benzo- 
phenone with allylmagnesium bromide proceeds with a 
carbonyl carbon KIE of unity as well as with small steric 
and electronic substituent effect as for the MeLi system.lc 
These results can be interpreted as indicating a rate-de- 
termining ET  mechanism, and thereby provide indirect 
support for the earlier conclusion of an ET mechanism for 
MeLi. Furthermore, the results indicated that the barrier 
heights of the two steps, ET  and RC, are so comparable 
in the Grignard reaction that the rate-determining step 
could easily be shifted by the change in the structure of 
RMgX. In the present study, we measured KIEs and 
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Table I. Kinetic Isotope Effects in Reactions of Carbonyl 
Compounds with Organolithium Reagents' 

substrate reanent solvent l2k/l4k 
(C6H,)2C0 PhLi cyclohexane- 1.003 f 0.001 

(C&)&O allyllithium Et& 0.994 f 0.003 
C&CHO PhLi cyclohexane- 0.998 f 0.003 

EbO (7:3) 

Et0 (7:3) 
' Reactions were carried out at 0.0 "C. 

Table 11. Relative Reactivities of Substituted Carbonyl 
Compounds with Various Lithium Reagents at 0.0 f 0.1 O c a  

kX1kl-l 

Ph,C=O/ 
allyl- 

substituent Ph&=O/PhLi* lithiumc PhCHO/PhLi* 
2,4,6-Me3 
o,p-Mez 
p-Me0 
m-Me0 
p-Me 
m-Me 
o-Me 
P-F 
m-F 
p-c1 
m-C1 
0 x 1  
m-CF, 

0.06 f 0.03 0.39 f 0.04 d 
d d 0.91 f 0.05 
1.03 f 0.03 0.83 f 0.02 0.96 f 0.01 
1.03 f 0.02 d 1.17 f 0.08 
1.06 f 0.01 0.91 f 0.06 0.85 f 0.03 
0.94 f 0.05 0.96 f 0.01 0.95 f 0.01 
0.56 f 0.03 0.79 f 0.03 0.91 f 0.04 
1.18 f 0.01 1.15 f 0.12 1.03 f 0.09 
d d 1.03 f 0.03 
1.10 f 0.05 0.99 f 0.06 1.21 f 0.09 
1.26 f 0.04 1.20 f 0.13 1.09 f 0.01 
0.81 f 0.03 0.93 f 0.07 1.13 f 0.03 
1.48 f 0.03 d d 

a Listed values are averages of two to four determinations. Error 
limits are the standard deviations. * In cyclohexane-ether (7:3). 
In ether. Not determined. 

n k g k X l k H  1 
t Phli  I 

OMe I 
e 

2,4,6-Me3 

Figure 1. Variations of reactivity with u values for the reactions 
of substituted benzophenones with PhLi. 

substituent effects for two different lithium reagents and 
two different substrates in order to see whether the re- 
actions of lithium reagents other than MeLi may also 
proceed via an ET mechanism (eq 1) and whether the 
rate-determining step could be varied with a change in the 
R group of the lithium reagent as in the Grignard reaction. 
The reactions we examined are (1) benzophenone/PhLi, 
(2) benzophenone/allyllithium, and (3) benzaldehyde/ 
PhLi. The results are compared with those observed with 
the benzophenone/MeLi system. 

The carbonyl carbon-14C KIEs for the three reactions 
were determined as described previously4 and are listed 
in Table I. In the case of reaction 1, both unreacted 
benzophenone and product alcohol could be isolated from 
the reaction mixture and purified by preparative TLC and 
recrystallization. The standard Tong-Yankwich equations5 

(4) Yamataka, H.; Hanafusa, T. J. Am. Chem. SOC. 1986,108,6643. 
(5) Tong, J. Y.; Yankwich, P. E. J. Phys. Chem. 1967,61,540. 
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Figure 2. Variations of reactivity with u values for the reactions 
of substituted benzophenones with allyllithium. 

t .''O 
Figure 3. Variations of reactivity with u values for the reactions 
of substituted benzaldehydes with PhLi. 

could then be used to calculate the KIE from the fraction 
of reaction and radioactivities of the starting materials, the 
recovered ketone, and the product alcohol. For reaction 
2 the KIE was calculated from the variation of radioac- 
tivity of benzophenone, and for reaction 3 the KIE was 
determined by following the radioactivity change of the 
product alcohol. It is clear from Table I that in all cases 
the carbonylJ4C KIEs are close to unity. The results 
indicate that there is no bonding change at  the carbonyl 
carbon in the rate-determining transition state of these 
reactions as in the cases of benzophenone/MeLi and al- 
lylmagnesium bromide. The relative reactivities of sub- 
stituted benzophenones and benzaldehydes were deter- 
mined as described previously and listed in Table II.lB 
Figures 1-3 show the Hammett plots for these reactions. 
Since no u constants were available for ortho substituents, 
the log(kx/kH) values for the ortho derivatives were plotted 
against the corresponding up constants and indicated by 
filled circles. The substituent effects determined in the 
present study are similar to those for benzophenone/MeLi 
and allylmagnesium bromide. It can be concluded, 
therefore, that all of the reactions of RLi examined proceed 
via the same mechanism, i.e., rate-determining ET followed 
by a fast subsequent step. The large downward deviation 
for 2,4,6-trimethylbenzophenone observed in the benzo- 
phenone/PhLi reaction is explained by the shift of the 
rate-determining step from E T  to RC due to the steric 
hindrance of the mesityl group as in the benzophenone/ 
MeLi case.la 

The product analysis of some reactions of RLi with 
benzophenone derivatives supports the reaction scheme 
shown in eq 1. In the reaction of 2,4,64rimethylbenzo- 

DA 

reaction mordinate 

Figure 4. Potential energy curves of DA and D'+A'-. 

phenone with PhLi, we observed the 1,4-addition product, 
which probably arose from the radical ion pair interme- 
diate, in addition to the normal 1,2-adduct. Similar ab- 
normal products have been detected in the reactions of 
sterically crowded benzophenone derivatives with PhLi.6 
We also observed a considerable amount of 1,6-adduct as 
a byproduct in the reaction of benzophenone with t-BuLi 
(eq 2). The situation is similar to the reaction of benzo- 
phenone with t-BuMgC17 and strongly suggests the in- 
volvement of the ET  process. 

65 % 28 % 

+others 

The absence of a carbonyl carbon-14C KIE in the rate- 
determining ET  process was previously rationalized by 
assuming that the transition state (TS) is very reactantlike 
in terms of the substrate geometry but that it is prod- 
uctlike in terms of the solvent orientation.l8 Here we 
would like to present the rationalization for the small 
Hammett p value observed in the ET  process. Figure 4 
illustrates the curve-crossing model for an ET  process. A 
perturbation which stabilizes De+&- state pulls down the 
potential energy curve of D'+A'- and lowers the inter- 
secting point. This explains the conventional view that 
the more exothermic the reaction the faster the reaction. 
It is interesting to point out, however, that the dependence 
of the reactivity on the exothermicity reflects the relative 
steepness of the two curves at  the intersecting point. For 
example if the curve of DA is shallow and the curve of 
D'+A'- is very steep, substantial lowering of the D'+A'- 
curve by any perturbation brings about only a small re- 
duction of the activation energy. This can happen in an 
ET  reaction. It is well known that solvent reorganization 
plays a dominant role in an ET  reaction, and this means 
that the reaction coordinate can be approximated by the 
solvent coordinate. In a charge separation ET process as 
considered here, the initial DA complex is less polar and 
the solvent molecules surrounding the complex can move 
relatively freely. Therefore, the potential energy curve for 

(6) Fuson, R. C.; Speranza, G. P.; Gaertner, G. J. Org. Chem. 1950,15, 

(7) Holm, T.; Crossland, I. Acta Chem. Scand. 1971, 25, 59. 
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Figure 5. Possible potential energy diagram of a charge-sepa- 
ration ET reaction. 

the DA complex should be flat. On the other hand, the 
solvent movement around the D'+A'- complex is restricted 
and hence the potential energy curve of the D'+A'- com- 
plex should be very sharp as illustrated in Figure 5. In 
such a case, the TS (intersecting point) lies late along the 
solvent coordinate regardless of the exothermicity of the 
reaction, and a perturbation which stabilizes D'+A'- com- 
plex results in only a minor stabilizing effect a t  the TS. 
Therefore, the ET rate can be relatively insensitive to the 
change in Erd of the acceptor, A. 

In summary, the present results indicate that all the 
reactions of aromatic carbonyl compounds with RLi 
studied proceed via the same mechanism, namely the ET 
mechanism in which the rate-determining step is the initial 
ET step. 

Experimental Section 
Materials. Diethyl ether was dried over LiAlH4 and distilled 

before use. Cyclohexane was dried over CaHz and distilled. 
Pentane was dried over Na and distilled. Commercial solution 
of PhLi (cyclohexane-ether 7:3, Merck), allyllithium (ether, Alfa), 
and t-BuLi (pentane, Aldrich) were standardized by using 2,5- 
dimethoxybenzyl alcohol as described in the literature.* Sub- 
stituted benzophenones and benzophen~ne-carbonyl-~~C were 
prepared as described previously." All subtituted benzaldehydes 
were commercially available and purified either by distillation 
or recrystallization before use. Benzaldehyde-carbonyl-"C was 
synthesized by the tributyltin hydride reductions of ben~oyl-7-~-"C 
chloride which was obtained by chlorination of benzoic-7-"C acid 
(NEN) with thionyl chloride. 

Reactions. All reactions with PhLi and allyllithium gave the 
normal l,a-adduct exclusively except one case, 2,4,6-trimethyl- 
benzophenone + PhLi, in which 1,4-adduct was obtained as a 
minor product. All products were isolated and identified by IR 
and NMR. The material balance was confirmed for the unsub- 
stituted carbonyl compounds and found excellent. The reaction 
of benzophenone with t-BuLi gave four products (l,a-adduct, 65%; 
1,6-adduct, 28%; benzhydrol, 5%; structure not determined, 2%). 

The relative reactivities of the substituted benzophenones and 
benzaldehydes were determined at 0.0 "C by the competition 
experiments as described and the carbonyl carbon-'% 
KIEs for reactions 1-3 were measured in a usual manner.' 
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Reserpine (1) was originally isolated from the Indian 
snake root Rauwolfia se rpen t ina  Benth.lv2 It is the 
preeminent member of the yohimboid class of indole al- 
kaloids because of ita structural complexity coupled with 
its clinical importance as a hypotensive agent. This base 
also exhibits significant activity as a sedative and tran- 
quilizer? Over the years, reserpine has formed the subject 
of extensive chemical and synthetic  investigation^.^ It has 
been reported that the epimerization of reserpine (1) to 
isoreserpine (2) can be effected either under acidic or basic 

1 

1 

conditions; moreover, under acidic conditions (A, HOAc) , 
2 has been found to predominate over 1 in a ratio of 3.51: 
Several mechanisms have been suggested to account for 
this equilibrati~n.~l~*~ Joule, however, concluded that the 
mechanism involving initial protonation at C( 2) followed 
by reverse Mannich fission of the C(2)-C(3) bond was 
responsible for the isomerization between 1 and 2, as il- 
lustrated in Scheme I.6" This series of steps is related to 
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