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Abstract The reduwction of imines by

}.S-dicthoxycarbonyl-2,6-dimethyl-1 . 4-dihydropyndine, an

NAD(P)H model, 1s catalyzed by Mg * 10ns Kinetic measurements of the reduction of a senes of imines

denved from substituted benzaldehydes. show a very small polar substituent effect (p =

0139) The

results have been interpreted 1n terms of a2 mechanism involving a hydnde transfer from the dihydro-

pyndine denvative 1o an wmine-Mg’* 10n complex

The biosynthesis of glutamate, tetrahydrobioptenn,
tetrahydrofolate and $5.10-methylenctetrahydrofolate
involves the NAIDXP)H mediated ensymatic reduc-
tion of the C N bond Little or no information 1s
available on the mechamistic details of these reac-
tions In general, a hydnde' transfer—from the re-
duced pynidine nucleotide coenzyme 15 assumed.
and in case of the glutamate dehydrogenase reaction,
catalysis by both. protons and zinc 1ons has been
inphcated * The postulate of electrophilic catalysis of
the hydride-transfer step. in the reduction of the CO
group. has received strong support from the X-ray
data on lactate  dehydrogenase.™  alcohol
dehydrogenase™ and  glyceraldehyde-3-phosphate
dehydrogenase™ “ and from model studies.® In order
10 examine the potential role of electrophiles in the
NADIP)H-mediated enzymaue reduction of the

the

model reaction, namely the reduction of 1mines by
1 &dihydropyndine denvatives” has been undertaken
in this laboratory

Although two examples of the reduction of imines
with Hantssch ester have been reported in the hitera-
ture.' these are charactenzed by drastic reaction
conditions (refluxing phenctole) and low yields of the
reduction products In contrast, the reduction of
imines. in the presence of acids,' and of iminium and
1.8-unsaturated 1minium  salts.'' by 1.4-dihydro-
pyndine denvatives. proceeds smoothly to give high
yields of the corresponding amines It was therefore
an interesting question whether the reduction of
imines by | .4-dihydropyndines could be catalyzed by
Lewis acids. such as metal 1ons, and. if so, to
investigate the role of the electrophilic catalyst We
report here the results of Mg'* 1on catalysis of the
reduction  of imines (1)  with 3 .5-dicthoxy-
carbonyl-2.6-dimethyl-1.4-dihydropyndine (Han-
tesch ester, 2)
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The choice of Mg™* as the catalyst was influenced
by the knowledge that Mg 1ons are' (1) widely impli-
cated in biological processes and (n) capable of
forming complexes (with organic hgands) which are
soluble in a number of solvents and under a range of
reaction conditions

The potential catalytic influence of Mg’ * 1ons was
cxamined by studying the reaction of a senes of
imines with Hantzsch ester, both in the absence and
presence of a Mg salt. The imines 3a-d, 48 and
S-representing aryl and alkyl substitution at the C
and N ends of the imine function—were refluxed with
2. n THF. with or without Mg(CIO,).. ull the
Hantzsch ester had been consumed (TLC) Upon
working up the mixture. the reduction products
(amines) were isolated and 1dentified by companson
with authentic samples. which were prepared by
NaBH, reduction of the starting imines (Expen-
mental) The results are presented in Table | Com-
panison of the yields of the 1solated amines (Table 1),
when considered 1in comjunction with the time re-
quired for the reduction (disappearance of 2). clearly
indxcates that in general Mg 1ons enhance the for-
mation of the reduction products Although. the
vanable and 1n some cases modest yields of the
1solated amines'” prevented us from carrying out
kinetic studies with these imines, the data in Table |
suggest that the imines derived from bhenzaldehydes
and anmilines (3a-d) are intnnsically more reactive
than the imines denved from either abphatic amines
(4a—¢) or an ahphatic carbonyl compound (5) In the
last mentioned two cases 1t 1s noteworthy that no
reduction products could be observed in the absence
of Mg'* 1ons

It should be menuioned that decreasing the Mg’ *
10n concentration by half, 1n a test case (). did not
influence the reaction

Having cstablished that the reduction of the imine
group by Hantzsch ester 1s catalyzed by Mg 1ons, we
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Table 1 Influence of Mg’ * 10ons on the reduction of imines by Hantzsch ester (2). (THF, reflus)
(Imine] = [2) = [Mg**) =0 100 M
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sought 10 examine the mechamism of this catalysis. In
this connection, attempts were made to investigate
the nature of the interaction between Mg** and the
imines (substrates) or the amines (products) Spectral
(NMR) studies to this end were, however. only
modestly successful Addition of Mg(ClO,), to solu-
tions of the imines, in MeCN. gave no observable
changes in ther UV spectra Analysis of the
'H-NMR spectra of mixtures of Mg’* and imines
was subject to severe hmitations due to both, in-
solubility of Mg(ClO,), imine complexes and line
broadening of the chemical shift peaks Influence of
Mg’ " 1ons upon the chemical shifts of charactenstic
protons in 4s—¢. S, and Sa1s descnbed in Table 2 The
results suggest a weak coordination of the metal 10n

with the imines or the amine (88). presumably via the
N atom Companson of the maximum chemical shift
displacements of the benzyl protons in $ and Sa
suggests that, as expected, the amine complexes more
strongly than the corresponding imine. This s n
accord with the relative basicities of the nitrogen
atom 1n the two systems

In Liver alcohol dehydrogenase catalyzed reduc-
tion of aromatic aldehydes.'’ 1t 1s observed that—in
contrast to their reduction with NaBH,—the subsuit-
uents exert a weak influence upon the rate of the
reachion These results have been explained on the
basis of a mechanism which involves the polanzation
of the CO group by the essential Zn 10n at the active
site If Mg ion catalysis of the non-enzymatic reduc-

Table 2 'H-NMR chemxcal shifts (8) of relevant protons in 4e—., $ and 5¢. upon addition of Mg?* ., in
CD,CN ([ymine] or [samine] = | 0 M)

Imine : Kg 8¢ (R & (H) 8¢ (H)) 5 (2H))  2e (H
1:0 8.n 8.23% 8.4C &4.48 5.7%
1:0.2% 8.4a% 8.3 n.c. 4,66 .
1:0.% n.c. 8.38 B.C. 4,99 8.18
1:0.7% a a [ [ .18

a.c.: 00 change

. : accurate chesmical shift ass.gnocent could not Le eade

due to line broadening,



NAD(P)H Modely—XVII

Tabk 3 Rates of reduction of imines $a-f by Hantzsch ester (2) in CH,CON at 64 |
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from benzaldehydes and amline can be reduced,
10 - " under severe conditions, by | 4-dihydropyndine de-
o p-Cl nvatives, 1n an analogous reaction, the imines, in
fal oM gg
P o-F general. are unaffected. The catalyuc influence of
g6 D_:O'\ acds on the reaction has been recognized® and N-
‘e alkylation of the imine group'® has been shown to
- s -02 greatly facihtate i1ts reduction The latter may be
2 ' regarded as the extreme form of electrophilic cataly-
sis, where the electrophile 1s covalently inked to the
62 0 2 ¢ 6 8 substrate The data presented 1n Table | demonstrate
g that, whereas, as expected, an intramolecular proton-
Fig 1 Hammet plot  for the reduction of

ArCH-NCH,CH,-C,HN (2) by Hantzsch ester

tion of imines involves an analogous polanzation of
the 1mine function wia metal coordination of the
N—it would be expected that the reaction display a
relative insensitivity to substituent effects.'* An onen-
lation study of several imines. designed to examine
this aspect. indicated that the senes of imines of
general structure 6 (Table 3) was suitable for this
purpose Reduction of 6a—f with Hantzsch ester (2).
in THF, in the presence of Mg(Cl0O,), (C,H,0H),."
gave mixtures consisting of only oxidized 2 and the
product amines (TLC). From these muxtures the
latter amines (Ta—0) coyld be isolated in 75 85%, yweld
The observed pseudo first order rate constants for the
reduction of 6a—f were measured by followmng the
rate of disappearance of the Hantzsch ester The
results are summanzed in Table 3 Also included in
the latter are kinetxc 1sotope effects for the reduction
of 6a. 6b and 6d. The results indicate that the
reduction rate 1s not appreciably influenced by sub-
stituents;, the maximum vanauon, that between 6a
and 61, being a factor of less than 3. Significantly, the
rate decreases with the electron withdrawing charac-
ter of the substituents and a Hammett plot (Fig. 1)
pves a ncgative p value of - 039 It s noteworthy,
that in analogous reactions Mg ions retard the
reduction of thiopivalophenone,'* hexa-
chloroacetone,'” N-methylacndinium 10n' and ben-
z0ylpyndine '*

DISCUSSION
The results of the present study. plus the himited lit,
reports.’ indicate, that while Schuff's bases denved

donating substituent or a strong clectron wath-
drawing group promotes the reduction reaction
(compare 3a with 3b, 3¢ and 3d). addition of Mg 1on
results, 1n each case. 1n a distinct catalytic influence
upon this process This i1s reflected 1n the time re-
quired for complete oxidation of the Hantzsch ester,
considered together with the yields of the isolated
reduction products

‘H NMR spectra of mixtures of imines and Mg *
1ons (Table 2) suggest that a weak complexation
between the substrate and the metal 1ons may ac-
count for the small but defimite chemical displace-
ments of the charactenstic protons The difference
between maximum 8-value displacements of the ben-
2yl methylene protons in § and 3a sigmficantly point
to a stronger complexation of Mg’* 10n with the
amine, than with the imine This 15 1n hne with the
catalytic effect of the metal 1ons, since a relauvely
stronger complexation of the imine in the transition
state.™ than with the starting matenal.’’ would be
expected to enhance the reduction process The nar-
row range of Mg 1on concentrations within which the
'H NMR spectral studies of imine;amine-Mg® * mix-
tures were possible. do not allow a specific descnp-
tion of the structure of the complexes However. the
curve of Mg'' Sa, which points 10 2 maximum
chemical shuft displacement at 0 5 equivs of Mg'*
10ns, suggests a stoichiometry of 2 | in the amine
(Sa) Mg' ' complex

Two questions are of pnmary interest in con-
nechion with the metal-catalyzed reduction of imines
These are' (1) does the reduction proceed via single-
step hydnde transfer or a muluple-step process’ and
(n) does the formal hydnde transfer occur from the
“free”” dihydropyndine to the complexed substrate,
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or from the metal-complexed dihydropyndine to the
free substrate '**' Whereas the catalytic role of metal
1ons in the NADH-model mediated reduction of
carbonyl compounds has been the subject of several
investigations, only two communications, emerging
from the current programme, descnbe the analogous
metal-ion catalyzed reduction of imines ™+ While the
discussion of the hydnde vs muluiple-step mechamsm
of reduction with NADH-models continues,”** re-
cent results on both. enzymatic ‘“ and non-
ensymatic™ ¢ reductions strongly favour the hydnde
transfer mechamsm It 1s also sigmficant that the
Mg’ " 10n mediated reduction of N-methylacndinium
salt has been interpreted in terms of a ssmple one-step
hydnde transfer '* In the present study the pnmary
kinctic 1sotope effect points 1o the transfer of the
H-nucleus in the rate-determining step (Table 3) and
the overall results are consistent with a one-step
process

With respect to the second question, the rates of
reduction of the imincs 6a-f throw light upon the
mechanism of the catalytic process. The data in Table
3 show that the rate of reduction 1s relatively insen-
siive to substituents 1n the aromatic moiety and the
observed trend indicates a lowenng of the rate with
clectron-withdrawing substituents

Whereas activation of the imine function by metal
coordination of the N would be expected to suppress
the 1nfluence of aryl substituents on the reducuon
reaction, the negative, albeit low p-value, of the
Hammett plot points 1o the development of a very
shight (if any) positive charge. in the transiuon state.
A 1two-step mechamsm involving metal-<complexation
of the imine. followed by hvdnde transfer from the
Hantzsch ester 1o the complexed imine, [eqs (1) and
(n) allows a satisfactory rationahization of these re-
sults

A IMg‘
Ar C N-+ Mg'" = Ar-C=N /! (1)
AN

2. v \M v
/\r—C:."*:ln"M8 +HE — Ar CH-N g

N +0Oxid HE N ()

The observed p value 1s composed of the sum of p
values of the two steps If Kk s the observed rate
constant, k,-k , the equihbrnum constant of the first
step and k. the rate constant of the second step. then.

- kl

Ko Ck, where C 1s a constant.
1+k

If constants for the imine 6a are denoted by suffix
“0". then

(k,<1+k )  Ck,

K Kolw = — .
(h Kol kot + k) CK;oe
B k, 1+k Lot k.
Kiw 12k | Kkion
k, L+ ke k.
} = il — log —*
log (k-Ke)on 'ng..‘,.”og Tk + ogkm-

ik .k P | (equihbna are estabhished rapidly)
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k k k
log (k:k,o) = logk—I - log ——— + log ——

[ k -1 obm k.‘ ol
(po )oh = (po )mnﬂnum - (po )ouc-\'.uboa + (po )-a-n-on

Assuming o 1s the same for all reactions

Pore = (Piompies — Pamempis ) + Prea = P1 + 02

1t 1s obvious that polar effects of substituents in eqns
(1) and (n) would have oppositc effects and the
relative magmtudes of p, and p, would determine
whether the observed p would be postuve or negative.
The p value of - 039 indicates that the transition
state hardly possesses a polar character. In fact, p
values of this magnitude are found for cyclic transi-
tion states, such as for the Claisen-rearrangement of
p-substituted cinnamyl  p-tolyl  cthers *  The
aigmificance of the low negative p value in the reduc-
uon of imines hes in the fact that 1t makes the
two-step reaction an obhgatory mechamsm Further-
more, this obligatory mechanism has to involve the
reduction of a metal-i1on complexed imine moiety by
the free Hantssch ester

In connection with the present study it 1s inter-
esting to note that the Mg 1on catalyzed reduction of
substituted 1. 2, 1.-tnfluoroacetophenones exhibits a
substitution dependency with a reactivity constant of
p = 129° Although the latter value can, in pnn-
aple. be accounted for by a mechamism such as the
one proposed for the reduction of the imines, 1t 15,
however, not 1n disagreement with the alternative
mechanistic proposal involving a hydnde transfer
from a metal complexed NAD(P)H model In conclu-
sion 1t can be stated that Mg ions catalyze the
reduction of imines by Hantzsch ester and that the
mechamism of catalysis involves the polanzation of
the C=N bond by complexation of the imine N with
metal 1ons

EXPERIMENTAL

Materwis Analytkal grade (Merck) MeCN. employed
as a solvent, was stored over mol ueves 3A For kinetx
measurcroents the wlvent was distilled over P.O. Hantzsch
ater 27, Ja? 4. @ & 57 and mag-
nestumhetkisethanol perchlorate’ were synthesized accord-
ng to It procedures

Imines 304

General procedure A misture of stoichiometnc smounts
of aniine and the substituted benzaldehyde in EtOH
(2 ml gm of resctants) was stirred overnight at room temp
The cnystaline product thus formed was filtered off and
recrystalhized from dry FIOH (o pve the pure imine
Charactenstic data 1 presented in Table 4

Imuines ba—{

General procedure A mixture of stoichiometric amounts
of 242.-aminocthyl)pyndine and the substituted ben-
7aldehydes 1in cther (Smlgm of reactants) was surred
overnight at room temp The imines 6a, 6 and 6d were
solated and punfied by separating the cther layer from the
water (product dunng the reaction). evaporating the cther
and disuling (short-path) the residue The fraction which
came over at 140-160 (10 ‘torr) was collected In case of
imines 68, 6e and &f an cther insoluble product was formed
a1 the end of the reacton which was filtered off and
recrystalhized from dry EtOH to gve the pure imines (Table
2}
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Table 4 Charactenstk data on wmines (3o-d, 6o-1)

‘oine Yield e.p./>.p. ) (CDC).)\ CH+R-
» 8% 52-53 8.38 s
3c 8% G8-69° 8.4> 8
3 o 1% 8.70 3
oA 35% 150¢/.C1 oo 8.2¢ n
(33 Ay e-65° 8..'Y/ 8
6c 8% ULEAR 8. s
64 4% 26-400 8.1° 5
6e 9% 1797-108¢ B.26 13
(34 9% 84-84° M.

Reduction of uvmines —b) sodium borohydride

General procedwre A mixture of the imine (2 mmol) and
NaBH, (equal amount in weight) in EtOH water (95 5.0
case of da—4 and 6e-N or MeOH (in case of da—<) was
stirred overnight at room temp. The muxture was diluted
with water or allowed to react with dil HQ1 (10%,). followed
by 10°, Na,CO, (ull pH 10-11), and extracted with CHCY,
The CHCI, soln was filtered through a CHQ1,-welted filter
paper and evaporated to yeld the corresponding amines
(Sa. 7o, 8a—4, 92<) as oils Yields vaned from 60-95°,,
except in the case of the amine from 3. where 8 low yeld
(40°,) was observed duc 1o difficulty in extraction of the
product from the water layer (Table 5)

Reduction of imines with Hanizsch ester (2)

A soln of the imine (2 mmole) and 2 (2 mmole) in THF
was flushed with dry N, pnor to reflunng and then heated
to reflux under N, ull the Hanuzsch ester had boen
consumed (TLC) The mixture was subsequently worked up
as follows

Amunes Sa, 9ad After evaporation of the THF. a I M
NaOH was added (pH 10 11) and the mixture extracted
with ether The organic layer was separated, dned over
Na,SO,. Evaporation of the ether yielded mixtures of the
amines (Se, %2, b) and oxidized Hantzsch ester which were
snslyzed by 'H NMR spectroxopy

Amunes Ta-{. After cooling the muxture to room temp.

Table 5 Charactenstic NMR (CDCl,) data on amines (Sa, 701, Sa—d and %9e—<)

By-om-©

” @—Cu,m :O

R,

33 MR n 39 Ren

2 ReOM Ryen 24 R One

8 R RND 20 R w0,

29 R0 0M R.NO,

Amine * ArCl_(\., iCD‘.‘:5'I Azine & ArCH, b Aroe. (H)

8a 4,7 9 28 ‘.81 8 7.08-7.45
8n 4.5 98 3.75 o 6.83, 7.5 (A;B., -9
8- 4.40 n 9o 594 8 V.57, V.64 (A,B,, 1-8)
Ba 4.5 s

* The one g.gnal overlaps :that of the Ci,.

Agine LONM t Pyr THyCH, K & N-CH,Ar
s 2.07 2.98 3.7
) >.38 3.08 3.8”
e 2.3 5.05 5.85
2a Ale 2.99 3.7%
e 2.8 5.00 3.9C
i s DLl 5.09 5.98
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about 10 g slica (per mmole of 1mine) were added and the
resuling slurry was evaporated to dryness The resudue was
brought on a slica column and eluted consecutively with
dicthyl ether (150-200 ml), and MecOH (100-150 ml). The
cther layer contained the oxxdized Hantzsch ester and traces
of 2 The McOH fracuon was evaporated to dryness, the
reudue dissolved 1n 30 mi CHCI, plus 20 mi 25%, ammonia
(per mmole of starting imine) The water layer was extracted
with CHC, (3 x ). the combined extracts dned by filtenng
through a CHQl,-wetter filter paper and the solvent re-
moved by cvaporation, whereupon the product armunes were
obtained The punty was checked by companson with the
authentic samples (IR, '"H NMR and TLC).

'HNMR speciral measurements of wmine [amwne-Mg'*
mivtures NMR spectra were recorded of |.OM solns of
4a<. 5 and amine Sa in CD,CN, contaming varyng
amounts of Mg(C10),(EtOH), The signal corresponding to
CHD,CN. which 1s present in small amounts in deuterated
acetonitnle, was fixed at | 90 ppm (relative to TMS) and
employed as reference for the measurements Since no
change n the spectrum was observed when a sample
containing | OM of 8 and 0 S M of MgtCIOJ{EIOH),. 1n
CD\CN. was diluted to twxe the onpnal volume with
CD,CN. 1t was assumed that varying the cthanol concen-
tration did not sigmificantly affect the chemxal shifts

Kinetic measwements To Tml of dry, argon-flushed
MeCN. in a 10 ml measunng flask was added 0 40 ml of a
I'M soln of one of the imines (6o~ and 1 00ml of
I M Mg(C10,); and the volume made up to 10 ml wmith dry
McCN  Both. the reference and the measunng cells were
filled. under argon. with 2 S ml of the latter mixture, and the
cells placed 1n a thermostated (64 1° + 0 1°) cell holder of a
Cary- 17UV spectrometer After waiting ( ¢+ 30 min) ull the
ocll-contents had reached 64 1, 10 4l of a soln contaiming
002 M Hanirsch ester (2) in MeCN), containing about
02 M Mg(C10,); 1n order 10 increase the solubtity of
2 was ingcted into the measunng cell The extinction at
170 nm (1n the case of 6e and 6f at 395 nm) was followed (or
at least three half-lives Subsequently, a second portion of
210 ul) was added 1o the measunng cell and the extinction
followed once again. This was repested However, no
ugnificant change in of the half-lives was observed for 34
injections Pseudo first order rates were calculated from the
extincion data (Table 3)
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