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under the methyl protons. It was, therefore, l-/>-tolyl-
1,3-propanediol diacetate(bp 131° (2 mm)). 

Similarly, metalation and subsequent hydroboration 
of l-phenylbut-2-enes gave after acetylation in 60% 
yield (bp 100-110° (1 mm)) the mixture of the two 
diacetates of the diastereoisomeric l-phenylbutane-1,3-
diols and less than 10% of other distillable products. 
The isomers (3:4 ratio) were separated by glpc. The 
first isomer showed the benzylic proton at 5 5.81 (t, J = 
7 Hz), the other proton a to acetate at 5.0 (q, J = 6 Hz), 
a methyl at 1.20 (d, / = 6 Hz), and the protons of the 
two acetoxy groups at 1.93 (s) and 1.96 (s); the cor­
responding signals for the diastereoisomer were at 5.76 
(t, J = 7 Hz), 4.76 (q, J = 6 Hz), 1.20 (d, J = 6 Hz), 
1.96(s), and 2.0 (s). 

A mixture of positional isomers was obtained only 
in the reaction with 3-phenylbut-l-ene.6 The products 
in the last reaction consisted of 3-phenylbutane-l,3-diol 
and the diastereoisomeric 3-phenylbutane-l,2-diols in a 
1.6:1 ratio. Acetylation of the mixture of diols gave a 
mixture (bp 130-140° (2 mm)) of a monoacetate of 
the 1,3-diol and diacetates of the 1,2-diols. The mono-
acetate showed the methyl a to the hydroxyl group 
at <5 1.5 (s), the methylene a to the acetoxy group at 
4.06 (t, J = 6 Hz), the other methylene at 2.13 (m), 
and the acetoxy protons at 1.66 (s). The 1,2-diacetates 
showed three protons a to acetoxy groups, six protons 
of the acetoxy groups, and a methyl as a doublet. The 
pmr was not well resolved, since the diastereoisomers 
were not separated. All the compounds showed correct 
elemental analyses. The separations were performed 
by glpc on a 5 m X 1U in. column of 15% diethylene 
glycol succinate on Chromosorb W. 

The reaction of phenylallylhthium with borane takes 
place either at the 1 or the 3 position of the allylic 
system to give a four-coordinated boron complex. It 
is possible that this complex transfers a hydride ion 
to excess borane present in the solution, forming a 
borohydride ion and an allylic borane. This allyl-
borane, or the initial complex, is hydroborated in a 
regiospecific7 manner to give predominantly the prod­
uct with the two boron atoms in the molecule separated 
by three carbon atoms. 

The attachment of the first boron atom to the phenyl-
allyllithium system probably did not occur at the carbon 
next to the phenyl group. The collapse ratio during 
the protonation8 of the phenylallylic anion was reported 
to be 2.4:1 for the 3 and 1 positions, respectively. The 
reaction of the anion with borane is less exothermic 
than protonation (and perhaps also reversible) and 
should give a larger amount of the more stable con­
jugated product than protonation. This was supported 
by the reaction of phenylallylhthium with trimethyl 
borate, that gave cinnamyl alcohol after oxidation of 
the product with hydrogen peroxide. The reaction of 
borane with the lithium derivative obtained from 3-
phenylbut-1-ene should also give the allylic borane I 
in the first step, since even protonation has shown in 
this case a collapse ratio6 of 40:1 in favor of the con­
jugated product. The second boron atom has a choice 

(5) K. W. Wilson, J. D. Roberts, and W. Young,/. Amer. Chem. Soc, 
71, 2019 (1949). 

(6) D. J. Cram, ibid., 74, 2137 (1952). 
(7) A. Hassner, / . Org. Chem., 33,2684 (1968). 
(8) S. W. EIa and D. J. Cram, / . Amer. Chem. Soc, 88, 5777, 5791 

(1966). 

between a secondary and tertiary carbon and the last 
was preferred, contrarily to what is observed generally 
during hydroborations.4 The first introduced boron 

CH3 

I / 
C6H5C=CHCH2B C6H5CHCH=CHCH3 

t t \ It 
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/ \ 
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atom is certainly responsible for this effect. The posi­
tion of the introduction of the first boron atom into 
l-phenyl-3-methylallyllithium is less certain. Stabiliza­
tion of the charge by the phenyl and of the double bond 
by the methyl group6 will favor attack at the benzylic 
position. Further attack by borane of the possible 
intermediate II occurs almost entirely at only one of 
the two secondary carbons, the one further from the 
first boron atom. 

The following procedure was used. Allylbenzene 
(2 g) was added to 23 ml of 1.6 M butyllithium in ether; 
the solution was left overnight9 at room temperature 
and then added dropwise to 50 ml of a cooled solution 
(ice) of 2 M borane in THF. The solution was stirred 
for 5 hr, excess diborane decomposed slowly with 40 
ml of water, and the product was oxidized by 40 ml of 
NaOH (3 AOJ dropwise addition of 40 ml of hydrogen 
peroxide, and subsequent stirring for 3 hr. Extraction 
of the product from the mixture (saturated with K2CO3) 
with three portions of 30 ml of ether and acetylation 
overnight with 16 ml of acetic anhydride-pyridine (1:1) 
gave 2.6 g of the diacetate, bp 125° (0.5 mm). 

A reaction of ethyllithium with diborane was reported 
by Schlesinger and Brown to give lithium borohydride.10 

Recently a number of base-catalyzed reactions of borane 
were observed and were assumed to proceed via carb-
anions.11 

(9) For 2 days in the case of 3-phenylbut-7-ene. 
(10) H. I. Schlesinger and H. C. Brown,/. Amer. Chem. Soc, 62, 3429 

(1940). 
(11) H. C. Brown, era/., ibid., 91, 2146, 2147, 4303, 6852, 6854, 6855 

(1969). 
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A Model for Alcohol Dehydrogenase. The Zinc Ion 
Catalyzed Reduction of 
1,10-Phenanthroline-2-carboxaldehyde by 
JV-Propyl-l^-dihydronicotinamide 

Sir: 

Zinc ion is essential for the catalytic activity of horse 
liver alcohol dehydrogenase;1-4 one zinc ion appears to 
be present6-7 at each of the two active sites of the en­
zyme. The most likely location of the metal ion within 
the active site is at or near the binding sites of the nico-

(1) H. Theorell, A. P. Nygaard, and R. Bonnichsen, Acta Chem. 
Scand.,9, 1148 (1955). 

(2) B. L. Vallee and F. L. Hoch, / . Biol Chem., 225, 185 (1957). 
(3) A. Akeson, Biochem. Biophys. Res. Commun., 17, 211 (1964). 
(4) D. E. Drum, T.-K. Li, and B. L. Vallee, Biochemistry, 8, 3783 

(1969). 
(5) T. Yonetani, Biochem. Z., 338, 300 (1963). 
(6) D. S. Sigman, / . Biol. Chem., 242, 3815 (1967). 
(7) D. E. Drum and B. L. Vallee, Biochemistry, 9,4079 (1970). 

Journal of the American Chemical Society / 93:23 / November 17, 1971 



6315 

tinamide moiety of the coenzyme NAD+ and the ali­
phatic alcohol and aldehyde substrates.5-9 Although 
no direct proof of the coordination of the functional 
groups of the substrates to the enzymic zinc ion exists, 
several investigators have suggested that such interac­
tions could efficiently catalyze hydride transfer between 
coenzyme and substrate by polarizing the carbonyl of 
aldehyde substrates and by facilitating deprotonation of 
the hydroxyl group of alcohol substrates.10-12 

In the present communication, we wish to report that 
zinc ion efficiently catalyzes the reduction of 1,10-
phenanthroline-2-carboxaldehyde (I) to 1,10-phenan-
throline-2-carbinol (II) by jV-propyl-l,4-dihydronico-
tinamide (III) in acetonitrile at 25° (eq 1). This is the 
first "model" reaction which supports the catalytic 
function of the enzymic metal ion indicated above as 
well as the first example of the reduction of an aldehyde 
by an NADH analog in a nonenzymic system.! 3-15 

\ CH2 CH2CH2CH3 

Zn2+-II 

The Zn2+-I complex was chosen for study since 1,10-
phenanthroline derivatives generally have a high affinity 
for zinc ion and construction of molecular models of 
the complex indicated that the carbonyl group of the 
aldehyde could coordinate to the metal ion. This latter 
interaction is possibly analogous to the suggested coor­
dination of the aldehyde to the enzymic zinc in the reac­
tive enzyme-NADH-aldehyde ternary complex. The 
zinc ion catalyzed reaction between I and III was car­
ried out in anhydrous acetonitrile instead of water since 
the true substrates for alcohol dehydrogenase are the 
unhydrated aldehydes and not their hydrated or alde-
hydrol forms.16 In aqueous acetonitrile, the Zn2+-I 
complex exists predominantly in the hydrated form. 

One inherent disadvantage of this system is that the 
zinc ion may promote reduction of the aldehyde by an 
indirect electronic effect through the aromatic ring sys­
tem in addition to interacting directly with the carbonyl 
group. The relative importance of these two possi-

(8) A. S. Mildvan and H. Weiner, Biochemistry, 8, 552 (1969). 
(9) A. S. Mildvan and H. Weiner, J. Biol Chem., IiA, 2465 (1969). 
(10) A. S. Mildvan in "The Enzymes," Vol. II, P. D. Boyer, Ed., 

Academic Press, New York, N. Y., 1970, p 446. 
(11) H. Sund and H. Theorell, £ttz.rwes, 7, 26(1963). 
(12) R. Abeles, R. Hutton, and F. H. Westheimer, J. Amer. Chem. 

Soc, 79, 712 (1957). 
(13) K. Schellenberg in "Pyridine Nucleotide-Dependent Dehydro­

genases," H. Sund, Ed., Springer-Verlag, Berlin, 1970, p 15. 
(14) D. C. Dittmer and P. A. Fonty, / . Amer. Chem. Soc., 86, 91 

(1964). 
(15) T. C. Bruice and S. J. Benkovic, "Bioorganic Mechanisms," 

Vol. II, W. A. Benjamin, New York, N. Y., 1966, p 301. 
(16) J. F. Naylor, III, and I. Fridovich, / . Biol. Chem., 243, 341 

(1968). 

bilities has not yet been determined for the o-phenan-
throline system.17 However, the zinc ion catalyzed re­
duction of pyridine-2-carboxaldehyde and pyridine-4-
carboxaldehyde by tetraethylammonium borohydride in 
acetonitrile has been investigated and the rate of reduc­
tion of the Zn2 +- pyridine-2-carboxaldehyde complex is 
at least 100 times greater than that of the Zn 2+-pyridine-
4-carboxaldehyde complex.18 These results indicate that 
the sole mode of zinc ion catalysis of pyridine-2-carbox-
aldehyde cannot be an electronic effect exerted by the 
metal ion through the aromatic pyridine ring but must 
involve a direct interaction of the metal with the car­
bonyl. By analogy, the zinc ion catalysis of the reduc­
tion of l,10-phenanthroline-2-carboxaldehyde (I) by N-
propyl-l,4-dihydronicotinamide (III) is probably not 
only due to an electronic effect generated by the metal 
ion through the o-phenanthroline system but most likely 
also involves direct interaction or proximity of the 
metal to the carbonyl to a significant extent. 

The reaction indicated in eq 1 can be readily assayed 
spectrophotometrically either by following the loss of 
the characteristic dihydronicotinamide spectrum of III 
at 350 m/x upon oxidation or by measuring the con­
version of Zn2+-I to Zn2+-II at 292 and 272.5 m^. 
Since Zn2+-I absorbs more intensely than Zn2+-II at 
292 rriju, the reduction of Zn2 +-I to yield Zn2+-II is 
characterized by a net decrease of absorption at this 
wavelength; on the other hand, the greater absorption 
of Zn2+-II at 272.5 rnju relative to Zn2+-I results in a net 
increase of absorption at this wavelength as the reaction 
proceeds. The reaction was generally studied at 25° 
in acetonitrile with Zn2+, I, and III present at concen­
trations of 10 X 10-6, 5 X 10-5, and 5 X 10-5 M, re­
spectively. Under these conditions, the yield of the 
Zn2+-II complex was greater than 80% as measured 
spectrophotometrically. No reduction of 1,10-phen-
anthroline-2-carboxaldehyde (I) by iV-propyl-l,4-dihy-
dronicotinamide (III) can be observed in the absence of 
zinc ion. 

The second-order rate constant for the reduction of 
Zn2+-I by III at 25° in acetonitrile is 19 ± 4 Af-1 min -1 . 
The rate of the reaction is the same, within experi­
mental error, when dihydroquinone is present at com­
parable concentrations to the Zn2+-I complex. Since 
dihydroquinone generally affects free-radical reac­
tions,14 the reduction of the Zn2+-I complex by III 
most likely proceeds by a hydride transfer mechanism. 

Confirmation that the primary product in the reac­
tion was the Zn2+-II complex came from product anal­
ysis of the reaction mixture by ultraviolet, infrared, and 
mass spectrometry as well as paper chromatography. 
For product analysis, 250-ml reaction mixtures, con-

(17) These effects could be distinguished if the reduction of an elec­
tronically equivalent isomer ofl was studied in which the aldehyde func­
tion was remote from the zinc ion. If direct interaction of the carbonyl 
with the metal ion was the essential feature of the catalysis, the rate of 
reduction of the isomeric aldehyde would be considerably slower. This 
experiment has not yet been performed since it is not readily apparent 
which of the chelated isomeric 1,10-phenanthroline aldehydes would be 
electronically equivalent to the Zn2+-I complex and none of these 
aldehydes, other than the isomer synthesized here, are presently avail­
able. 

(18) The zinc ion catalyzed reduction of pyridine-2-carboxaldehyde, 
unlike the pyridine-4-carboxaldehyde, is too rapid to study by con­
ventional mixing techniques. As a result, only a lower limit can be 
presented for this rate ratio. Further studies of the zinc ion catalyzed 
reduction of pyridine-2-carboxaldehyde, as well as 1,10-phenanthroline-
2-carboxaldehyde, by tetraethylammonium borohydride are being 
undertaken using stopped-flow techniques. 
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taining concentrations of reactants comparable to those 
used to estimate the yield of the reaction spectrophoto-
metrically, were prepared and allowed to proceed to 
completion. The product was isolated by removing 
the acetonitrile, dissolving the residue in chloroform, 
and extracting with an aqueous zinc chloride solution. 
After enough EDTA was added to the aqueous phase 
to chelate all the zinc ion present, the product was re-
extracted into chloroform. The chloroform solution 
was then dried over sodium sulfate and evaporated to 
dryness. The residue yielded ultraviolet and infrared 
spectra that were very similar to those of an authentic 
sample of l,10-phenanthroline-2-carbinol. When part 
of the residue was dissolved in an ethanolic solution of 
dimedone and chromatographed on Whatman No. 3M 
paper using isopropyl alcohol-water-trichloroacetic 
acid-ammonia (75 ml:25 ml:5 g:0.2 ml) as the solvent 
system, a spot indistinguishable from an authentic sam­
ple of l,10-phenanthroline-2-carbinol was obtained. 

The mass spectra of the residue and that of inde­
pendently synthesized l,10-phenanthroline-2-carbinol 
(II) were very similar and consistent with the calculated 
composition Ci3Hi0N2O for II. Each spectrum pos­
sessed the intense and characteristic molecular ion peak 
at m/e210 as well as an isotope peak at m/e 211 that was 
14.5 % as intense as the molecular ion peak.19 

As further proof that II was the product and in order 
to investigate if the reaction proceeded by direct hydro­
gen transfer, l-propyl-4,4-dideuterionicotinamide (86% 
isotopically pure by nuclear magnetic resonance) was 
used as the reductant in place of the corresponding dihy-
dronicotinamide. The product was then isolated as 
indicated above. An intense molecular ion peak at 
m/e 211, corresponding to monodeuterated 1,10-phen-
anthroline-2-carbinol (Cj3H9DN2O) and accounting for 
70% of the product, was observed when the mass spec­
trum of the reaction product was obtained at the ap­
proximate appearance potential of the P — 1 (m/e 209) 
peak of undeuterated l,10-phenanthroline-2-carbinol. 
These results provide further evidence that II is the 
primary product of the reduction. They also demon­
strate that II is formed by direct hydrogen transfer 
from III to the carbonyl carbon of Zn2 +-I. Even 
though direct hydrogen transfer is very likely in the 
absence of any readily exchangeable hydrogens in an­
hydrous acetonitrile, its demonstration is essential if this 
this system is to be considered an appropriate model for 
the alcohol dehydrogenase reaction.20,21 

In summary, the zinc ion catalysis of the reaction 
between l,10-phenanthroline-2-carboxaldehyde and N-
propyl-l,4-dihydronicotinamide strongly suggests that 
either coordination or, at the least, proximity to a metal 
ion is a feasible and efficient method for activation of a 
carbonyl group for reduction. The catalytic efficiency 
of the zinc ion must be significant since (a) no reaction 
could be detected in the absence of the metal ion and (b) 
l,10-phenanthroline-2-carboxaldehyde is the first alde­
hyde to be reduced by a dihydronicotinamide in a non-
enzymic system. Although the present experiments 
cannot be considered proof that zinc ion serves a similar 

(19) R. M. Silverstein and G. Clayton Bassler, "Spectrophotometric 
Identification of Organic Compounds," Wiley, New York, N. Y., 
1968. 

(20) F. H. Westheimer, H. F. Fisher, E. E. Conn, and B. Vennesland, 
/ . Amer. Chem. Soc, 73, 2403 (1951). 

(21) H. F. Fisher, E. E. Conn, B. Vennesland, and F. H. Westheimer, 
J. Biol. Chem., 202, 687 (1953). 

catalytic function in alcohol dehydrogenase, they cer­
tainly strengthen the view that coordination or proxim­
ity of the carbonyl to the zinc ion could be a very im­
portant feature of the enzymic catalysis. 
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Intermediacy of a 1,2-Benzotropilidene in the 
Photochemical Rearrangement of a Benzonorcaradiene 
to a Benzobicyclo[3.2.0]hepta-2,6-diene 

Sir: 

The photochemical rearrangement of the benzonor­
caradiene moiety 1 to the benzobicyclo[3.2.0]hepta-2,-
6-diene skeleton 2 has been noted by several groups.1 

1 R2 R2 

2 

a, R1 = R2 = H 
b, R1 - CO2CH3; R2 = H 

One mechanism for this conversion involves the inter­
mediacy of 3 which undergoes thermal rearrangement 
to 2 (Scheme I). A second possible mechanism for 

Scheme I. The One-Photon Route for the Benzonorcaradiene to 
Benzobicyclo[3.2.0]hepta-2,6-diene Conversion 

1 3 2 

this process is a two-photon sequence wherein diene 
6 is a direct precursor of 7 (Scheme II).ld While 

Scheme II. The Two-Photon Route for the Benzonorcaradiene to 
Benzobicyclo[3.2.0]hepta-2,6-diene Conversion 

Cu -Cu -*-
4 5 

ki Jk--/"CO2CH3 ~* k ! > J ' \^ — \ 
^ ^ \ = = / - ^ ^ ^CO2CH3 
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