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Abstract: The reduction of ?-bromo- l- ( p-X-phenyl 1 
ethylidenemalononitrile (X -RPM: X =H. F, Cl, Br, CN) by NADH models 
BhLAH and AcrH, has been Investigated. Based on product analysis, kinetic 

isotope effect. and free energy relationship, a direct hydride transfer and an 
electron transfer-hydrogen abstraction mechanism is proposed, respectively. 

The reduced form of nicotinamide adrnine dinucleotide (NADH 1 is a typical 

coenzyme which plays a vital role in many biological redox reactions. The mechanism 

of hydrogen transfer from NADH model compounds to a variety of substrates has been 

extensively studied and continues to be of interest. .4 n issue of particular interest and 

controversy is thr experimental distinction between one-step hydride transfer and 

multi-step mechanism involving an initial electron transfer’ ‘. 

The most widely uyrd model compounds for NADH are the 1,4-dihydropyridines 

such as 4-benzylLl, kdihydronicotinamide ( BNAH, 1 ) and IO-methyl-g. lo- 

dihydroacridine ( AcrH, . L’ ). 
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Since typical unsaturated groups which art reduced by NADH dependent enzymes 

include the C‘ = N. the C: = 0. and thr C = C functionnlities. various mechanistic 

probes have been developed which rnable the differentiation between reduction pro- 

cesses which procrrd hy direct hydridta transfer or by the sequential transfer of an 

electron and a hydrogen atom. or b>- tht, bpquence of electron-proton-electron 

transfer. Among these probes. thy a~hi110acetoph~110nes” and cyclopropane ring6 have 

been well studied. 

In a previous communication we have reported the reduction of 2-bromo-I- 

phenyleth~lidenernalononitrilr (BPh*l . $I). which is another probe. by NADH models 

HNAH and AcrIH,. Product analyyis and kinetic, studies revealed that thr reaction pro- 

ceeded by one step hydride tran.4ft.r to give Cphenylcyclopropane 1, I-dicarbonitrile 

(4:~) when L3NAH wab robed as the rrclucing agent but proceeded according to a multi- 

srep mechanism to yield “~phen~lrth?-lidtllenlalononitrile (5a) when AcrHz was used 

as the reducing agrnt. In this paprr WY wish to report the study of the reduction of 

five Fbromo 1 S phe~~vlethvlidrr~~~~~~~lor~ononitrilr carrying different para substituents _ 
on the phenyl group (XI;UPM : X =H. F. C‘I. Br . C‘N 1 (3a-e 1 by UNAH and AcrH,, 

respectively. and the 5uhstltuenr r>ffrc,t< on the rates of reaction. 

Results and Discussion 

Reaction of X-BP31 and BNAH: X-BPM was readily reduced by BNAH in ace- 

tonitrile at L’,Y C’. The oxidation product of BNAH, ENA+& , precipitated from the 

reaction rnixturt. within about tt’n nlinutrs aftrr the mixing of the reactants. The sole 

reduction pl-oduct of X L{Pl,l wa> Idrnrifird :I> rhe cyclopropane drrivatives (da-e) by 

‘HN\,IR and mash sprctromrtry. 2 Ph~~n~li.yclo~~rnI,anrl . I-dinitrile was reported be- 

fore’ by thr r~~du~~t ion (of 2-bromo I ~~l~r~~~letl~~lid~nen~alononitrile with sodium boro- 

h);dride. 

In order IC) ahcrrtaln the sitr of tr:tn\fyr of hydrogen from 13N,4H to X-BPM, 4- 

deuterated- 1 . -1 tlihb-dronicot inaniitlc. LINAH 4. .I d,. was used as the reducing agent 

for the reduction of BPh,I and the position of deutrrium incorporated in the product de- 

termined h\- ‘IISMR. ‘I‘hr result> ~howc(l that rht, rriplet at 6 3. 3 ppm for the tertiary 

hydrogen tllyappr-nrt,-tl antI 1 he douhlr~ at a 2. 3 pl)rn for methylene hydrogen changed 
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to a singlet. Th’.- d’ C t ; h IS In 1c’1 e\ t at the druterium is located on the benzylic position and 

$-carbon atom to the nitrite group. 

3 3 5 

~;Ils--11: il,,S-F: CCJS-(‘I: idIS=Hr; (c)X=CN 

Kinetic determination: Kinetic studies of the reaction were carried out under 

second-order reaction conditions with equimolar concentrations of BNAH and 

XBPM. It was found that the reaction was first order with respect to BNAH and first 

order to XBPM. Kinetic studies were also carried out with BNAH-4. 4-d, as the re- 

ducing agent. The rate constants as well as thv kinrtic isotope effects are collected in 

Table 1. 

Table 1. Ratr constants (k,J and kinetic isotope effects for the reactions of 

XBPM (2. Ox 10 ‘M ) and BNAH (2. 0 < 10 ‘hl ) 

It is seen from Table 1 that the magnitude of deuterium isotope effect clearly 

demonstrates primary klnetlc isotope effect and that breakage of carbon-hydrogen 

bond at C - 4 of BNAH muyt be involved in thr rat?-determining step for the reaction. 

In view of the fact the 2-X-i h 1 enylcyclopropane-1. Ldinitriler were obtained as the 

sole products in high yield> (86 ~ 91 JZ” 1. it is reasonably certain that thr reaction 

takes place by direct hydridt transfer mechanism as follows (scheme I) : 

Scheme 1 

Reaction of XBPM and AcrHL: Th e reaction of XBPM with AcrHz went slowly at 

room temperature and it took about 40 hours for completion. The products were iden- 
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tified to be the debrominated compounds with carbon-carbon double bonds intact (51. 

Kinetic Studies :Kinetic studies of reaction of XBPM with AcrHz were carried out 

under pseudo first-order reaction conditions with XBPM in more than 30-fold excess. 

The second-order rate constants were obtained by dividing the pseudo first-order rate 

constants by the concentration of XBPM. The second-order rate constants, kinetic 

isotope effect, as well as the reduction potentials of 2-bromo-l-(4-X-phenyl) ethyli- 

denemalononitriles (3a-3e) determined by cyclic voltammetry are collected in Table 2. 

Table 2. Rate constants (k,). kinetic isotope effect Ckn/kn> for the reduction of 

XBPM by Act-Hz. and reduction potentials of XBPM. 

I 9 11 I 1; (‘I I Br I CN I 
1 k,(lO’)M’s’ 3.86 4. 74 5.36 1 6.46 1 1.29 1 

I kH/kii 1.15 i 1.37 1.20 I 1.31 ~ 1.42 I 

I E.., ( V 1 0.32 0.35 ’ 0.21 I 0.12 0.00 I 

It is seen from Table 2 that. albeit kinetic isotope effects kH/kn are larger than 

unity, the absence of primary kinetic isotope effect is obvious. This ruled out direct 

hydride-transfer mechanism. The reaction probably proceeded according to a multi- 

step mechanism involving initial electron transfer as follows(Scheme 2) : 

Scheme 2 

Substituent Effect on Reaction Rates: For the reduction of XBPM by BNAH, a 

plot of the logarithm of the second-order rate constants k, versus Hammett dprlrr19 gives 

a straight line (Figure 1) with slope (p) of 2. 48. A positive and large value of p indi- 

cates that the reaction is facilitated by electronwithdrawing substituent and is more 

sensitive to the electronic properties of the substituent groups. 

1ORkH = prm + A-l 

For the reduction of XBPM by AcrH,, a plot of logarithms of rate con 

stantsagainst D,, values did not give a straight line (Figure 2). This. in conjunction 

with the absence of primary kinetic isotope effect. indicates that a multiLstep mecha- 

nism shown tn Scheme 2 is probably involved. According to the Scheme, the rate-de- 
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Figure 3. Plot of the logarithm of k, versus Hammett 6, values. 

termining step for the reaction could either be the electron transfer (step a> or the dis- 

sociation of the intermediate radical anion (step b), while the hydrogen abstraction 

(step c> as the rate-determining step can be eliminated on account of the negligible 
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Figure 2. Plot of the rate constants for the reaction of XBPM and 

AcrHz versus Hammett 0, values. 
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Figurr 3. Plot of the rate Constant> for reaction of XBPM with 

AcrH. versus rrduction potentials of XBPM’s. 

isotopr rffvct. It’ thr rlrctron transfrar I> thus rate-determining step. the rate constants 

for the reaction should show some Ilncar c.orrclation with the reduction potentials of 

the substrate XISPM. A plot of the rate constants for the reaction of XBPM with 

AcrH, versus thr reduction potrntials ol MUPM is illustrated in Figure 3. Although 

Figure 3 does Indicatr a linrar correlation for the halogen-substituted substrates (ex- 

cept the F compound ) . lht, ratr constant for the CWsubstituted compound. which 

has thr highryt redtlction porential . tlvviatrs far below the straight line. This seem- 

ingly anomalous result (‘:~II hc ra~ionalizrd by the proposition that the dissociation of 

the intermediate radical Anton is thy ratr dett~rnlining step because the substituent ef- 

feit not only influence?; tht> ratr of c.lt.ctron tranhfer leading to the formation of the 

radical anion. XLzPkl . but also t hc cli>sociation of the XBPM. leading to the forma- 

tion of an allylic. rattic,al. XllPM ’ , alld a bromide anion. Considering the latter step, 

the transition ~tatt’ for t tie dlshociat Ion of radical anion 3d* and Se. can be represented 

as follows : 

transition state for 

the dissociation of Se. 
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It can be vihualizrd that. when the para substituent of the phenyl ring is a halo- 

gen. because the elr~tron-donating conjugativr effect of halogen substituents facili- 

tates the leaving of tht, bronlidr anion Iron) thy substrate radical anion and thus lowers 

the energy of 11~~ transition 4tittfi, the ratr of dissociation is enhanced. On the other 

hand. when thr subslituen1 ib a cyano grollp. which possesses an elect ron-withdraw- 

ing conjugative rffrct ai~cl rrtards the I~aviiIg of the bromide anion, it raises the energy 

of the transition btatr. hence the rale of tli>sociation is diminished. Since the order of 

electron-donating conlugative effect of halogen suhstituents is Br>Cl>F. il is justifi- 

ble to conclude that the disbociation of thr intrrmediatr radical anion is the rate-deter- 

mining step for thr reactIon. which acc'on~1~1od;~~es well the observed order of reactivi- 

ty of the five XLIPM’b in thrir reaction with AcrH: (Table 2) : 

~~CNUPM-,HBP~,I(I) FUPM<,I)-C‘IlIPhl(l)~~rI~~~/I 

To sum up. the react ion of Z-bromo- 1 ( p X-phony I ) pt hylidenemalononit rile and 

BNAH is clearly shown to proceed via a tlirect hydride transfer mechanism. On the 

other hand. thr reaction of L’~bromo- I ( p- X-phony 1 1 ethylidenemalononitrile and 

AcrH, gors through a multi-strp rlectron transfer-hydrogen abstraction process. 

Experimental 

Materials : 1 -Uenzyl 1 , &dihytlronlcot lnamitlr (UNAH 1 was prepared according 

to the literature’ UNAH-4. ,1-d, was synthesized as described”. lo-Methyl-9, IO-di- 

hydroacridine ( AcrH, 1 WR> prepared according 10 thy literature’“. lo-Methyl- 9. lo- 

dihydroacridlne is. !>-‘H, 1( AcrDz ) was prypared by oxidation of AcrHL with chloranil 

and reduction with L3NAH~J. 4 d,‘,‘. It was shown to contain 93. 0% deuterium by 400 

hlHz ‘HNMR spxtroxopy. Acetonltrilc, . analytical grade, was purified and dried ac- 

cording to standard procedure. 2 Uronlo- I -phrnylethylidenemalononitrile and its 

derivatives (XHPM ) were prtparrd by condensation of the corresponding ketones with 

malononitrile” followrd by I)ronlination with N bromo>uccinimide (NITS) in carbon te- 

trachloride under I:V illunlination using dibrnzoyl peroxide as initiator. 

2~Bron~o~l~phen~leth~litlrnenen~~~lonitril~ (HBPM ) : yield 50% ; mp 120-122 C 

(recrystallized from C’I1,OHj; Found: c‘ 53. 82, lI 2. 90. N 11. 18. Calc. for 

C,,H-I3rN,: c’ 54. 07. H 2. 96. N 11. 38; 1153: n/x 246/248 (M/M+“); ‘HNMR 

(CDC’I.): 37. titsH.>). .I. 5:ic’H. s;. 

2-L3romo 1 (1) bromophc~nyl j rth~litl~~~en~alo~lo~litrile (UrUPM 1 : yield t;O>< ; mp 

82~~84 C‘ (recr)->tallizrd from C:H,OII): Found : C 40. 51 . H 1. 92. N 8. 44; Calc. for 

C,,H,,Ur,N: C’ 3(~. 73. II 1. 85. N 8. 63; MS: m/z 324/‘326/328 (M/M +2/U&44); 

‘HN.CIR (CI)Cl 1: 37. 7 (2H. tl. J=12. OHz). 7.48 (‘H. d, 5~12. OHz). 4. 62 (ZH, 

x 1. 
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2-Bromo- 1- ( p-chlorophenyl ) ethylidenemalononitrile ( ClBPM > : yield 65 % ; mp 

95-97 C (recrystallized from CH,OH); Found: C 47. 03, H 2. 29, N 9. 88; Calc. for 

CIIH,BrCINz: C 47. 14 H 2. 14. N 10. 00, MS: m/z 280/282 (M/M+2); ‘HNMR 

87. 5 (4H,s).4. 49cZH.s). 

2-Bromo-- 1 - (p - fluorophenyl )ethylidenemalononitrile (FBPM) : yield 43% ; 

mp 48 - 50 C (recrystallized from CH,OH); Found: C 49. 87, H 2. 30, N 10. 41, 

Calc. for C,,H,BrFN,: C 50. 0, H 2. 27, N IO. 60, MS: m/z 264/266 (M/M +2); 

‘HNMR 67. 6(2H,d,J=lZ. OHz). 7. 3(2H,d,J=12.OHz),4.5(2H,s). 

Z-Bromo-I-(pmcyanophenyl) ethylidenemalononitrile (CNBPM) yield 2. 5%; mp 

118-120 C (recrystallized from CH,C)H); Found: C 52. 98. H 2. 33, N 15. 27, Calc. 

for C,,H,BrN,: C 53. 13, H 2. 21, N 15. 51, MS: m/z 271/273 (M/Mf2); ‘HNMR 

(CDCl,):67. 7(2H.d,J=llHz). 7. 5(2H,d,J=llHz),4. 62UHts). 

Reduction of XBPM by BLAH and AcrHz: A mixture of X-BPM (0. 4 mmol> 

and BNAH (0. 45 mmol) in 10 ml deaerated acetonitrile was thermostated at 25’C for 

4 hours in the dark. The solvent was removed in a rotary evaporator under reduced 

pressure. The products were separated by t. I. c. giving 2-(pmX-phenyl)-lt I-cyclo- 

propanedicarbonitrile (XPCN) in high yield. Meanwhile. a mixture of XUPM 

(0. 4mmol) and AcrHz(O. 45mmol) in 10 ml deaerated acetonitrile was thermostated at 

65 C for 48 hours in the dark. The product I-(p-X-phenyl Iethylidenemalononitrile 

(XPM) was isolated by column chromatography on silica gel with petroleum ether- 

ethyl acetate as eluant. The structure of XPCN and XPM were determined by ‘HNMR 

and mass spectrometry. 

HPCN yield: 88%; Found: C 78. 32, H 4. 84, N 16. 55; Cafe for C,,H,N,: C 

78. 57, H 4. 76. N 16. 67; MS: m/z 168(M-);‘HNMR (CDCl,): 67. 38(3H,s),3. 30 

(1H.t ,J=9. OHz), 2. 23(2H,d,J=9. OHz). 

FPCN yield: 91%; Found: C 71. 22. H 3. 76. N 15. 00; Calc. for C,,H7N,F: C 

70. 97, H 3. 89. N 15. 05; MS, m/z 186(MY; ‘HNMR (CDCl,): 67. 30(2H,d,J= 

llHzj.7. 05(2H,d.J=llHz). 3.25(1H.t+J=8. OHz), 2.25(2H,d,J=llHz). 

ClPCN yield: 90%; Found: C 65. 22. H 3.51. N 13.53; Calc. for C,,H,N,Cl: C 

65. 35, H 3. 46, N 13. 86; MS: m/z 202(M-); ‘HNMR (CDCI,): 67.45(2H.d,J= 

~.OHZ).~.~O(ZH,~.J=~.OHZ), 3.25(1H,t.J=lO.OHzi, 2.25(2H,d,J=lO.OHz). 

BrPCN yield: 90%; Found: C 53. 39, H 3. 04, N 11. 20; Calc. for C,,HiN,Br: C 

53. 66. H 2. 84, N 11. 38; MS: m/z 246i’248(M’/M+2);‘HNMR (CDCl,$): 67. 55 

(2H.d,J=8. OHz). 7. 20(2H.d,J=8. 6Hz). 

CNBPM yield: 86%; Found: C 74. 68-H 3. 60, N 21. 44; Calc. for C,,H,N,: C 

74. 61, H 3. 63. N21. 76; MS:m/z 193(M’);‘HNMR: 67. 60<2H,d,J=7.8Hz), 7.45 

<2H,d,J=7. 8Hz). 3. 25(1H,t,J=9Hz). 2,25(2H,d,J=9Hz). 

HPM yield : 65% ; Found: C 78.43, H 4. 80, N 16. 48; Calc. for C,,H,N, : C 
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78. 57. H 4. 76. N 16. 67; MS: m/z 168(M’); ‘HNMR (CDCl,<): 87. 5(5Hz,s), 2. 6 

(3H,s). 

FPM yield: 72%;; Found: C 70. 81, H 3. 93, N 14. 97; Calc. for C,,H,N,F: C 

70. 97. H 3. 89, V 15.05; MS: m/z 168(M-);‘HNMR: 67. 35(2H,d,J=lOHz), 7.00 

(ZH-I.d.J=lOHz), 2. 5(3H,s). 

ClPM yield : 69% ; Found : C 65. 17, H 3. 53. N 13. 71 ; Calc. for C,,H:N,Cl: C 

65. 35, H 3.46. N 13. 86: MS: m/z 202(M+);‘HNMR (CDCI,): 67.45(4H,s), 2. 56 

(3H,s). 

BrPM yield: 78%; Found: C ,53. 46, H 2. 91, N 11. 25; Calc. for C,,HiNZBr: C 

53. 66. H 2. 84. N 11. 38; MS: m/z 246/248(M+jM+Z+); ‘HNMR (CDCl,): 67. 65 

(ZHI,d,J=gHz).7. 45(2H.d.J--Hz), 2. 65c3H.s). 

CNPM yield: 70%: Found: C 74. 66, H 3. 75. N 21. 51; Calc. for CIIH,N,: C 

74. 61, H 3. 63. ?J 21. 76: MS: m/z 193(M-);‘HNMR: 87. 6(2H.d,J=8. OHz),7. 40 

(2H,d,J=8. OHz). 2. 6c3H.s). 

Kinetic Measurements: Kinetic n lrasurrments were carried out using a Hitachi 

557 UV-visible spectrophotometer connected to a superthermostat circulating bath to 

regulate the temperature of cell compartments. For the reduction of XBPM by 

BNAH, reaction rates were monitored by the decay of the absorption band due to 

BNAH (h = 365nm ) oi an acetonitrile solution containing BNAH (2x10” M > and 

XBPM (2x10 ‘M i ar 25 ( . For the reduction of XBPM by AcrHL, measurements were 

carried out at 60 C under psrudo first-order conditions with XBPM in at least 3O-fold 

excess. Reaction rates wvre monitored by the increase of the absorption band due to 

AcrH+(A=413nm i 

Cyclic Voltammetry: Reduction potrntials of XBPM were determined by cyclic 

voltammetry in acrtonitrile containing 0. 1M (rt-Bu ),NClO, at scan rates 50mV. s ‘. 

The measurements were performtd using a B. A. S. (‘V-27 Electrochemical Analyzer 

(Bioanalytical Systtlm. Inc. West Lafayett<B. Indiana) with a glassy carbon working 

electrode. which had bren polished and tlrird before use. and a SCE reference elec- 

trode. The scan rangr was within 4 O. 2 10 1. 0 \- and the cyclic voltammograms of 

XBPM show an irreversible rrductivr peek. Thr cyc~lic voltammrtric data reported are 

the average of thrrr separate runs. 
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