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sigmatropic shifts.10 The photochemical [6 + 4] cyclo-
reversion of 1 is also a photochemically forbidden reac
tion. Notably, 1, which undergoes the [6 + 4] cyclo-
reversion upon direct irradiation, thermally dissociates 
slowly at room temperature, while 3, which does not 
photodissociate, is stable above 100°. 

Minor modifications of functionality in these systems 
result in altered photochemical reactivity. In particu
lar, both the diene and stilbene moieties must be present 
for the [3,3] rearrangement to occur. Thus, the tetra-
hydro derivative 94 appears quite stable to prolonged 
irradiation60 in the absence of oxygen,11 in contrast to 
the more strained 2,3-diphenylnorbornen-7-ones which 
readily decarbonylate in solution.12 Moreover, the 
cyclopentadiene-tropone [6 + 4] adduct displays en
tirely different photochemical behavior which will be 
reported at a later date. 

Photolysis of the cycloheptatriene [6 + 4] adduct 
103'6a'c results in formation of l l 3 in about 15% yield 
in addition to other minor products. However, none 
of the product expected from dissociation, 6, is observed 
in these reactions. This formation of 11 is formally a 
[ls,5s] sigmatropic carbon shift, a further example of a 
photochemically forbidden process in these systems.13 

Remarkably, the thermolysis of 10 results in a thermally 
forbidden [ls,3s] sigmatropic shift, presumably involv
ing a diradical intermediate.3 

Observation of forbidden reactions is usually con
sidered evidence for diradical or dipolar intermediates. 
In the present case, the cleavage of the 1,6 bonds in 1, 
3, and 10 would result in formation of stabilized diradi-
cals. However, the selective collapse of these diradicals 
to different products when generated from excited 
states of different multiplicities would constitute spin 
correlation effects of unexpected proportions.14 Al
ternative mechanistic rationales for these reactions 
involving different diradical intermediates or concerted 
mechanisms are the subject of continuing studies. 
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Reactions of Dihydronicotinamides. I. Evidence 
for an Intermediate in the Reduction of 
Trifluoroacetophenone by 1-Substituted 
Dihydronicotinamides 

Sir: 
Many oxidation-reduction reactions of models for 

the nicotinamide coenzymes involve direct hydrogen 
transfer without exchange with solvent protons, and 
show none of the properties of radical-chain processes.1 

Such reactions, and the related enzymic processes, are 
therefore usually considered to be "hydride transfers,"2 

although the evidence does not demonstrate that the 
transfer of the proton and two electrons is concerted. 
We present here evidence which requires that one par
ticular "hydride transfer," the reduction of trifluoro
acetophenone to trifiuoromethylphenylcarbinol by some 
1-substituted-1,4-dihydronicotinamides3'4 be a two-step 
process. 

The reaction was studied in 25% (v/v) isopropyl 
alcohol-water with 0.1 M triethanolamine-0.1 M tri-
ethanolamine hydrochloride buffer and an ionic 
strength of 0.50 M at 50.0 ± 0.2°. In the presence of 
excess trifluoroacetophenone, the disappearance of di
hydronicotinamide (spectrophotometric at 355 nm) 
follows first-order kinetics over three half-lives.4 The 
first-order rate for a given dihydronicotinamide is the 
sum of two terms4 (eq 1). The first term is due to hy-

fcobsd = &hyd + ^,-[trifluoroacetophenone] (1) 

dration of the dihydronicotinamide and is the rate ob
served in the absence of ketone.6 The second is due to 
the reduction of the ketone; >95 % of the carbinol pre
dicted by kinetics can be detected by glpc analysis at the 
end of a reaction.4 The oxidation-reduction involves 
direct transfer of hydrogen, and is not affected by the 
addition of free-radical chain inhibitors.3 Although 
trifluoroacetophenone is extensively hydrated in aque
ous solution,6 the formation of free ketone is not at all 
rate determining in our experiments, which show clear 
first-order dependence on dihydronicotinamide con
centration. 

The calculated second-order constants kr for the re
duction of trifluoroacetophenone by three dihydro
nicotinamides and 4-monodeuteriodihydronicotin-
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Table I. Kinetic and Product Analysis Data for Reactions of Dihydronicotinamides with Trifluoroacetophenone" 
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(Compd) 

la 
lb 
Ic 

R 

«-Pr 
Bz 
2.6-Di-ClBz 

. k„ M-
1 

0.252 ± 0.007 
0.0813 ± 0.0022 
0.0380 ± 0.0007 

1 min~16 . 
W 1 

0.218 ± 0.003 
0.0552 ± 0.0042 
0.0226 ± 0.0010 

ktlkr
di 

1.16 ± 0.04 
1.47 ± 0.12 
1.68 ± 0.08 

"kmlko"' 

1.38 ± 0.11 
2.77 ± 0.85 
5.25 ± 0.56 

(313-d)* 

3.8 ± 0.3 
3.8 ± 0.3 

• A t 50° in 25% (v/v) isopropyl alcohol, 0.1 M triethanolamine-0.1 M triethanolamine hydrochloride, /j, = 0.5 M. b Second-order rate 
constants from dependence of k0bsd on [trifluoroacetophenone]. Experimental details in ref 4. Errors are standard deviations. ' Calcu
lated from krjkr

d' using eq 3, and assuming kn/kn' = 1. d Isotopic ratio in carbinol from reduction with W i , corrected for isotopic con
tent of W i used. 

amides are listed in Table I. If the mechanism involves 
simple hydride transfer (Scheme I), we can write eq 2 

Scheme I 

H H 
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and 3. Equation 3 allows us to calculate the primary iso
tope effect, kH/k0, given in the sixth column of Table I, 
if we assume that the secondary isotope effect, kH/kH', 
is approximately 1. The dramatic change in primary 

kr/k* = 2kH/(kH' + kD) (2) 

*H/*D = (fcr/*r*)/[2 - (krlk*)(kH>/kH)] (3) 

hydrogen isotope effect is unprecedented,7 and it is 
difficult to believe that the transition state for a reaction 

(7) See, for instance: E. S. Lewis, J. M. Perry, and R. H. Grinstein, 
J. Amer. Chem. Soc, 92, 899 (1970); J. E. Dixon and T. C. Bruice, ibid., 
92, 905 (1970), and references therein. 

could vary as suggested by these effects with so little 
change in overall rate.8 

The partitioning of the isotopes into products pro
vides stronger evidence against a one-step reaction. A 
solution of 2 X 10~3 M monodeuteriodihydronicotinam-
ide (1-^0 and 0.10 M trifluoroacetophenone is allowed to 
react for more than eight half-lives. Under these con
ditions, about 75% of the dihydronicotinamide reacts 
with ketone to produce carbinol, with the remainder 
undergoing hydration.4 Crude carbinol contaminated 
with some ketone is separated from salts, etc., by ex
traction, and analyzed by mass spectroscopy with 
spectra of authentic compounds as references. Two re
action mixtures for each compound were run, and each 
mixture was analyzed several times. A small correc
tion (<10%) must be introduced to account for the 
slight isotopic impurity of our samples of 1-rfi,9 and the 
data in the last column of the table are values of (3/3-cf) 
corrected to reflect the partitioning of pure \-d\. 

The kinetic and isotope partitioning data for propyl-
dihydronicotinamide are not consistant with Scheme I, 
which predicts that the kinetic and partitioning data be 
related by eq 4. This equation holds for la only if the 

kT/kT
d' = 2(kH/kH')![l + (3-rf/3)] (4) 

secondary isotope effect, W ^ H ' , is 0.73 ± 0.03. An 
a secondary isotope effect of this sort can be discounted, 
particularly for the conversion of an sp3- to an sp2-
hybridized carbon.10 The one-step mechanism of 
Scheme I can thus be rejected. 

The simplest alternative, involving an intermediate, 
is Scheme II. The kinetic isotope effect and isotope 

Scheme II 

1 + trifluoroacetophenone ^ ^ : [intermediate] —*~ 2 + 3 
fe-i 

k'u „ 2-d + 3 

W i + trifluoroacetophenone ^ = i [intermediate] 
/C-I 

kP 2 + 3-d 

partitioning predicted by this scheme are given in eq 5 
and 6;11 the relation between the two depends on 
whether ki or k2 is rate determining. The data pre-

*,/*,* = (&-! + /C2
H + fe°) 

(k2
H + /c2

D) (/c_! + 2fc2
H) 

(3/3-cO = fc2
H/feD 

(5) 

(6) 

(8) The assumption &H/&H' = 1 does not affect the argument; any 
reasonable value for kn/ku' generates a wide variation in calculated 
knlku for the series. 

(9) Corrections to the kinetic constants due to isotopic inhomogeneity 
of starting materials are negligible. 
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sented above are consistent with this scheme, if fc2 is 
rate determining for the 2',6'-dichlorobenzyl compound 
Ic, but ki has become partly rate determining for the 
propyl compound la. 

It has been suggested that some biochemical oxida
tion-reduction reactions, particularly those involving 
flavins,12 proceed via covalent adducts of the reactants. 
The intermediate of Scheme II cannot be covalent, 
however. Addition of a group to the pyridine ring in 
\-d\ must occur either cis or trans to the deuterium atom; 
the intermediate is then committed either to transfer of 
the hydrogen or the deuterium. A mechanism involv
ing addition of the ketone to the dihydropyridine moiety 
thus requires two separate intermediates, and it can be 
shown that for such a mechanism, the same relation be
tween kinetic and isotopic partitioning results pre
dicted by Scheme I must hold. 

We propose a mechanism involving a common in
termediate (or mixture of intermediates) to rationalize 
the data presented above. We suggest that the inter
mediate is a noncovalent charge-transfer complex, and 
that in the first step there is at least some degree of elec
tron transfer from the dihydropyridine to the ketone. 
The formation of products from the intermediate in
volves transfer of the hydrogen nucleus and completion 
of the transfer of electrons, and has a kinetic isotope ef
fect associated with it. The participants in the complex 
must be capable of some motion relative to one another 
within a solvent cage, so that either hydrogen may be 
transferred.138 Kosower13b has analyzed the energetics 
of such a one-electron mechanism for reduction of 
acetaldehyde by a dihydropyridine, and concluded that 
it is plausible. 

Our mechanistic suggestion may be relevant to other 
dehydrogenase model reactions. Most ordinary ke
tones are not readily reduced by dihydronicotinamides 
in the absence of enzymes, and those compounds which 
are14 have extensive delocalized or systems with low-
lying empty orbitals. It seems likely to us that in all 
these reactions the electrons are transferred via inter
action between the conjugated it systems of the reac
tants, rather than in close coordination with the hydro
gen nucleus. The role that an enzyme plays in making 
possible reactions between reduced nicotinamide co
enzymes and simple carbonyl compounds remains an 
intriguing puzzle. Spectroscopic evidence suggests 
that aromatic residues in certain dehydrogenases are 
capable of strong electronic interactions with the pyri
dine moiety of bound coenzyme.15 One can imagine 
processes in which electronic interaction between co
enzyme, substrate, and enzyme allows the separation of 
electron transfer and proton transfer in these enzymic 
reactions as well. 
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The Total Synthesis of Carpanone 

Sir: 

We described recently a facile, high-yield reaction of 
o-quinonemethide with nucleophilic olefins such as 
1,1-dimethoxyethylene.1 The total synthesis of carpa
none provides an intramolecular example of the utility 
of this reaction. 

CH2 

CTCH2 + X - rr> c H * 
^ ^ 0 CH3O OCH3 %^-cK 

OCH3 

Carpanone (1), a lignan obtained from the bark of 
the carpano tree,2 poses a significant synthetic challenge. 
The molecule possesses no element of symmetry and has 
five contiguous asymmetric centers. In analyzing the 
problem, one can imagine the benzodioxane ring to be 
formed by nucleophilic attack of an enol ether unit on 
an o-quinonemethide (2). This approach has particular 
appeal because it may be related to the biosynthesis of 
carpanone.2 The required precursor 2 has a C2 axis 
of symmetry which passes through the midpoint of the 

bond joining the two o-quinonemethide units but has 
neither a center nor a plane of symmetry. Synthesis 
of a reactive species such as the bis-o-quinonemethide 
(2) is a formidable task, but Barton's brilliant synthesis 
of usnic acid3 suggests that phenolic coupling might 
succeed. Two problems must be faced in this approach. 
First, coupling must occur on the styryl double bond 
rather than the aromatic ring, and, second, the coupling 
process forms two asymmetric centers which must have 
the correct stereochemistry. Actually, the stereochemi
cal problem is more difficult than it first appears be
cause the stereochemistry at all centers is determined in 
the formation of the first bond. 

The required 2-(rranj-l-propenyl)-4,5-methylenedi-
oxyphenol (3, mp 87-88°) was prepared from 2-allyl-
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