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indoline (75%) and indole (7.7%) but only traces of these 
compounds at 400°. 

The course of the most unusual transformation leading to 
5 was investigated. FVP of lb (X = CH3) and Ic (X = Cl) 
at 650° gave Sb (70.2%) and 5c (62.6%), together with the 
corresponding 4-X-styrene, 6-X-indoline, and 6-X-indole 
but no 2 (at 400° some 2 was still formed and lower yields 
of 5). The position of the substituent in 5 was established 
quite unambiguously by nmr spectroscopy.4 FVP of Id (X 
= H, R = Me) at 650° gave a mixture of 6-methyl- (6) 
(63%) and 7-methyl-6,7-dihydro-5/M-pyrindine (7) (9%)5 

(7-picrate, mp 128.5-129°) (6/7 ratio = 7). The N M R 
spectrum of the mixture had lines at 5 8.31 (d, 1, J2 3 = 5.0 
Hz, H2), 7.45 (d, 1, /3,4 = 8.0 Hz, H4) , 6.98 (dd, l', J23 = 
5.0 Hz, /3,4 = 8.0 Hz, H3), 3.6-1.6 (m, 5, H5, H6 , and H 7 

of 6 and 7), 1.34 (d, 0.14, J7CH3 = 7.5 Hz, CH 3 of 7), and 
1.15 (d, 0.86, . / 6 ,CH 3 = 6.1 Hz, CH 3 of 6). The structure of 

6 was confirmed by comparison with an authentic sample 
prepared (together with the 5-methyl derivative) by a slight 
modification of the procedure of Lochte and Pittman.6 7 
was identical with an authentic sample prepared from dihy-
dropyrindine by treatment with lithium diisopropylamide 
and methyl iodide at —25°. 
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The above results indicate that C4 in 1 becomes C4 in 5, 
while Cp in 1 becomes mainly C6 in 5, though some "scram
bling" occurs and Cp appears to a small extent as C7 in 5. A 
nujnber of reaction sequences can be envisioned to explain 
these observations, but the one we favor is presented in 
Scheme I. The first step is the loss of nitrogen to give the ni-
trene followed by addition to the adjacent benzene ring to 
give the benzaziridine (8).7 At the lower temperatures and 
in solution this can ring-open to 2. At higher temperatures, 
elimination of SO2 (which could occur concertedly as 
shown or via a diradical intermediate) gives 9. This can 
rearrange to the cyclobutane derivatives 12 and 13 via a 
diradical process as shown. The allowed concerted thermal 
1,7-shift requires an inversion at the migration center, and 
this seems sterically prohibited in this l-methylspiro[2.6] 
azanona-4,6,8-triene system.8'9 A "forbidden" 1,7-suprafa-
cial concerted process11 cannot be excluded, however. The 
predominant formation of 6 rather than 7 tends to speak for 
the diradical process in which a secondary radical (10) is 
formed more readily than the primary one (11). Electrocyc-
Hc 67r-ring closure followed by cyclopropane ring opening 
and hydrogen migration leads to the final products. 

We have adapted the above FVP to the preparation of 
gram quantities of the dihydropyrindines and are continu
ing our studies of the mechanism of their formation. 
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A Model Dehydrogenase Reaction. Charge Distribution 
in the Transition State 

Sir: 

Nanenzymatic reductions by nicotinamide coenzymes in 
aqueous solutions may serve as models for the action of the 
NAD+-dependent dehydrogenases. We report here the ef-
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Figure 1. Linear free-energy correlations of the rate of NADH reduc
tion of 2,6-dinitro-4-X-benzene sulfonates with a ( • ) and a~ (O). 

feet of para substituents in the oxidant on the rate of such a 
nonenzymic reduction. The resultant linear free energy re
lationship indicates extensive transfer of negative charge 
from NADH in formation of the activated complex. Enzy
matic catalysis of the model reduction by a dehydrogenase 
makes valid comparisons more likely. 

The reduction of trinitrobenzene sulfonate by NADH to 
yield the trinitrobenzene-sulfite a complex and NAD+ has 
been reported1 previously (eq 1, X = NO2). It has been 
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shown that bovine liver glutamate dehydrogenase (L-gluta-
mate: NAD(P)+ oxidoreductase (deaminating) EC 1.4.1.3) 
serves as a powerful catalyst for the reaction.1 For both en-
zymic and nonenzymic reactions, incorporation of deuteri
um from the 4 position of the dihydropyridine into the re
duced product has been demonstrated.' No exchange with 
solvent (unlabeled reactants in D2O) was observed.1 These 
observations suggest that a two-electron transfer preceded 
or followed by proton abstraction is not involved. 

Preliminary measurements have shown that the isotope 
effect on the rate of reaction of the p-nitro compound with 
4-B-2H-NADH is large,2 so that the hydrogen nucleus is 
very likely being transferred in the rate-determining step. 

The substituent effect on the second-order rate constant 
for reduction of 2,6-dinitro-4-X-benzene sulfonates, 1, by 
NADH was investigated. Substrates in which X = NO2, 
CN, CONH2, CF3, Cl, and H were synthesized or obtained 
commercially. Elemental analyses and ir spectra were con
sistent with the proposed structures, 1. The reaction was 
studied in aqueous potassium phosphate buffers, pH 8.10, / 
= 0.12 at 25.0 ± 0.1°. Rates were measured by following 
the disappearance of the dihydropyridine absorbance at 340 
nm. Initial velocities were obtained from <5% of the ex
pected change. Corrections for the degradation of the coen
zyme were applied when necessary. 

Hammett plots for the correlation with a and a~ are 
shown in Figure 1. The least-squares lines of best fit yield p 
values of 4.97 ± 0.31 and 3.24 ± 0.31, respectively, both 
with correlation coefficients of 0.982.3-4 The extent of 
charge transfer in the activated complex can be estimated 
through comparison with the analogous p values obtained 
for two extensively studied processes, phenol ionization 
(equilibrium), and aromatic nucleophilic substitution 
(rate). These processes are known to involve transfer of ne
gative charge into the ring and into para substituents such 
as NO2 and CN. For phenol ionization in aqueous solution 
p = 2.23,5 and for displacement of halogen from 1-halo-
geno-2,6-dinitrobenzenes by methoxide in methanol (for 
which addition of methoxide is rate-determining6), p = 3.6 
for the correlation with a~? Transfer of this latter reaction 
from methanol to water should decrease the p value.8 

Comparison of our value of p to the values for these two 
model processes thus implies extensive transfer of negative 
charge into the aromatic nucleus in the transition state. 

Thus, it is possible to eliminate mechanisms in which 
atom transfer is rate-determining followed by electron 
transfer to form products. Little or no electronic substituent 
effect is to be expected in such a process.9 Although large 
substituent effects have occasionally been observed for rate-
determining formation of an anionic free radical transition 
state,10 the deuterium isotope effect measurements2 (if con
firmed for other compounds in the series) would exclude 
such a mechanism. 

The existence of some kind of intermediate has been im
plicated in the dihydronicotinamide reductions of Af-meth-
ylacridinium ion11 and trifluoroacetophenone.12 In these 
cases kinetic anomalies detected in deuterium isotope effect 
experiments13 were explained by a mechanism in which 
neither of the elementary steps leading to and from the int
ermediate is clearly rate determining (i.e., the two transi
tion states have nearly the same standard free energies), In 
the present case, the linearity of the free energy relationship 
does not suggest a change in rate-determining step over the 
range of reactivities examined and therefore is consistent 
with the presence of an intermediate in the reaction only if 
the transition states are very similar in structure (i.e., simi
lar in the response of their standard free energies to changes 
in substituent). 

It is clear from the results reported here that substantial 
charge transfer has occurred in formation of the activated 
complex of this model dehydrogenase reaction. While it re
mains to be proven conclusively that the transfer of the hy
drogen nucleus is concerted with that of the negative 
charge, we suggest that this coenzyme-substrate transition 
state is analogous to that pictured for S N 2 nucleophilic aro
matic substitution with a hydride ion as the displacing nu-
cleophile. 
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Hydrozirconation. III. Stereospecific and 
Regioselective Functionalization of Alky !acetylenes 
via Vinylzirconium(IV) Intermediates 

Sir: 

Di(?75-cyclopentadienyl)(chloro)alkylzirconium(IV) 
complexes have been shown to be useful intermediates in 
the transformation of olefins into a variety of organic deri
vatives. l'2 We have now observed that hydrozirconation of 
disubstituted acetylenes proceeds stereospecifically with 
high regioselectivity to yield vinylic Zr(IV) complexes 
which are, as well, valuable as precursors of trisubstituted 
olefins. 

The reaction of (^-C 5 H 5 )ZrH(Cl) (1) with 1-butyne 
gives trans vinylic derivative 2 which establishes that Z - H 
addition to the acetylene occurs cis.3 We have found that 
addition of 1 to various unsymmetrically disubstituted ac
etylenes occurs readily4 to give mixtures of vinylic deriva
tives in which the steric bulk of the alkyl substituents dic
tates the direction of Z r - H cis /3-addition to the triple bond. 
Thus, for each unsymmetrical acetylene, two vinylzirconi-
um(IV) compounds can be formed which differ only in the 
point of attachment of the metal to the double bond. We 
have also observed that, over a period of several hours, this 
initial mixture of vinylic species can be converted to one 
with higher regioselectivity, at room temperature, through 
catalysis with 1 (see Table I). In no case were products de
rived from allylic rearrangements observed.5 The regiose
lectivity found was generally higher than that observed for 
hydroboration with hindered boranes.6 The chemical reac
tivity of these vinylzirconium(IV) compounds renders them 
useful as intermediates in the facile and selective conversion 
of dialkylacetylenes to trisubstituted olefins. 

The two-step conversion of an acetylene to a functional-
ized olefin is illustrated as follows. 5-Methyl-2-hexyne (670 
mg, 6.67 mmol) was stirred with 1.58 g (6.13 mmol) of 1 in 
benzene8 for 2 hr. Removal of the solvent in vacuo gave the 
vinylic complex (2d and 3d, 55:45)7 as a pale red oil. The 
mixture of 2d and 3d was redissolved in benzene. Reanalysis 
of this mixture by N M R 7 after several hours at room tem
perature revealed that its composition had not changed. 
However, addition of several milligrams of 1 to this solution 

Table I 
Cp2Zr(H)Cl + RC=CR' 

1 
/C1 + /C1 

Cp 2 ZrCzR C p 2 Z r ^ / R ' X - X W "R' 
2 

tr ^R 
3 

Product ratio (2:3)' 

Acetylene 
Initially 
observed 

After treatment 
with 1 

a, R = H; 
b, R = CH3 
c, R = CH3 
d, R = CH3 
e, R = CH3 
f, R = CH3 

R' = M-C4H9- >98:2 
R'=CH3CH2- 55:45 89:11 
R'=CH3CH2CH2- 69:31 91:9 
R' = (CH3)2 CHCH2 - 55:45 >95 : <5 
R' = (CH3),CH- 84:16 >98: <2 
R' = (CHj)3- >98:2 

Table II 
,Cl Xl 

Cp2Zr H Cp2Zr ,H X H X H 

• + W JU w + w K,+ "H -H 
R R ' R' R R R' R' R 

2 3 4 5 

Vinylic complex 
(ratio 2:3) 

2a+ 3a 

2b+ 3b 

2d+ 3d 

2e + 3e 

>98:<2 

72:28a 

>95:<5 6 

84:16c 

X 

NBS 
NCS 
NBS 
NCS 
NBS 
NCS 
NBS 

Product 
composition1 2 

(4:5) 

>98:<2 
>98:<2 

72:28 
71:29 

>95:<5 
>95:<5 

83:17 

Yield13 

(%) 

75 
MOO 

97 
53 
75 
71 
95 

" Reaction with X performed on aliquot taken during treatment 
of the complexes with 1. ° Reaction performed on aliquot taken 
after treatment of 2d and 3d with 1. c Reaction performed on 
aliquot taken before treatment of 2e and 3e with 1. 

resulted in its conversion, slowly to a new mixture of iso
mers containing >95% 2d and <5% 3d.9 Treatment of a so
lution of the vinylic complexes with /V-bromosuccinimide 
gave, rapidly, the corresponding vinylic bromides in good 
yield, with retention of ( C = C ) stereochemistry10 and with 
the same composition of positional isomers as that observed 
for the organometallic precursor (see Tables I and II). In 
this way, vinylic chlorides were prepared from 2, 3 and 
NCS, and iodides from 2, 3, and I2. The yield of vinylic ha-
lides so produced was at least as high as that reported for 
the hydrohalogenation of acetylenes via vinylalanes." 

It is interesting to note that, whereas alkylzirconium(IV) 
complexes positionally rearrange rapidly,1 no such process 
occurs for their purified vinylic analogs. We believe that 
this rearrangement, observed to be catalyzed by 1, occurs 
through a dimetalated alkyl intermediate as shown in reac
tion 1. 

(Zr) H 

H 
R' R 

R' R 

(Zr) (Zr) 

H H 

(Zr) H 

H 
R R' 

(D 

Because of the mildness of reaction conditions and high 
yields of products formed stereospecifically and with high 
regioselectivity, hydrozirconation is an attractive method 
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