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Thermal and photoinduced reduction of ethyl (Z)-a-cyano-p-bromomethylcinnamate (1) by coenzyme
NAD(P)H model 1-benzyl-1,4-dihydronicotinamide (BNAH, 2) gives ethyl (E)-1-cyano-2-phenylcyclo-
propane-1-carboxylate (3) in the former case, and the (E)-4 and (Z)-5 isomers of ethyl a-cyano-f-methyl-
cinnamate with the (E)-isomer as the major product in the latter case. The results are rationalized in terms
of direct hydride transfer and electron transfer-debromination-hydrogen abstraction mechanism,

respectively.

The mechanism of reduction of various substrates by
coenzyme NAD(P)H models continues to be of interest.' One
controversial issue concerning the mechanism is whether the
formal hydride transfer from NAD(P)H model compounds to
the substrate occurs in a one-step direct hydride transfer or in
a multi-step sequence involving electron transfer as the initial
step. Evidence has been reported to support the direct hydride
transfer mechanism for many thermal reactions.* Evidence has
also been reported to support the multi-step mechanism of
many photoinduced reactions.” However, very little mechanistic
comparison has so far been made for the thermal and photo-
induced reaction of NAD(P)H models with the same
substrates.

In previous articles, we reported that 2-bromo-1-phenyl-
ethylidenemalononitrile was reduced by 1-benzyl-1,4-dihydro-
nicotinamide (BNAH) in acetonitrile at room temperature in
the dark to give 2-phenyl cyclopropane-1,1-dicarbonitrile by a
direct hydride transfer mechanism® and that 2-bromo-1-
phenylethylidene malonic ester reacted with BNAH in
acetonitrile under irradiation with 4> 320 nm to give three
debrominated products: an «,B-unsaturated ester, a B,y-
unsaturated ester and a dimer via a multi-step mechanism
involving electron transfer as the initial step.” In order to obtain
further insights into the mechanistic aspects of reduction of
ethylenic compounds by NAD(P)H models, we extended the
study to the reaction of ethyl (Z)-a-cyano-B-bromomethyl-
cinnamate (1) with BNAH (2). Since 1 contains both a nitrile
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and an ester group, it would be of interest to compare the
results with those we have reported previously.?

Results and discussion

Products of thermal reaction
The products of thermal reaction of 1 with 2 in the dark were
analyzed by NMR spectroscopy and mass spectrometry, and
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the results show that the cyclopropane derivative 3 was
obtained [reaction (1)].
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in the dark
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In order to ascertain the location of the hydrogen transferred
from BNAH to 1, [4,4-*H,]BNAH was used as the reducing
agent for the reduction of 1, and the location of deuterium
incorporated in the product determined by 'H NMR spec-
troscopy. The results showed that the triplet at 3.20 ppm for the
tertiary hydrogen disappeared and the double doublet at 2.15
ppm for the methylene hydrogen on the cyclopropane changed
to a broad singlet. This indicates that the deuterium is located
on the B-carbon atom to the carboxylate group.

The kinetic isotope effect was determined by using BNAH
and [4,4-*H,]BNAH as the reductants to react with 1 under the
same conditions, and measuring the yields of product 3 by 'H
NMR spectroscopy. The results gave the kinetic isotope effect
(kglkp) of 3.1, which clearly demonstrates a primary kinetic
isotope effect. This indicates that the breakage of C-H bond at
C-4 of BNAH must be involved in the rate-determining step of
the reaction. In view of the fact that the ethyl (£)-1-cyano-2-
phenylcyclopropane-1-carboxylate (3) was obtained as the sole
product, it is reasonably certain that the reaction takes place
by a direct hydride transfer mechanism as shown in Scheme 1.
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Scheme 1

According to the scheme, direct hydride transfer from BNAH
to 1 takes place, the carbanion intermediate formed undergoes
intramolecular nucleophilic substitution on the bromomethyl
group to give the three-membered ring product. It is interesting
to note that the thermodynamic stability of the (E)-isomer (3) is
much greater than that of the (Z)-isomer;?® the formation of the
(E)-isomer (3) as the sole product is to be expected.

In order to seek support for the mechanism mentioned above,
we studied the reaction of 1 with some known nucleophiles. In
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the reaction of 1 with cyanide (from NaCN) and hydride (from
NaBH,) ions, the substituted cyclopropane derivatives of the
same favoured configurations were obtained [reaction (2)].

Ph y  CN

1 + NU —— + NaBr (2)
Nu CO,Et

These results lend support to the conclusion that the direct
hydride transfer is involved in the thermal reaction of BNAH
with 1.

Products of photoinduced reaction
From the reaction of 1 with BNAH under irradiation with
A > 320 nm, the products obtained are as shown in reaction (3).

NC CO.Et EtO,C CN

+ C;»izgzmA | + + BNA'Br (3)
, Ar
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Products 4 and 5 are the (E)- and (Z)-isomers and 4 is the
major product. In order to detect the photoinduced isomeriz-
ation of the products under the experimental conditions, we
dissolved either (E)- or (Z)-isomer in CD;CN and subjected the
solution to irradiation (4> 320 nm) at 20 °C for 1.5 h. The
isomerization was followed by NMR spectroscopy at ¢ 2.68 (s,
—CH,;) for (E)-4 and at J 2.54 (s, —CH;) for (Z)-5. The results
show that (E)-4 gave no detectable (Z)-5, while (Z)-5 gave trace
amounts of (E)-4, indicating that the product (Z)-5 was formed
only from the reaction, but for (£)-4, the major portion of it
was formed from the reaction and only a minor portion from
(Z)-5 by isomerization.

From the nature of the products, it appears likely that a free
radical chain mechanism is involved. Since 1 absorbs at 289 nm
and BNAH absorbs at 350 nm, only BNAH was excited to the
singlet excited state® under the experimental conditions. The
mechanism for the reaction is depicted in Scheme 2. In this
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BNA® + 1

scheme, initial single electron transfer takes place from BNAH
in its excited state to 1, the radical anion 6 formed rapidly dis-
sociates to a bromide anion and a neutral radical 7, some of the
allylic radical isomerizes to radical 8, and then the terminal
y-carbon-centered radical of 7 (or 8) abstracts a hydrogen
from BNAH to give an a,B-unsaturated ester.” Tanner et al.'®
have reported a radical chain mechanism for the reduction of
a-bromoacetophonone and Fukuzumi et al.'! have reported a
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radical chain mechanism for the reduction of benzyl bromide
by BNAH.

Evidence for the free radical mechanism was obtained from
a spin-trapping experiment. When 2-nitroso-2-methylpropane
was added to the reaction, EPR spectroscopy gave a signal
(Fig. 1) which is the superposition of two spectra: the one with
six lines of lower intensity is assigned to the spin adduct 9; the
other with three lines of higher intensity is attributed to the di-
tert-butyl aminoxyl radical formed as a byproduct from the spin
trap by photolysis.'?

Experimental

Instrumentation

'H and *C NMR spectra were measured on a Bruker AM-400
MHz spectrometer operating at 400.13 MHz for 'H and 100
MHz for *C, using TMS as reference for spectra recorded in
CDCJ,; or in CD;CN. All chemical shifts are denoted by J values
and J values are expressed in Hz. Mass spectra were obtained
on a VGZAB-HS mass spectrometer at an ionization potential
of 70 eV. EPR spectra were recorded on a Bruker ER-200D
spectrometer operating at 9.8 GHz and employing 100 KHz
field modulation.

Materials

BNAH " and [4,4-*H,]BNAH " were prepared according to the
literature; the deuterium content of the latter was greater than
95% (*H NMR method), MW 216 [mass spectrometry (MS)].
Ethyl (Z)-a-cyano-p-bromomethylcinnamate was prepared
according to the literature.’ m/z 293/295 (M/M+2); 54(400.13
MHz; CDCL,) 7.51 (5H, s), 4.98 (2H, s), 4.40 (2H, q), 1.41 (3H,
t); 0c(100 MHz; CDCl,) 167.60, 160.97, 136.41, 131.00, 129.65
(2C), 127.63 (2C), 115.20 (CN), 108.14, 62.81, 41.24, 13.94
(Found: C, 52.74; H, 4.16; N, 4.66. Calc. for C;;H,,NO,Br: C,
53.08; H, 4.11; N, 4.76%). Other reagents were commercial
products and were purified by standard procedures where
necessary.

Thermal reduction

A mixture of 1 (0.4 mmol) and BNAH (1.2 mmol) in 15 ml
deaerated dry acetonitrile was thermostatted at 25 °C in the
dark for 5 h. The reaction mixture was treated with some water
and chloroform. The organic layer was evaporated under
reduced pressure to dryness and subjected to chromatography
on a silica column with light petroleum—ethyl acetate as eluent
to give ethyl (E)-1-cyano-2-phenylcyclopropane-1-carboxylate
(3), yield 33% (based on 1).

Product 3: m/z 215 (M*, 17%); 65(400.13 MHz; CDCl;) 1.39
(3H,t,J7),2.15(2H, dd, J 8 and 1.86), 3.20 (1H, br t, J 8), 4.33
(2H, q, J 7), 7.36 (5H, br s); 6c(100 MHz; CDCl;) 167.3, 132.9,
116.31, 63.0, 35.32, 22.89, 22.73, 14.05 (Found: C, 72.69; H,
6.11; N, 6.59. Calc. for C3H;;NO,: C, 72.54; H, 6.09; N,



6.51%). The yield was rather low. The reason for this was that
the rate of reaction was low. The yield of BNA™ was slightly
higher than that of 3. 1 slowly decomposed in acetonitrile to
give bromine and a resinous product, which remained on the
top during column chromatography and was not characterized.
The bromine formed could further oxidize some BNAH to
BNA™.

Photoinduced reduction

1 (0.6 mmol) and BNAH (0.7 mmol) were dissolved in dry
deaerated acetonitrile (30 ml), and the mixture was thermostat-
ted at 20 °C and irradiated with a 500 W high pressure mercury
lamp filtered through double layers of glass transmitting light
of 2>320 nm for 1.5 h. Some water and chloroform were
added and the organic layer was worked up as above to yield the
two isomers of ethyl o-cyano-fB-methylcinnamate, total yield,
39% (based on 1).

Product 4: m/z 215 (M™, 24%); 64(400.13 MHz; CDCl;) 1.38
(3H, t, J 7.1), 2.68 (3H, s), 4.31 (2H, q, J 7.1), 7.46 (5H, s)
(Found: C, 72.64; H, 6.05; N, 6.41. Calc. for C;;H;;NO,: C,
72.53; H, 6.09; N, 6.50%).

Product 5: m/z 215 (M*, 24%); 6i5(400.13 MHz; CDCl,) 1.19
(3H, t, J 7.1), 2.54 (3H, s), 4.14 2H, q, J 7.1), 7.41 (5H, s)
(Found: C, 72.14; H, 6.10; N, 6.37. Calc. for C;;H;;NO,: C,
72.53; H, 6.09; N, 6.50%).

Reaction of 1 with cyanide (NaCN)

Sodium cyanide (1.1 equiv.) was added to the solution of
ethyl (Z)-a-cyano-B-bromomethylcinnamate in acetonitrile—
water (4:1 v/v). The mixture was stirred for 2 h at room tem-
perature and then some chloroform and water were added. The
organic layer was separated and subjected to chromatography
on a silica column to give ethyl (Z)-1-cyano-2-cyano-2-phenyl-
cyclopropane-1-carboxylate, yield 81%: m/z 240 (M*, 15%);
0n(400.13 MHz; CDCly) 1.42 (3H, t, J 7.3), 2.55 (1H, d, J 6.5),
2.74 (1H, d, J 67.5), 4.45 (2H, q, J 7.3), 7.5 (5H, s); 0c(100
MHz; CDCl,) 162.82, 129.16, 116.07, 113.60, 64.43, 30.66,
29.22, 24.67, 14.01 (Found: C, 69.87; H, 5.10; N, 11.42. Calc.
for C;,H;,N,0,: C, 70.00; H, 5.07; N, 11.65%).

Reaction of 1 with hydride (NaBH,)

A solution of ethyl (Z)-o-cyano-B-bromomethylcinnamate (4
mmol) in ethanol (15 ml) was added to a suspension of sodium
borohydride (10 mmol) in ethanol (10 ml), while the temper-
ature was kept below 40 °C. The mixture was stirred for 4 h at
room temperature. Excess sodium borohydride was destroyed
with dilute acetic acid and the pH of the solution adjusted to 6.
After addition of some water, the products were extracted with
chloroform. The organic layer was dried over MgSO, and the
solvent then removed. The crude products were subjected to
chromatography to give ethyl (E)-1-cyano-2-phenylcyclo-
propane-1-carboxylate, yield 67%.

Spin trapping experiments

BNAH (0.4 mmol) and 2-methyl-2-nitrosopropane (0.2 mmol)
were dissolved in dry acetonitrile (20 ml) and 1 (0.4 mmol) was
dissolved in another 10 ml of dry acetonitrile. Both solutions
were bubbled with argon for 5 min and then mixed in equal
volume in a tube. The mixture was irradiated with a 500 W high
pressure mercury lamp for 3 min { and then kept in the dark for
1 h. The reaction mixture was introduced into the EPR tube
and EPR spectra were recorded.

Conclusions

Ethyl (Z)-a-cyano-B-bromomethylcinnamate (1) reacts with
BNAH (2) stereospecifically at room temperature in the dark to

1 The short duration of irradiation is to avoid the formation of an
aminoxyl radical as a decomposition product from the spin trapping
reagent, see ref. 7, note 1.

give ethyl (E)-1-cyano-2-phenylcyclopropane-1-carboxylate (3)
by a direct hydride transfer mechanism. This provides a feasible
route to the stereospecific synthesis of cyclopropane derivatives.
The reactivity of 1 is similar to that of 2-bromo-1-phenyl-
ethylidenemalononitrile previously reported® and is in contrast
to that of 2-bromo-1-phenylethylidenemalonic ester,” which did
not react with 2 in the dark even at 60 °C. Furthermore, 1 reacts
with 2 under irradiation with >320 nm to produce the (E)- and
(Z)-isomers of ethyl a-cyano-B-methylcinnamate with the (E)-
isomer in preponderance. The latter reaction is rationalized
in terms of electron transfer, debromination of the radical
anion intermediate and hydrogen abstraction chain mechanism,
similar to what was reported’ for the irradiation of 2-bromo-1-
phenylethylidenemalonic ester with 2.
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