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ABSTRACT

bt Several Zn++-containing metallo-enzymes are known

in which histidine imidazole nitrogens are 1igands to the

active site zinc.. Two such enzymes are alcohol de-
hydrogenase (ADH), containing one histidine and two
cysteine sdlphurs, and carbonic anhydrase (CA), contain-
\'\\ing\three histidines coordinated to zn**. Considerable
effort has\been applied to the synthesis and studies
_of small molecules which contain an imidazole (or
py:?dine). along_with other ligating species as models
which mimic the metal binding site and the enzyme
' process.
The first chapter deals with the synthesis and
‘phySical studies of chelating ligands contaiping a
“ basic nitrogen and two sulphurs as modelsnf:{'ADH. This
enzyme catalyses the interconversion of alcohdls and
\\\<\\\aldehydes/ketones, using NADH/NAQ+.Y Whereas the reduc-
tionreaction has been successfully reproduced in model
systems with nitrogen containing)ligands‘(including_a
_pendant carbonyl group), no model studies published to
' date have investigated the nd;e of, or included,-the‘
sulphurs. Initially, ligands cantaining a pyridine and
two thioether groups were synthesized but these were
found not to bind Zn * strongly enough for further

study. Next, ligands containing pyridine or. imidazgle

tv
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:ﬁ? two thiols were made, h0wever the”in++ comp]exes
of these precipitated from ao soﬁution 'even at iow pH
r¢andmnomreduction;'in 3q. HMPA solution, of a carbonyl
containing ]igand of this fofm was found. Titrations
of 1:1 compiexes of these ligands {with n? ) showed
.that at low pPH's both the thiol iigands were completely-
deprotonated. Since these observations cast doubt
on the electrophilic role of zinc in enzyme catalysts
(because of charge neutralization) a new mechanism of
action was proposed in which one thiol is not ,ﬁund to
zn*t in.the reduction step. To counteract the 'éffects
of precipitation and charge neutra]ization,.ligands
containing a pyridine and only one thiol were prepared.
However, again the required reduction could not be
achieved and instead a complex reaction-invo]ving thiol
and NADH analogue was seen. | L

The second chapter deals nith a new protection
group for imidazole nitrogen. The N (-diethoxy methyl)
group is readily introduced and the corresponding 2-
Iithio imidazole anion was found to react with a variety
"of electrophi]ic agents to give good yie]ds of 2-
substituted imidazoles after deprotection. Deb]ocking
was achieved via an acidic aqueous work-up, or, ifl
necessary, cou]d be effected under completely neutral
conditions.

This method was.uSed_to.make the acid-sensit’!e

’

Ko
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JAris(a, s-d11soproby11m1dazo1-2;y1f[pnosph1ne‘which had

c\been previously shown 1n a pre11m1nary study to be an

feffective model for CA The third chapter deals with a . =~

detai]ed study of the physical prOperties and catalyt1c f

activity (COZ/HC03' 1nterconversion) of the Zn} and |

cot? comb]exes of thi§ l1igand. The cata]ysis was found
to be first order 1n [Zn++ complex] and. pH dependent,

the bell shaped curve obtained by plotting kcat versus

pH ind1catipg a deficiency.in n*t -binding. The ca;alytic

activity could be inhibited by halide fons in the order

C1- >Br~ >I" >F” and it was proposed that thevknhjbitor

occupied a binding site on Zn** to give an inacti&e.

_ species. , Thé'Co++ complex was also found to be active
and inhibited by C17. Although no experimental support
for any oné,reaction'mechanism'was found, it was noted

. that the presence of a protein chaiﬁ (as in the active
site cavity) is not a preredtﬁ%ite-for activiiy, at

least in this model. ;p v

vi
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SYNTHESIS’AND STUDIES OF MODELS FOR ALCOHOL DEHYDROGENASE
‘ -~ — »

INTRODUCTION

r,Générajww

>

A1coho] dehydrogenases (ADH' s). E.C.1.1.1.1.
7cata1yse the 1nterconversion of alcohols with the cor-
rgsponding carbonylﬂcqmpounds. The cofac(grs used are

‘-NADH¢ahd;NAQf_‘eq; 1.

ONH2 el

. - . ¢ .,~ “‘\ ‘ -
. ‘ADH's.. f;e wiﬂespfeadéﬁn"nature and their properties

1

haVe\been revigued extensive]y They‘have been f&und

ed &
in bacteria, fungi, p]ants. insects, amphibians. mamma]s
© wand birds. of 1:hese,s only those enzymes derived from

yeast and mammaiian 11ver sources have been 1nvestigated

Th

" fn detail.

* . - The oxidation of alcohols by animal tissue was first




1a Further

investigated in the late nineteenth century.
work indicated the presence of an ethanol oxidizing
“enzyme in brewers yeast and in 1937 the first yeast
alcohol dehydrogenase (YADH) was crysta]'lized.2
Another source of the enzyme is the mammalian liver.
The liver of a 70 kg human contains about 1 g of liver
alcohol dehydrogenase (LADH) per kg weight and can
metabolize about 7 g ethanol per hour.3 ‘The horse
liver enzyme (HLADH) has been studied extensively since
its crystallization '1n.]948.4
HLADH and YADH have some notable differences, the
former beinb dimeric whilst the latter is made up of four
sub-units. Substréte specificity between these enzymes
andvtheir isozymes varies a good deal but this seems
to be due to differences in the size of the active site
pocket rather than any ma;or changes in chemical action.
Thg\active sfte pocket in YADH is relatively sma'l]5
and hence the enzyme is most effective with small substrates
—-such as ethanol and acetaldehyde. LADH's are a lot less
substrate selective, the active site pocket is larger and
a wide range of alcohols and ketones (or aldehydes) may
be interconvertéd. For example, an isozyme of HLADH is
effective in the oxidation of 3{B-hydroxy steroids.
Both YADH and LADH show s ome stereoselectivity,'2:d

eg., only one isomer of butan-2-o01 is a substrate for

vaDH® (but both are substrates for LADH) and some large,

-
-



| .
chiral ketones are enantioselectively reduced by LADH.j

Thi; has been utilized to effect conversion of l-deuterio-
acetaldehyde to optically pure (1S)1-deuterioethanol in

quantitative yield by YADH action.8

Chemical structure of the enzyme

»

9

One isozyme of HLADH has been fully sequenced. It

consists of two identical sub units, each containing
374 amino-acid residues. Several X-ray crystal struc-

tures have been determined and are consistent with th?s
sequence.]b']o’]] Partial sequences of the human and
rat enzymes show homologies with HLADH of 90 and 80%
respective]y..]b

. ADH's are metallo-enzymes, each sub-unit containing
two zinc ions, both of which are essential{fo};enzyme
activity. The X-ray structures of the horse gpoenzyme

(no NADH/NADY) to 2.9.A '0 and 2.4 A 1]

have been
published and show the positions of the two zinc 1ions.
One is coordinated by four cysteine ligands and a pureiy
structural role has been proposea. fhe second-zinc is at
the active site and is found about 25 A below the enzyme
sﬁrface at the bottom of a mainly hydrophobic pocket.
This zinc ion is coordinated in a distorted tetrahedral

fashion by one histidine nitrogen and two cysteine sulphurs,

the fourth site is said to be occupied by a water
10,11

n

“molecule.




The X-ray analysis of a holoeniyme analogue]?

(enzyme/NADH/DMSO ternary complex) is most 1nformat1ve»apd
ghows that the substrate -analogue DMSO replaces the water
as a ligand to zinc. "fhe NADH is situated nearby but
is not a ligand to zinc (fig. 1). That this is indeed
the active site is supported by X-ray evidencé\which shows
that all eniyme complexes with coenzymes and/or inhibitors
exhibit binding in this pocket. Chgm1ca1 modifjcation
of the active site renders thehenzyme”fnactive.k Chelation
of the zinc by 1,10-phenanthroline (giving a five coor-
dinate zinc after expu1sion of water]3) desfroys the
activity, as does selective carboxymethylation of cys -
46,1415 s
The enzyme is deactivated by‘the loss of the active
site zinc, the resultant protein being prone to air
oxidation, presumably of cysteine residues. This zinc
may be replaced by cobalt(II) and cadmium(II)_to give
catalytically active spec‘ies.]6
Although YADH has not been examined by X-ray methods,
chemical analysis sygggsts a similar active site to that
of LADH " Two cystefne thiols (per sub-unit) caﬁ be
a]kylated with 1nss of enzyme activity!’72 and the
presence of a histidine group near or at the active site

has been suggested.17



"(z1 °393) e3rs burpurq , uz ey3
buyloydap eswvuaboipiyap ToyooTe 13ATT @sxoy jo xardwod

A1euxe3 PI3ITqIYUT OSHWA ® 3O 82IN3ONII8 9IS IATIOP WYL -°T °byd

THNOD
H

2.




Proposed mechanisms of action

NADH will not reduce normal ketones in the absence of
the enzyme and the enzyme is not activerwithout the metal
ion. It was proposed'? in 1957 that the zinc fon acts as
a Lewis acid catalyst which polarizes the carbonyl bond-
to facilitate the transfer of hydride from NADH in the
reduction reaction. A similar Lewis acid role for zinc
has been proposed for other zinc meta]loFeneymes such as
6-aminolaevulinate dehydratase, carbonic anhydrase,
carboxypeptidase and alkaline phosphatase.-md"e .

Kinetic analysis of the'mechanism'of the enzyme
reaction is difficult in most cases. the rate 11m1t1ng
step being the dissociation of the coenzyme, However,
some information has been gained using transient kinetics
and a chem1ca11y modified version of the enzyme. 20 The_
equi]ibrium constant for ﬁhe reaction has been measured

by several workers. RackerZ] determined a value of 8 x
1010 Mat pH 7.9 for ethanol oxidation with HLADH. Thus

the reduction is favori d at lower pH (6) and the oxida-

-~

. t1%§ at higher pH (8).
The egzyme is subject to conformational changes

as a fhnction of sz2 and on binding coenzyme.Z?‘ Binding

of NADY causes the reduction in pK of an 1onizing group

from 9.6 to 7. 624 25 but this effect disappears for the

netal free apoenzyme although the coenzyme is st111

—

B T
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strongly bound in the absence of zinc. his behavior

is to be expected: fntroduction of-another: ositive - . . |

charge in the hydrophobic environment should ‘cause a re-

.

duction in pK
In view of the above data, three general pechanisms

based on the e]ectrophilic role of zinc have been pro-

18d

‘posed (Scheme 1). Only the redox step is formulated

by most authors, however in order to shqw that the

-

principTe<of microscopic reversibility is obeyed, a_{ull

cycle‘of steps is shown, assuming the following order‘for
the reduction1b'26: 1. Enzym@binds NADH. accompinied |
by a conformational change. 2. Carbpnyl bind;. 3. Redox
reaction occurs. 4. Prodqci,dissociaees. 5. NAD*
dissociates accompanied by a conformational change and

the uptake of a proton by the enzyme.

In mechanism A, ketone displaces water as a ligand

to zinc and then hydride transfer occurs giving the

alcoholate species- §ubsequent1y, hydrolysis liberates the

alcohol. ]83

In mechanism B, the ‘redox reactioh takes place at B j%

five coordinate zinc, for which'precedence oqcurs,]3 and

the hydride transfer and protonationvsteps are con-

certed’20 18d

In mechanism C, the hydride transfer and protonation

steps are again concerted but in this case the substrate

is not directly bound to zinc.'|8d 27
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In all cases, the reverse step, the oxidation is
feasible. The occurrence of hydroxyl groups bound to 4

and 5 coordinate zinc at\bioﬁogical pH's has some

28

precedence. For instance, Woolley“" has shown that five

coordinate mono aquo species can have a pl(a of-around
8.5. The involvement of a bound hydroxyl to four co-

ordinate zinc with a pK, of around neutrality has been

29

proposed in carbonic anhydrase action. Since alcohols

have similar pK,'s to water the same behavior may be

1b,26

expected. Eklund et al have proposed a mechanism

by which a hydrogen re1ay system could stabilize a bound

- hydroxy! (Scheme 2) and which. allows for the loss of
proton into the bulk solution.‘

Dunn30’3]-has demonstrated'Spectrophotometrically
that the chromophore 4-N.N-dimethy]aminocinnama]dehydee
is coordinated to zinc and'that'this.species is 1nvolved’

30

in the reduction process. An X-ray determination, to ..

4.5 A resolution, supppnts,thi§ cbofdination, the complex
appears to be four coordinate thereby favoring mechanism
A. It was found that the reduction rate was 1n&ependent
of pH.30 Based on this and other evidence, it was con-

cluded that the protonation step was separate from, and

succeeded the hydride transfer. 30
Lo U .

4Additfona1 support for the coordinated substrate.

comes from studies on the reductions of p-substituted

20,32,33,34.

"benzaldehydes and oxidation of benzyT
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20,33-35 . 1hese studies showed small electronic

alcohols.
effects for the benzaldehyde reduction whilst for benzyl
alcohols the substituent effects were negligible. These

32,36 with a bound substrate

results are consistent

mechanism in whiéh the carbony] is polarized cbnsiﬁerably

by coordination to the zinc ion. The resultant complex

in which there is a substaﬁtiél positive charge on the

carbonyl carbon is thus close énerggtically to the

transition state, hence the reaction is relatively little

affected by sﬁbstipuents. - : . S,
An alternative exp]anatién for the lack of substi-

tuent effect with benzyl alcohol oxidation is. that the

hxdride and proton transfer steps aré’conCértedzo and \

for this reason mechanism B, whi%ﬁ includes the presence

of a proton souréeoat the active site (the watér

20

- molecule) was proposed. The proton relay system of

_Ek]und]b’ZG was included to allow for stabilization of
the bound hydfoxy].‘

~ A five éoordinate zinc mechaﬁiSm was supported by
McFarland et a137'who shoﬁed, by the absence of a pre-
equilibrium isotope effect that water was not expelled ﬁn
binding of aldehyde. The deuterium isotope effect for |
the reductioﬁ‘reaction was found to be unity indicating
that the protonation Qas not concerted with the ﬁydride
transfer, the reaction mechanism h;bposedeas‘thus

amended accordingly. -




. group(s) 1s involved in the catalytic redox process.

l“‘ s‘” m‘?ﬂﬁ\ g

Klinman38 has shown that for benzaldehyde reduction,

. catalyzed by YADH, a single functiona-l»groupr(rpl(a = 8.25),

which must be protonated for the reduction reaction and

‘deprotonated for the reverse, is present. Other authors

have come to similar conclusions that some fonizing
20,39

This 1onizing group has been proposed to be bound water

'(or alcohol), 1m1dazole or- -cysteine, of which the first

is by far the most popular, though it is uncorroborated
. ) ,

by any concrete evidence.

The third megchanism (C) was proposed By Sloan27

based on NMR studies of cobalt HLADH. Calculations showed
‘that ethanol cannot approach within 6 K of the metal

ion and so'the bridging water mechanism wes formulated.
Finally mention must be made of the s1ngle'elec%ron

transfer (SET) mechanism. This route 1nvolve§ separation

of the Mydride transfer into two Steps 1nit1a1 electron

transfer followed by hydrogen atom transfer (Scheme 3).

No def1nite evidence has been presented for an electron

transfer route occurring, however, this does not preclude

- such a mechanism since the two steps of the process may

be almost simultaneous and d1fficu1t to separate, c.f.the

Grignard reaction with ketones 40

12




Previous model studies .

As has been dfscussed previously, the zinc fon at
the' active site of the enzyme has been proposed to" act as
a Lewis acid catalyst for <the reduction reaction.’

Several models dave been reported which test this hypothe-

sis and it has been shown that the presence of metal fon

can influence the rate of reduction of a coordfnated‘Carbonyl.

Since NADH itself is a rather ekpensive and c&mplex
molecule, several. cheap and readily availaéﬁe substi-
tutes have been used. For 1nstance, the NADH ana]ogue

. 2 and "Hantzsch ester" 3 have been found to Re effective

ONH,




reducino agsnts in -odel systcns‘ For the NﬂbH”lnaiogue

2 (Pﬂplrcd by dithionitc reduction of l‘r). the usually

: cncountercd R substituents are n-propyl (PNAM) and |
benzyl (BNAH) Although these compounds_pre stable in
aqueous solutions dt hig@ipﬂ's they suffer from acid
catalyzed hydration, (as does NADH ftself), at lower pH's
giving hydrates i‘z(eq. 2). A turther somplication 1s the
formation of adducts such as §f33(eq. 3) with carbonyl

cdupounds. The formation of‘these derivatives has,beeh~

recently praposed to conplicate kinetic and {sotope
analyses“ - v
’ This discussion of -odels will be divided into tuo
sections. The first part will deal with two exauples

illustrating the role of electrophilic -etai«cataIysis

in reactidns inuplving nucloophilic addition to nuitiple
- -~ _

4
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bonds to carbon. The secdhd part will show some of the

successful models for the reduction reaction that have

been reported.

o The rate of hydration of 2-cy§no-]110-phehanfhr01ineé5
is inhreased by a‘factor hf 107 anh 109 in %he presence

of Nit* and co'?t respyftively Both of these metals

are strongly bound by the ligand presumably in the

manner shown (6). ‘An external attack by hydroxide was
preferred to a bound nucleophilic Rydroxy! by‘studfes

with other nucleophi]es although in principle, the two .
mechanisms are kihetica11y indistinguishable.’ ‘Since the

nitrile cannot coordinate to the metal ion, a transition Sz

state (7) was proposed in which the 1nc1p1ent negative
charge on nitrogen was stabilized by the metal ion.

The effecf‘of\meta1'ion§ on the rate of hydrolysis
of ester 8 has been 'invest'lgated.46 The metal ion will
bind to 8 analogously as in 6 and may -be further coordin--
afed by the ester carbonjl. Large rate enhancements

were found over the uncatalyzed case for the metal
| 0
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complexes (3000 times for zinc and 80000 times for
copper) thus i1lustrating the metal 1on catalysis of
nucleophilic addition “to coordinated C=X bonds.

As mentioned before, the value for the equ111br1um
eons.ant for eq. 1 lies heavily i; favor of the reduction
reac::;n\end 1nqeed most bf the model studies reported
have dea]? with this process

Cons derab]e work has been done on the reduction

of pyri ne and phenanthroline carbonyl species in

anhydrous acetonitrile and it has been shown that the
rates of reduction of the carbonyl are enhanced in the
ce of metal ion (see later). Since the product of
eaction is the alcoholate and not the alcohol

it is a debatable point as to whether these studies are
directly related to the ADH ‘'system. Certainly, no
information can be gained‘about the question of whether
thevhydride and preton transfer steps are concented.
however valuable insight into the catalytic role of zinc
has been obtained (see later). .

The reduction of 1,10-phenanthroline-2-carboxy-



(;'

aldenyde 9 by Psﬁﬂ fn anhydrous acetonitrile has been

I©

47,48 No reaction at all occurs in the

investigated.
absence of metal but with zinc ion present (2 eq.), the

corresponding alcoholate is formed in very high yield.

Using the 4,4-dideuterated reducing agent, mass spectral

analysis 1ndicated the transfer of one deuterium into
the product, as predicted. A kinetic isotope ratio,
H/kD of 1.7 ¢+ 0.6 was seen 1ndiqating that"the hydrogen
transfer is involved in the rate 1imiting step. To test
that the rate enhancement is indeed caused by d1rect

coordina:tsn of the carbonyl to zinc rather than a

purely electronic effect caused by nitrogen coordination,

the reduction of zinc complexes of 2- and 4-pyridine
aldehydes by tetraethylammonium borohydride was investig-
ated. It wasnfound that the zinc comp]ex of the 4-isomer
was reduced 100 times faster than the uncomplexed form
For the 2- isomer an enormous rate enhancement (700000
times) was seen. Whereas bidentate coordination of the
4-isomer is impossible, the data for the 2-isomer in-
dicate that such may be occurring.' Kinetic hnglysis‘

reveals that the two isomers are reacting via‘different:

17
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mechanisms. For the 4-1somer.‘simple bimolecular re-

duction is 6ccurr1ng:

M+ A :‘MA

MA + BH4 ——  product

For the 2-isomer, the rate is independent of borohydride

concentration so a second route was proposed:

M+ A —— MA

]
MA —

MA" + BH4'—£35£> product

An attractive explanation is that the initial complex,
MA, is in the E form which isomerizes in a slow process
to give the Z form MA*, which is coordinated‘to‘zinc and

readily reducible eq. 4.

eq.4

19

Whereas 2-acyl pyridines exist predominantly as the E

49‘1t has been demonStrafed that

form in the Tiquid phase
bideniate-coordination is possible. Some 2:1 complexes
of 2-cinnamoyl pyridines with zinc have been:isolqtedso

and reveal that the carbonyl is a chelating 1igand,

4
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giving octahedral or tetrahedral.complexes e.g. 10,

depending on counterion.

N = Z1y b0t 0

1%

It was found that although in the absence.of'netal
ion no reduction occurred, dn the presence of zinc or °
megnesium (1 eq.) in dry acetonitrile, conjugate re-
duction occurred. The 3- and 4-isomers were elsoﬂreducedv
though at a much s]ower rate |

51 showed that in the presence (but

Pandit et al |
‘not in the absence) of zinc or magnesium ions, 2-benzoyl-
pyridine was reduced in acetonitrile by BNAthhilst~the
3- and 4-isomers were inert. In sjmi]ar wdrk.Ohnd et a]s2
showed that 2-aeety1 pyridine was also a-substrate; In
this work it was found that the rate of reduction de-
pended on the ratio of ketoné“to zinc and it was concluded
that the 2:1 ketone zinc complex was the most .active.

The reduction of pyridine- 2 -aldehyde has been studied
in methanolic solution and a rate enhancement for re-

duction in the presence of zn**, be+ R Co++ and Cu’

was seen.53 |
A distinction. must now be made between the action

of alcohol dehydrogenase and lactate dehydrogenase



(LDH).54 LDH's catalyze the reduction of a-keto acids
to a-hydroxy.acids using NADH/NAD' (eq. 5). Whilst the

redox reaction appears to be similar to that in ADH

@
R R
! + I +
C=0 + NADH + H _—= ?HOH + NAD | . eq. 5
éOO' €00~

action (eq. 1), this enzyme contains no zinc ion at the
active site. Some model studies for the reduction of
a-keto carbonyl compounds do include the use of metal
fons to effect reaction and so will be 1ncluded 1n this
discussion

The reduct1on of a-keto carbonyl compounds has
been investigated by 0hn1sh1 and Ohno in anhydrous

54-56

acetonitrile. The reductions are catalyzed by

54-56 54,56

magnes1um perchlorate but not l1th1um perchlorate,

~are not retarded by hydroguinone, 54 56 but are hindered
by the presence of water. >4, 55 In one case,54'a
d1ketone was successfully reduced to the diol though

in Tow yield.l The use of a chiral NADH analogue has .

lead to asymmetric induction in the reduction product.>?*96

A polymer,~conta1nin§,pyrid1ne (to complex zinc)’
'and dihydronfcotinamides was found to reduce benzil
to benzoin in aqueous ethanol 57 With zinc.or nickel
: 1ons present, the rate of reduction was slightly enhanced

(< 50% increase over the uncatalyzed case) | ij.'~~-

*
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58

The reactive naphthaquinone derivative 11°° can be

reduced by NADH in methanol, 1ntroduction of zinc sulphate

heptahydrate increasing the rate of reduction of 11 by

.an order of magnitude. In the presence of the zinc

complexing agent, 1,10-phenanthroline the rate of re-

action was 1owered{

Shinkai and Bruice have studied the reduction of some

pyridine 4-aldehyde species in aqueous methanol.%%+60

13

5

It was found that reduction of 12 by PNAH and 13 by PNAH
and a Hantz ester was accelerated by the presence of
Ni*tE cott, zntt, Mn*t and Mg**. . Although the rate en-
hancement appeared to'befhodest ke for tﬁe nickeﬁ'
case 7.2, compared to the uncatalyzed reectibn); hoﬁever.

the w0rk'was carried out in EDTA buffer and so fhe

- catalysis may in reality have been Sqmewﬁatmiergef ff e

21



metal ion had not been sequestered awayr

H,OLi ’ HO

“.. _ : 15

A model for the oxidation reaction was reported by
Shirra and Suckling who showed that the 1ithium alkoxide
14 reacted with a NAD anaiogue to give an equilibrium
"mixture with the ox1dized product 15.

No definite evidence from models has been put for-‘
ward to support the electron transfer (SET) route. 1In
seVeral _cases the effect of added hydroquinone'on the
rate of reduction in model systems was investigated but
in no case was -any change seen (Should the SET proceed
via an intimate caged pair, rather than free radicais
1ELL§ un]ikely toﬁze affected by hydroquinone). N |
van Eikeren et al”‘ have recently proposed that the re-
action Of PNAH and pyridyl ketones proceeds via a caged
radical pair intermediate (see Scheme 3) in aqueous so]ution,
~however this work was carried out in.the: absence of

metal ion and may.not,be_relevant for ADHhaction;

Scope and purpose of this research

Convincing evidence has'been presented concerningce

"

22
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the role of‘zinc_as an eleptrophilic:catalyst during

the reduction reaction (vide supra). This research is
éoncekned withrthe s&ﬁthesis ahd study of smai] mble?ules
which sbecifica]ly mimic the ADH active site and can be .
modified to test the hypothesis of‘electrophilic cataly-
sis -of carbonyl reduction in the presence of the known“'

Zn++-coordinat1ng groups. .

No modei stu@ies to date have attehpted to approxf—
mate the known active site of the enzyme, i.e. 2 thiols
and 1 imidazole nitrogen as lfgands to zinc. The follow-
ing report will describe the construction ahd ph?sicq-
chemical properties of novel chelating systems which
mimic the ADH zn*™* binding site. o

Two‘systems were chosen to mimicﬁthe bindfng site,
one based on pyridine and the other onvimidazole, bbth

as appendages on a l, 3-d1thiopropane skeleton as shown

- in 16 and 17, where R could be aryl. alky] or hydrogen

16 RS SR 17

CIf coqrdination through all three ligating atoms occurs
then complexes of the form 18-and ig would be'expgcted

with metals. ) A -



Since these compounds are new, their abilities to \\
bind metal ions are unknown and therefore must be es-
ﬂtablished;_ Pyridine and imidazole are rathe?vweak
ligands by themselves,53 however the introduction of a
second ligating group into the molecule increases the
binding considerably (e.g. for Zn++, pl(l_s4 for pyfidine
= 1 and for 2,2'-bipyridyl 5 5°3). It is known that
thiols bind zinc‘ign:stron91y63’so it can be reasonably
assumed that the‘dfthio1 forms of 16 and ll'wiil be
tight]y'bound Thioethers; however, are only mbdest
ligand563 to zinc and it may be expected that these forms
of 16 and 17 will be less well bound than the former.
» vﬂgwever, 1t_is ant1c1patgd that the chelate effect65
, ébuld give rise to réasonébly stable complexes of the
. latter. | |
) .The sécond part of this report'describes;the intro-
dhctibn,of a carbonyl'grohp to the bin&ihg site and
describes the géneral Syntﬁesis of.gg ind its analogugs.
The analogous'ihida;olé'compound'gl'is not considered

_-suitable sinée the carbonyl is a vihylogous”amide and
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thus should not be reactive. The ketone derivative

~was chosen 1_#glace_o£_the—e4dehyde*stnce‘the”TittEr are
66 . sl

prone to metal catalyzed hydration.
The electrophilic hypothes1s can now be tested in .;

two ways. By analogy with 18, 20 may be expected to

/ N
o RS SR
RS SR ' '

20 . 21

bind zinc as in 22, the carbonyl being drawn as the Z

form, the mode by which the reduction i1s-expected to

~ take place. The actual equilibrium conformation does not

necessarily have to be that of the Z form as long as

free rotation can occur to give this species. 1f binding-
'does occur as shown, then by varying the electronic

nature of R, where R is a substituted aryl, corre?at1ons ,

may bé/made between carbonyl reduc1bil1ty (if any) and

) Ihe e]ectron demand on zinc.

The second approach to teSting the hypothesis is-

best expiained by returning to the enzyme itself. An -

ionii?ng group, at. or near the act1ve site has been

snown to affect the enzyme action (v1de supra). This has

~ been mostly proposed to be the bound water. however.

simple examination of the acid1ties involved reveals

25
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26
alternative candidaies."For 1nstance.vwherea§ water

has 2a pKa 6f 15.7, thiols have pKa's of around 10 in

“aqueous solutions $0 on purely electrostatic grounds a

_bound thiol would be expected to be mpre acidic than

bound water. Whatever the actﬁa] ionizing grdup fnvolved,

the situation depicted in eq} 6 !puld be expectéd above

Lower pH , N H

v

SH 2Zn O% ...:’ SH Zn !’—-l—-
) SH Higher pH 5 H eq. 6
NADH ~ NADT

and below its pKa (with thiol debrotonated for clarity).
At low pH's the zinc retains ah”effeciive 2+ charge but

at higher pH this is reduced to a net uhipdiitive charge

‘and so reducing,jts'eleétrophi]ic capabilities so that

.at higher pH the reduction might be less favored. Thus

at higher pH, the oxidation of alcohol is favored since
the zinc is no~10nger electrophilic. Of course, from the -

equilibrium constant given in eq. 1, ones Segs that the

_position of equilibrium is determined by_[H+]; However,

'the rate of;theAcatalyzed reduction 6r oxibationxreaéiion

1$ likely to be sensitive to the electropositive character -
of the metal which can depend on the state of fonization .

of the Zn++_ligands.
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K , RESULTS AND DISCUSSION
S , :

Introduction ) R A' S | R

& Since the compounds studied as enzymes models
repreSent an unknown ciass of ligands, their syntheses
will be discussed in deteil ~The order of contents in
this section will be purely chronoiogical, starting nith
1igands containing & basic nitrogen and two thioethers.
continuing with iigandS‘containing a basic nitrogen and
two thiols and finishing with ligands containing a basic

nitrogen and one thio]

Ligands containing a pyridine and two thioether groups.

'i. S!nthesis

were attempted, both invoiving the reaction of 2-
1ithiop
,pyridine)67 -9 with a 1,3-dithiopropane species, con- |

taining an electrophiiic centre at C,.

\L . : ‘ ) Co /
\‘

_ The procedure outlined in eq 7 was found to be,

unSuccessfu1 beceuse of dif?iculties encountered in pre-f

Ywo synthetic schemes to prepare the title'compounds'

dine (readily prepared: from n- BuLi and 2 bromo-

,27 .
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paring the reective compounds of form 23. Tosylates of

23 (x = Tos. R = CH3 or C§H5) could not be prepared
~a1though the parent alcohols were ‘readily available. and

an iodide (R = CHy. X = 1) was found to be unstable at.

room temperature.

‘The coup11ng scheme depict eq. 8 was found to P

"proceed. albeit in moderate ields, thqugh only if an

excess of 2- lithiopyridine to ketone 24|1s used. For

instance, no product (25) at all was observed when a 1:1

ratio of 2-1ithiopyridine with 24f was tried. However,

(24,25) R:
CH3
C2H5 -
E 4- HezNCGH4 o "
".4-He065 a4
4- Me06H4
CGH :
.4 CIC6 4
. .3 CF366 )

Sa 40 an oo

‘with an’ excess of the lithiun reagent the adduct was
v.forned. though even with a 3: l ratio the yields were

_f-odest (< 421) The reasons for this behaviour are not

‘ clear. 2 Lithiopyridine gave a 501 yield of the adduct | |
vithﬁlcetone uhen a 1 1 mixture was . trfed and both uethyl : ;,:' @
c-lgnesiuu ctloride (with 24e) and phenyl lagnesiun S ;-, f ‘\ jg%
"vbronide (with 24b) gave similar MR yieldd in’ 11 rmos. |
The dithio ketones ZAa-h'utre prepared by the e




double dispIacement'of 1,3-dichloropropan-2-one by the

sodium salt of the appropriate th101'70

The cyclic ketone 2417]

H .
[ BFa Etzo v, gj‘\:‘
“ X

(m
><

was prepared as in eq. 9.

,fAlthough‘the:formation of 26 proceeded in almost quantita?

tive yield, the oxidation step (Moffatt or lead (IV)
acetate/byrid‘ine72
in low and erratic yields. Adduct 25i was prepared

_from 2-1ithiopyridine and 24i.

ii. Physical studies

1onization constants'(pka's) of the protonated

. ligands were. determined for thioethers 252a-1 and 2-(2'-

. . |
pyridyl}-propan-2-0173 (27) at concentzf}ion5~of 4 x 10'3 M

in 50% (v/v)'hquéous dioxane at 25°C. and constant ionic
. . ° ’ . R .

procedures) was found. to proceed only

29
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strength of 0.3 M NaNO;. The data were analyzed by a

computer version of Simms' methe&74 and afe given in

Table I. A general trend emerges when one compares the

PKy's of the substituted aryl thioethers 25d-h; elec-
tron withdrawing groups on the pheny] ring reduce the
PK,'s in“this medium substantially, as expected on
inductive grounds.

64 . . . ++ Nitt

pK values for ligands 25a-1 and 27 with Co ,

L
and Zn” were determined by potentiometric titrations

on 5 x 10° -3 M solutions of ligand containing a 20-fold
excess of metal ion in the same medium as before. Data
were analyzed by the.method of Martell and Calvin.’®
‘Foh the copper cohp]exes, where the pKL values are
larger, the method described by Huguet74 was used.

On the “basis of the data in Table I, one can see
that T%gands 25a-1 b1nd the divalent ions weaker than
does 27. Thus it appears that the dithioether. function-
ality does not contrlbute construct1ve1y to the complex
<«formation. Compar1son of the data for 27 with those
for pyridinenland 2-picoline’® shows that 27 binds the

divalent ions more tightly, probab1y by involvement of

- the hydroxy group as in 28. Since, in general, the

thioethers bind'more poor]y than 27 but better“than 2-
p1col1ne we cannot tell whether their chelates resemble
28 or. 29 although one notes that the electron- withdrawing

J

groups on the aryl ring decrease the binding abi]ity :



TABLE 1. pKa's and,pKL's for ligands_gg, 27 and re-

lated compounds (see text for details).

pKLd » C
 Compound pKaa’b Cot+ _ Ni++E Cu++f Zn++9
25a 3.60 1.21 1.82 3.08 - 1.23
25b 3.61 1.17 1.60 3.13 1.20
25/d 3.54 0.84. 1.22 - 1.05
25e 3.47 0.86 1.18 2.92 0.86
25F 3.37 0.81 1.11 3.01. 0.88h
~ 25¢g 3.16 0.66 0.80 2.84 .0.83h
25h 2,98 0.45  0.50 2.87 0.68
253 3.22 1.16 1.711 2.70 1.21h
27 4.18 ©1.99 2.56 3.53 1.88
pyridine’>  5.33 - 1.85 N2.54  1.07
o pico]ine75 6.06 - <1 1.3 <1

Obtained by potentiometric titration of 4-5 x 10°3 M
solutions of compound 1n 50% (v/v) aqueous dioxane at

25°C and I = 0.3 (NaN03)

Precision + 0.01 unit. Reported values are the-

-

averages of 3 determlnatlons

Each va]ue is the average of three determ1nations and

has a precision of * 0.06 units or‘better.
0.0904 M.
0.0812 M.

‘Determined as in ref. 74. - v ‘\

-

0.0854 M. . f ~
0.0867 M. | -
0.0406 M. - a

31
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as they do the PK,'s (seé’Table 1) (A correlation with
o fs seen in both cases, see Fig..2). Thus probably

a simiiar inductiveé mechanism is operative in both nt
“and M** binding. | o

| These results indicate that whereas it seems pos-
sible to vary'metal binding affinity and therefore
electronic demand on zinc to some extent, the thioether

ligand system is unsatisfactory for furtﬁer study sincé

it ‘does not bind zinc strongly enough.

Ligands containing pyridine or imidazole and two thiols.

>

i. Synthesis

- The method discussed before for the formation of
adducts 25 can be readily extended as a route to analogous

dithiol ligands. '
o " eq. 10

33



" The use of a suitably S-protected keto:?‘gg
would give rise to the adduct as before and subsequent'
debldcking would gfve the target molecule 31 (eq. 10).
Corey’® has shown that the -CH,SCH3 group 1s an effecf

tive protecting group for alcohols which can be readily

removed under mild conditions (HgC1, or AgNO5, in solu-

tion at room temperature).  Conyerse]y. it 1§Ato be <

expected that the -CH,0R group can be used to protect
thiols, and. indeed, this approach lead to reasonab]e
yields of 31 as in eq. . Treatment of 2 lithio-

~ pyridine with the protected ketone 32 gave the adduct

33 which was 1solated in a reasonably pure form by acid

eq.1

18

e ™
"HgCl |-CHD, EtOH
-~ anH@CN

+gs

34



extraction Addition of a aqueous aceton1trile so]u-

tion of HgC12 to the adduct 33 gave an 1mmediate pre-

‘cipitate (presumably gg)«and a strong smell of

formaldehyde was noticed. It is belie :d that 34 is
, , .

~deprotonated since the solution became very acidic.

Treatment of an aqueous sol

and a black precipitate ¢
HgS.77

prepared by reaction of the 1 3-
nl8

Ketone 32 wa

dilithio anionfof "1 3 dimercapto acetone with 2 eq.
of chloromethyl ethyl ether in dry THF. The disodium‘
anion of "1,3- dimercaptoacetone" has been used in

aqueous solut1on to effect S- alky1ation by meaction

with iodoalkanes, however_when this procedure was tried

for the oresent example.'tﬁo major products-uere formed,

"One of these was 32 whilst the other, which had em-

pirical formula C5H80252 was tentative]y given the. .

structure 36 on the basis of spectral analysis and tnen

'existence*of a plTausible mechanisn (eq. 12)

. 35 o

T equ2
N8
_38 o

on of \34 with H,S gave gl"
ifitesimally soluble

G
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According to Schotte.78 the meiting point of "1,3-
'dimercapto acetone".is 85 6°C, however in the present
- work, it was consistently found to be higher (105 9°),
“therefore meriting further investigation The product

was found to be ana]ytically pure (CLH,N £ 0. 3%) and

4

on the basis of NHR, IR and mass spectral evidence, the

|
structure was found to be consistent with the dimeric

7. 79

structure 37

The 1-methy1 and’ 1 hydrido imidazoles 38 and 39
were. prepared in, an analogous manner to 31, the former
: from the 2 lithio anion of l-methyl imidazole and the |
_‘latter from the 2 lithio anion of the N protected
~imidazole 40 (to be discussed in- the succeedina chapter)

" The syntheses of 2,6- disubstituted pyridines°

g containing a ketone (or alcohol) and the dithiol func-

tionaiity as.models of substrate-active site,complexes-g
- for LADH uas'achieved as in Scheme 4. 'Acetylation and

. ﬁprotection of 2, 6- dibromopyridine rgave 41 uhich was o

-;ui’coupied with 32. via 1ts lithium anion, to give the. -
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adduct 42. Adduct 42 was isolated by first extracting

‘the reaction mixture with 0.1 M.HC]'(EO remove'dé4

brominated, nnrencted 41) and then with 3 M HC1 (in which
42 is sq1ub1g)'- on standing. the deprotected ketone
43 was formed. The thioacetal groups were then deblocked
as before to give 44. The corresponding alcoho], 45
was prepared b} reduction of Qg followed by Subsequent
deblocking. | o | |

In a similar s;nthesis to that nf-gl; the monothibl,

'_d1thiol conta1ning ligands 31, 38 39 44 and 45 is

. vtne'Ni-l,Z-ethandithiol‘comp1éx a pKL_df 20.763

mOnothioe;her QZ was'prepared,from ig (made by'stepwise

H P : ' .

" MeS Et
Nl . |
47 MeS  SH 48

[N

ethoxymethy]ation and methylation of "1,3 d1mercapto-

acetone")

'ii. Physical and rednéfﬁon studies

Determination of the stabf]ity'constants for the

as simple a task as for the thioethers since prec1p1r(~

~tion invariably accompanies the titration Relatively

few pKL64 values for dithio1 complexes have been re-

‘*pdrted53 however, the_reportgd values are large. -Fon



found and for the *tt comp]ex of 2 3- dlmercapto-
propan-1-ol a pK, of 13:5 was found 83 Utilizing the
‘titration methods used previous1y for strongly binding

74

complexes,’  the monothiol compound 47 was found to

have pk 's of 10.8, 10.9 and 10.8 with 2n"", Co™* and.
Nitt respectively. It is therefore expected that the
d1th1o]s will also be strong chelators as well, and
al though re]iah]e pKL_values are-not accessible ;1 is
believed that they are strongly bound through sulphur.
The reduction of the active site-substrate enalogue
,H44 was-invéstigated. For reasons of so1ubi]it;*of the
Zn++ complex, the solvent cvstem required to dissolve
3 x 1073 M in each of 44, 4.7, and PNAH was 90% v/v.
HMPA/H,0. With 2 eq. of .ddec HC1 (to make an acid
€énvironment) a rapid loss of PNAH was observed by monf-
toring its absorbance at 350 nm. This was' clearly tied
to the acid cata]yzed hydration of PNAH as was ev1denced
by a character1st1c isosbestic point at 310-5 nm. 42, 62
For the same reagents but with 1 eq. NaOH added, a slow
loss of PNAH (14% over 21 h) was observed which agaln
was tied to the formation of only the hydrated product
Apparently in th1s medium we have no ev1dence to support
a‘Zn+ promoted reduction of 44 by PNAH. This seems»
odd in view of the fact that 2- acety]pyr1d1ne and 2-
formy]pyrid1ne can be reduced by PNAH or BNAH in the

52,53

presence of,added Mt ion. Apparently the thiol

39
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,»ligands interfere with the process of reduction.
To investigate the nature and ionization properties
‘_of metal complexes with the dithiol 1igands, potentio-
| etrjc'titrations were carried out in the absence and
presence of metal 1oo.

As a control experiment, weak]y bindiog thioether
'ggg was titrated in 50% aq. dioxane (I = 0.3 M, T =
25°C), as the HC1 salt, both in the absence and preseoce
of one eq. of metal ion. Figure 3 shows the titration
curves and it is seen that the pyridine- Wt tonization |
1s perturbed only slightly, when n? ++ is added. It is
important to note that\for the Tatter titration only one
eq. OH~ is‘consumed'up to a pH = 6: further addition of
OH™ resulted in precipitation of Zn(OH)z | |

On the other hand. similar titration experiments _
performed on pyridine monothiol 52 (vide infra), showed
(Fig. 4) in the'absence'of metel, a pKa'of 4:51 corres-
ponding to the pyriddne*pyridinium titration dnd»a thiol
ionization at pH » 10. 4In\the,preseoce of Zn** however,
the titration curveiis markédly.displaced.with‘2 eq. of.
OH' being consuped by pH'E ‘At PH's in excess of 6.5,
visible precipitation occurred which was tied to the
consumption of additional OH™. For best compariSon of
‘the data. 1t is clearly desfrable to perform the titra- 3
tions on pyridige-dfthio] §l, but. its metal- complex

precipitated'even*at.low pH. However; the analogous

0
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I3 .

0 0.5 | | 10

Equwalents of NaOH Added

Fig 3. | ‘ .
A plot of t:he titra.tion curve for m (pH vs. qnivalents o ) -
of NaoH added) in th° ahsence (D) and ptqunce (O)
of one eq. of Zn 1n 50% ag. dioxane' I - 0 3. 'r - 25‘c.
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than 2 eq. of added OH™, the Co

44

t

~ Imidazoles 38 and 39 proved more soluble and their

tiﬁration curves are shown in Fig. 5. For both species.
1n.the ahsence'of metal, one sees the 1m1daon19m bKa

at ® 5.4 and a further titration of a thiol with

PK, ®* 9.5. In the presence of ZnH however, the situ-

ation {s again very different; in both cases one sees

£ (Y ' ‘L
~the consumption of 3 eq. of OH  at pH values less than 6.
On the basis of .the above, the additifonal consumptioh

of OH™ in the Presence of zn*t over that in the absence
of zntt (for 38 and 39) can be most adequately explained

as having arisen from the formation of stable thiolate

. complexes such as 50-ﬂh1ch may neutralize the metal' s

charge sufficiently to render the complex 1nsolub1e

|
¢
(&,

49
‘Although vieible precipjtatfon occurs with more

+ and Ni++ complexes of

.38 seem to follow the same behavior. though in both cases
the slope of the pH curve fis greater than for the 2inc

.case (see Table 2)

/ The pK data for the: thiol ligands are shown in
Table 3. )

B
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TABLE 2.  Titration of 38. HC1 in the presence and .

absence of 1 eq. of metal ion (see text for

details).

Eq[oh'] oy pH "pH(+Zn)  pH(+Ca) pPH(+Ni)
0 - 3.77 3.52 . 3.68 3.40
0.2 4.62 3.63 3.98 3.60

0.4 - 5.18 3.69 4.25 3.74

0.6 5.60 3.73 4.37 3.83

0.8 5.99 3.78 4.43 3.90
1.0 6.59 3.83 4.47 ~3.98
1.2 8.75 3.88 4.53 4.06
1.4 9.42 3.93 4.58 417
1.6 9.84 4.00 4.65 4.27
1.8 %0.26 4.08 4.74 4.42
2.0 10.77 4:17 . 4.89 4.62
2.2 4.28 N | ppt ppt
2.4 4.5
2.6 4.74

2.8 5.37 ,

3.0 6.88 |
W . - -
R _n ——————— Y

s
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TABLE 3 pK.'s for thiol 1igands
W Compound .pkla’b pK?_a..'c : .
X.v"‘. . . N . . v . . B
; 31 3.55 . 10.00
i 38 5.38 9.61
33 5.45 : 9.37
a7 . 3.66 , 10.717 ;
T . 4.21- 210 |
. Precisfon $0.01 unit. Reported values are the

o

means of 3 determinations.
refers to HLY 2 Y + L
+

o

. PRy
c. pK, refers to L-SH ¥ LS™ #+ H

\~ As discussed before, it is expected. that inside
f"the active site of the enzyme. the net positive charge
of the meta1 at the time- of carbbnyl reduction should
be an important factor if'a Lewis acid - Lewis base

interaction is required The titration data on the

metal complexes of ligands 38 and 39 however, indicate'

that at pH values in excess of 6, (where the enzyme

N operates)-both thiols ‘are completel&ﬁdeprotonetedAand

~_therefore’the Zn+* charge’ié{effectirely'neutralized

in these systems. A,hydrophobic environment would only

'serve'to'favor this charge neutralization.
=== Whilst on the basis of the above results, dne"

can oﬁ)yﬂspecufate'ebouf-the analogous process in the

46



enzyme, one might wonder about the Zn+f electrophilicity

if both the cysteine thiolates are coordinated to the
fmetainduring the reduction step. Similarly, one might
wonder‘about mecnanisms which involve a zinc bound
water ionization if the Zn++‘a1ready hasftwo_anionic
groups attached to it.' It would seem that tf the rea-
son for lowering the pK of nt?t bound water~re11es‘
upon the positive character of the metal stabilizing a
bound hydroxide, that reduction;of the.net.positive;

.charge.on.thevmetal by 1igation to two tnioiate groups

-hould seriously reduce the acidity ofythis~bound water."‘

}Consideration of the ionization'behavior of the.
thioigroups on zinc a]iows speculation about a- novei
mechanism for enzyme action (Scheme 5) which is con-

’sistent with the present and previous oig}ion studies

“and circumvents the reduced Lewis acid charactér of

. (RS ) mtt, In this scheme, the apoenzyme, A, contains --

a n? bound by imidazole and only one thio] (the

'other two ligands. assuming four coordinate ZInc. being

' water) whiist the second thiol is situated nearby and
is protonated., Stepwise additiqn_of NADH and ketone
gives C, in'which'the carbonyi is;coordinated'to a
'Azinc fon which has some Lewis acid character, as pro-'
~ posed by.Dunn 31 After redox reaction the aicoholate
vcomp]ex, D is formed and. the Zn is effectiveiy

neutralized Coordinafion of ‘the pendant thiol. accom-:

¥
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| panied hy conconttant‘proton transfer to the liberated
alkoxide gives the alcoholrcomplex E. An extra
.equ111br1um has: been drawn between C and E to al1ow‘

-for the possibi]ity of concerted proton and hydride
transfer. The scheme is consistent with the known
observations for the oxidation,of alcohols. Coordina-
tionvof NAD+ causes a conformational change as{a result

. of which the'pendant'thfol becomes coordinated and
‘therefgre deprotonated,~hence prdton're]ease accompanies
NAD* binding' (In thiSISCheme, confdrmationa]'changes
caused by -NADH b1nding is not considered to have any
sign1f1cant effect). Coordination of a1coho] to |
"neutra]“ zZinc is followed by hydride and proton trans-
fer, and deb1nd1ng of the secoqd thiol to g1ve the

ketone spec1es C. K]inman38 has proposed that ‘the redox
‘reactfon isvcontr011ed‘by the action of afsingle,ton1z- S
ing group (pK -'8A25) Which most:be;protonated for |
the reduction reaction and 1on1zed for the ox1dat1on.
reacf1on,j In the proposed mechan1sm (Scheme 5), th1s_
“pK," must be considered to be derived from-a combination
-~ of factors: the 1on1zation of the thiol and the B
alcohol, the hydride transfer and the effect of coor-
dinating the thio](ate),-possiny includingma conforma;
tional change Th1s "pK " 1s not a pK as such butf"
rather a pH below whwch the reduction reaction 1s L

'favored and aboye which the_oxidatjon is»favored.

»

.
8



| efthe reaction of 2- lithio 6- bromopyridfne

nggﬁds conteihihgea pyridineAaﬁﬁnche thiol.

’i, antﬁesfs
| As was demonSt}ated in the last section, the
- models containfng"fwo.thio]s were found to be udsuftab]e
because of precipitation problems whichlare belieied
to be a consequence of the low pH jonization of bound
-.thi01 groups. Simi]ar]y for ketone 44 we believe
~ the lack of observed reduction may relate to the fact
_that the Zn -dithio]ate 1n this system is too poor a
Lewis,acid-to'promote cerbqny] polarization. _

» Compound:ig (vide supra) was'prepafed in the manrner

described in.eq. 13. Dehydration of 27 in hot conc.

.2HOTos

H,80, gives the aIkeheao and addition Of.thidurea across

the double bond, the ‘thiouronium sa1t8! which is -
hydfqiyzeinn.emmonie‘solutfon'tcvgieevthe'thio1 49.91
The - two apbkoaches‘cOnsidéfed»for the synthes1s
 'of the 2, 6- disubstituted pyridine 55 are shown in
:'Scheme 6. The first attempted route (via 51) invo]ved

67 with acetone

B hwhich gave the adduct in relativer high yield (78%)

50



Scheme 6

a Buli
b Acetone

a Buli

b Acetone
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which was dehydrated to give the a]kene 52. Attempted

1ithiation of 52 gave a mixture of unidentifiable

.products, possibly as a result of anionic polymerization.

The secdnd rBute (via 41) was however successfd]

Treatment/of the 1ithium anion of 41 with acetone gave

“the adduct 53 which was deprotected and dehydrated

in conc. H2504; Quenching of a partially reacted mix-
turejrevealed that the deprotection occurred before |

the derdration; The thio] derivative was prepared as
described for 49.. Attempted preparation of the re-

duced equivelent.qT 55 (via borohydride reductiod of 54 -
and treatment With‘thioured and base) gaee the di- ‘
su]phide'instead. A]thoughlthis‘disulbhide is apparently

82

reducible by Zn/CH4CO0H,° as evidenced by loss of

.color, the resultant thiol was very susceptible to air -

Y .

oxidatibn,,rapid]yvrefhrnidg to-disu1phide,

ii. Reduction studies . o : R

~ The reductionvdf'the zinc complex of 55 by BNAH
was studied by NMR fn CD3CN/D20 (7/3) solution using

10721071 . solutions

qun addit1on of 1 eq\ zinc ch1or1de, the pH of

©an qu?ﬁolar mixture of 85 and BNAH fell rap1d1y from

.10 to ‘below 3 and then increased to ¥ 5 (by glass'. -

electrode) over a period of a few hours ’InSpection of

;the NMR spectrum during th1s period showed the loss of

PR -



the}CH3CQ$1n§1et et'o.2.70 and the growtn of a doublet
at 8§ 2.61. At the same time, the CH3-CH doublet at
6§ 1.3 became more comp]ex with another doublet appearing
1n almost the same place. . The BNAH a]so disappeareo/and
was replaced by the ox1dized NAD analogue (by compar1son
of the NMR Spectrun of authentic materiaI). No evidence.of
reduction was seen (by-COmparison with the NMR of 56
and the product of the in situ reduction of 55 by NaBH4).
Extraction of the reaction mixture ledvto the isolation
of the species,wifh NMR peaks at & 2.61-wh1ch:were thought. :
to arise: from the'disu]phide"derined from 55 on the
basis of spectral measurements (see exptl).

| These observat1ons po1nt to an oxidat1on of the
thiol by mo]ecu]ar oxygen which is probably ass1sted by

83 ‘

the metal coord1nat1on Such a procéss could lead -

to a~free‘rad1ca183 mediated oxidation of the NADH
'analogue v1a a d1sproportionat1on process 84 R

» In a s1m11ar experiment; using 49, the same -
observatwons uere noted and the dlsu1ph1de 1dent1f1ed
in the reaction mixture. ’_ -

" To counter the'effece,of molecular oxygen, the

reaction was studied-under‘anaerobic conditions;"Two
solutions, one of thiol and one containing BNAH anc
ch12 were degassed by 10 freeze-thaw cycles. The
efficacy of the technique was ahown by the fact that

on]y a very small amount of the disu1ph1de of 55 was L

<
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observed during NMR monitoring of the attempted re-

duction.

The reactibn"observed was extremely complex and

whereas the obser. 5{“@'“*

of the reactibns‘fl
time. | ‘7i3'f‘ e , .

‘ The origina ¢ ‘v_ak.(&A[ 79 decreased steadily
;1n size uith time: and azﬁlose doublet at § 2.5 (which
may be ascr1bab1e to another CH3C0 Species) appeared :

' transient]y, both sets,of signals’ disappearing in a .

feu‘hours.‘ At the sameftime, the‘uNAH disappeared and

was ‘replaced by a lesser amount,of the NADY analogue.

, The,methyrfreoidn. uhich showed the appearance of

another doublet maintained a constant integration/even

" ‘'when ohe acetyi peaks had disappeared _

i E&traction of the reaction mixture gave a residue

, whose NMR spectrum was similar (minus the peaks ‘due to

the NAD anaiogue) to the original mixture UpOn.

chromatographic separation of this mixture the major

| product isolated was the disuiphide of 55. Since this

Species was not present before chromatography then. it

) must have been produced by some process during chromato-7
'graphic separation._ In one case. the reduction product;

- . 57 was identified by NMR, however this reSu]t could

» -

not be reproduced " Agat, €ﬁ¥i compound uas not visible‘

- in.the-extracted mixture,*_f?f'—“v
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55

| That 55 reacted with BNAH was shown by two

experiments: in the absence of BNAH. no change in the

NMR was  seen after 1 h.: In the presence of 5 eq.‘of |

BNAH the reaction proceeded ‘much faster ‘than when 1 eq '_ ) ,§

wall present. : \ .
The reaction procedure was repeated with non«

reducible CGHSCHZSH instead of 55 and again a reaction

was seen in which the NADH ana]ogue disappeared to be

replaced by a smaller amount of the oxidized form (NAD ) o

In common with the spectra from the precedlng cases, ‘

” many signa]s were apparent,/suggesting formation of

a comp]ex reactiondmixtUre ‘

| The .above work shows the incompatibi]ity of the )

zinc comp]exes of thio]s with BNAH under the conditions

studied. This would not seem to be a probTem ﬁgr the

~enzyme 51nce X-ray ev1dence 1ndicates that the NADH

molecule binds some distance away from the ligating

cysteine thiols (Fig. 1) Further modelling attempts

,wouid reQuire synthe51s of a system which is geometri-iuu

cally more similar to that in the enzyme TR

. Due to the intractable nature of the above reactibn

mixtures and ‘an 1nability to observe reduction of the_ >,{f"

ketone group of 55..further studies with this system ’f?f?&fﬁ;.j;}'

: seemed fruitiess




" . EXPERIMENTAL .

“.antheeis -
" Routine IR, TH-nmr, 13c- NMR and mass spectrav o
‘were recorded on a 7199- N1co1et FT IR Spectrophotometer,
,l a Varian 56/60 (60 MHz) or HA 100 (100 MHzlL a Bruker |
HFX<9D (22.8 MHz) and an AET M$-50 spectrometer. fFor
column chromatography. silica gel (Merck 70- 230 mesh
ASTM) and alﬁrfna (Camag, grade III, containing 6% water)~

~ .were used

+*

'1,3—01_(methy1'thio”)'p[r&p-ah-z-o1 (gg’, R '."5“_* X ;=',_on')' -
: a 85 ] e

This was prepared by the method of Corey et al

n zoz y1eld, bp 74° (o 1 torr), Nit. 85" 100 (7 torr) 86,87

o 3-Dl(pheny‘lthio)propan 2-01 (23, & - c6u5 X = ou)88

o To. an 1ce cooled solutJon of 11.5 g (0. 5 mol) of
"fNa dissolved in 200 mL abs. EtOH was added 55 ] (0 5
fr}mo]) of thiophenol over 15 minotes folwaed by 23.1 g",

(0,25 mot )

il 'of epichrorohydrin over 10 minutes The'v
‘f‘temperatore dUring the additions vas kept at SO 60° by,57~

‘,_5an ice-uater bath}f'After stirring for 1 h 100 mL of

'g*lwater was added a.xftbe mixture extracted with ether

'7*.(3 x 200 mL) The éoabined ether layers were 4"95

(“@aso‘) and Solﬂent‘renoved i" vacuo. The Qﬁfi;:i-J"e




7. 0 7.4 (m 10H

57

- e “ “

silica, 15 cm column height), eluting with CHCl,, to

give 51.4 g (79%) of the product as a colourless oil

_after removal of solvent: IR 685, 730, 3440 (br) c#'];
‘NMR (60MHZ C0C13) 62 9 3 5 (m 5H), 3. 6 4 0 (m 1H),

). 86 -

e ]

1.3-(Dimethy1thio)propan-z-one 24a P

W

"rﬁmechaﬁiﬂelfs

MetQanethiol (9.2 g (0.2 mol) ofviﬁquid (condensed
in a cold bath)) was added to a -20° solution of 8.0 g
(0. 2 mOIJ’%aOH in 100 mL 95% EtOH and the miihure warmed.

-~ to room: temperature The mixture was then added, over

30 min., to a solution of 12.7 g (0.1 mol) of 1,3- ’
dichloropropan -2-o0ne in 100 mL 95% EtOH with continuous
tirring After stirring overnight the.

xsured onfo 100 g crushed ice and 1eft
‘extracted with CH2C12 (3 x 100 mL)
) extracts were dried (Naa§04) and

L nevgave 13 0‘9'(871) of the‘proauct as a -
o bpB3° (0,55 torr) 19¢.7% 106-9°"

3y -1IR (fi1m) 1706 cm™'; NMR (60MHz, €DC1,) 62.11
). 3. 42 (s 4H), mass spectrum m/e (re] intens1ty)
2 Y . -
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’ .

o o
1.3;01(ethylthio)propan—z-one 24b

This was prepared analogously to 24a except that'
the reaction was quenched after 4 h and extracted with
- ;CHCI3p~-The~product was obtained as-12.9 g (73%) of a’
pale yellow oil: bp 582 (0.14 torr), 1it.”% 123-4°
(11 torr); IR (film) 1250, 1704, 2920, 2960 cm™'; NMR

(60MHz,CDCT,) 61.24 (t,6H), 2.55 (q,4H), 3.45 (5,4H); .

mass spectrum m/e (re1 1ntensity) 178 (M* 365, 75 (100), o
exact mass calcd. for C7HMOS2 178.04¢6, found.178.0491,
1,3-01(4-N,N-dimethylam1nopheny1thig)prepaA\Z-qne 24c 3“{
A solution of 8.0 g (o 2 mol) NaOH. in 150 mL abs.
: ethanol was added over 30«minutes to a mechanically

stirred solution of 30‘6,3_ (0 2 mol) of 4-N, N- dimethyl-
aminobenzenethio] and 12 7 g (0.1 mol) 4? dichlorppro-' dﬁ

N

_pan- 2 -one in 100 mL abs ethano1 After stirring

~ /

. overn1ght the reaction mixture was poured*onto 100 g ;.

(""

e ofgﬁrushed ice with stIrring. and left for 30 min..

J‘iff

L fflowJPIates “mp 61- 2°% IR (cast) 800, 1350- 1500’ 1600, .
700 ca}; NMR (60MHz,COC1;) 82.92 (s, 12H), 3.6 (s, W, "
6. 5-7 4 (n;B&). mass spectrum m/e (re1 1ntensity) 360 f./ YT

TP?ﬂ’ (M* .76%, 152 (100). exact- mass. calcd for °19 24"2052 T
7 360. 1330 “found 360. 1330 ,ﬁf L
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,AnaI.\calcd. for C]9H24N2052: C,63.30; H,6.71; \

N.7.78; 5,17.79. Found: C,63.29; H,6.663 Ni7.81; , y
' 'd {‘r? 90. e T . | -
MR "_4 PRI iy
S I Di(4 metho&;phen A%;ﬁ ropan»Z one 24d- %

.f"

\This was pﬁxg;;ed as. fo? 24¢ but in 95% ethanol.
On pouring~ﬁhe reaction mixture onto “ice an oil was 2
”’formed which w%w removed by decant1ng and induced to
’ crysta]laze by triturating at -30~o n 100 mL methanol
The prdduct.has recrysta111zed from methanol yie]ding
10.3'g (38%) of white plates: mp»38°; IR (cast) 820,.
1240 1280, 1490, 1706 cm ]; NMR (60MHZ.CDC13)<63.70
(s),3.78 (s), (together 10H), 6.7-7.5 (m,8H); mass 0 N
spectrun m/e (Fel infens) y) 334 (M*,100), 195 (85? 13, N\
'w(7j), exaqt;mass calcd. for C17H]80352 334.0697, found\ S\ o
334.0702 ‘
Anal. calcd. for CyqH 50355+ ~c 61,085 H,5.42; |
$,19.17. ~Found: C,61.145 H,5.32; ,ﬂ3»03 9‘ : /f -

" .- . ) . ‘\&_A,(—v‘t-

1,3-Di(4&metﬁy1pheny1tbid)perén-Z-one 24e -

Prgpared_ahalogous}y-to ZAi as-zﬁ 6 g (68%’ of
-white,need]es:/ mp 65- 65 11t 89 66- 7°, IR (cast) 8]0
1240, 1400, 1706 cm"; NMR (60MHz,CDC14) 52.26 (s 6H),
3. 73 ss 4H), q 9-7. 3 Gm 8H). mass spectrum m/e (rel L -

; SR
*ntensity) 302 (M+ 383. 179 (78).‘137 (100) exact mass R jx;

o caled. for c1 Hi0p 302 0799,Vfound 302 07991

A



1,3-D1(phenyl thio)propan-2-one 24f

P’ipared as 'for 24c but 'n 7% ethanol. On

‘pouring the reaction mixture onto ice an o011 was formed

-which~ws§—separated

tions from methanol

by decanting. Two recrystalliza-
gave 17.8 ¢ (58%) of the product ~

as pale yellow frystals: mp 36-7°, 1it. 70. 42°C; IR
(cast) 690, 1440 1490, 1705 cm ]; NMR (60MHz;CDC13)

6§3.82 (s, 4H), 7.3 (m,10H); mass spectrum m/e (rel
intensity) 274 (M 57), 165 (75), 123 (100); exact mass

caled, for 015 ]4052 £74.0486, found 274. 0482.

1,3- 01(4 ch]oropheny]thio)propan -2-one 249

e

Prepared as for 24c but in- 95% ethano1 (50 mL
extra’so1vent had to be added to the reactiQP mixture

since it so11dif1ed), as 22.8 ¢ (67%) of pa1e yellow

needles.' mp 78-9°,
]100 1480, }712 cm

7.2 (s 8H), mass spectrum m/e (rel intensity) 342

(M 56), 156 (100),
341 L9706, foupd 341

>

1it. 90 gg_91°; IR (cast) 800; 816
-1, MR (60MHz, CDC13) §3. BOETE ),

35 :
exact mass ca]cd for C]5H12052 €y,

9708.

1, 3 Di(3- trifluoromethy1pheny1thio)propan -2-one 24h

: Prepared as fo
mp. 50-175 IR (fast)
coc13) qg 9b (s AH)

sl
B3
n‘.

r 24c as 24 1 g(59%) of white needles:

1130 1320, 1725 cm ‘; NMR (60MHz,
» Z 4 7 7 (m 8H), mass spectrum m/e.

60

"y
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3

(rel intensity) 410 (M*,90), 233 (100); exact mass
calcd. for C]7H]29F652 410.0234, foung 410.0241.,
| ,Analf calcd. for'C]7H]205652:' C,49.75; H,2.95.
Found:  C,49.62; H,2.96. o e

| 3,5701thia-4,4-dihethylcyclohexaﬁol‘g§~

'1;3-Dimeréabtbbr3}én-2-01‘24.8-9 (0.2 mol) was _Jl};;iﬁfﬁvp

: : : ‘:v;:;fﬁ._'-_‘_“: B

mixed with 11.6 g (0.2 mol) of dry,acetone'in 200 mL !fﬁm.lg
R - JL.J{&B
CHC1, and cooled in ice. To, this solution 10 mL of kY ffd

» *’&

BF3 etherate was added cautlousTy and the resuItant . 1;
opaque solution left. at 5° for 18 h. This solution  : | |
‘AVWas then washed with 100 mL of watet and then 1(w}mm
of 0.5 M Na2603 soln. The CHC13 layer was dried 1‘*52504
and after solvent removal in vacuo was fractiona11y dis-
tilled to give 19. 59 (59%) of the product as a color-:
1e§svo11._%jThere is cons#derable decomposition during
distillation; NMR analysis of the reaction mfxtqre in-
dicatés a crude yield of >90%): bp 58° (0.b8ftofr);
IR (film) 1040, 2920, 342b (br)‘cm“} NMRV(100MHz”coc13)‘
, 61.62 (s, 3H). 1.74 . (s 3R), 2.75 (dd J=14 .and - 2Hz 2H) ,’
315 (dd J= 14 and SHz‘ZH), 3.6 (d, lH ex), 3 9 (m 1H),
mass spectrum m/e (re] 1ntensity) 164 (M 83). 74 (100),,
exact mass calcd for 65 ]2032 164. 0329 found 164 0328
“Anal ca]cd for C6 ]2052 C 43 87; H, 7 36 5,39.03.
#ﬁqnd - c, 43. 61, H, 7 38; S, ,38.86. ’

K

&
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3.5eDithie¢4,4-dimethylcyciohe;anpne 2;1'

vThis was prepared frdm 26 in low and variable
‘yields by4Moffatt'and Lead (Iv) acetate/pyridine oxida-
tions: bp §1° (0.2 torr), 11g,]] 57-59° (0.5 torr);
NMR (60MHz, CDC13) 61 78 (S, GH), 3.46 (s 4H); mass
spectrum m/e (rel intensity) 162 (M »92), 74 (100),
exact mass calcd. for CgHyo0S, 162.0173, found 162.0169.

4

2-Lithidpyridine

A solution of 14 2 g (0 09" mol) of 2- bromopyridine
in 150 mL dry THF or ether was cooied to -65° under N2
and 0.09 mg? of n- BulLi (s 2 Min. hexane) was adde'
- via syringe such that the temperature did not rise above .
-55°, After stirring for 15 min. at -50° (not above-
'_-50° to avoid decomposition) the red brown solution was

”cooled to -65° for subsequent use.
. "-- -] . PR

'1 SJ%imethylthio s2¢2- pyridy])propan 2-01 25a

. (=N

PR
» . s

“‘#’iﬁvution 0f4.50"g (0.03 mo]) 24a in 50.mL dry
fTHF uas added droﬁﬁl',xto 0.09 mol of 2- lithiopyridine ;
-~(pre§qﬁhd a? above) ii*iﬂf at - 6$° to ~60° over. 15 min

‘After stirring for 2 -h gt sd&? and having warmed to

-40°, the miuture wﬁ% quenched by the addition of 50 mL .

water and then brought to room temperaturé .An'
additiona] 50 mL water uas added and the THF layer'

separated.‘ The remaining aq ijer was extracted with

62
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ether (2.x 100 mL) aid the combined organic layers dried
(Na2504), stripped ;nd cﬁe residue put on a vacuum

line to-remove pyridine. This resfdhe was dissolved

in Zbo mL.ether*and-dry-HC1~gas<passed¢1ntowthe~soiution~-
until no more precipitate appeared. The oi1y precipi- |
tate was separated by decanting and crystallized by
trituration 1h ca. 20 mL bo11§nq acetpne Two re~- "
crysta111zations from CHC13/methan01 y1e1ded 3. 24 g
(41%) of the HCI sa]t of 25a as pale brown plates

mp 170-2°;’IR (KBr disc) 610, 780, 1070 1230 1450
1520, 1600, 3000, 3250 (br) cm™'; NMR®! (100MHz,CDC14)
62.02 (s,6H), 3.19. (ABq,4H), 4.7 (s ,ex), 7.7-7.8
(m, 3H).'8 6 (m, 1H), mass Spectrum m/g (rel intensity)

229 (M -HC1 9), 168 (100), exact mass calcd for o N
Cy oM ]snosz (M HC]) 229. 0595, found 229. 0587 |

- Ana1 calcd for - C]0 ]6C1N052 C,45. 18 'H, 6. 07;

N,5;27. Found C,45.08; H,§.12, N,5.35. ' -

Adduct 2 b

This was prepared ana]ogous]y to 25a and iso1ated
as 3. 70 g (42%).0f palé%brown plates of. the HC] sa]t
h after two recrystallizptions from. CHC13 mp 152 4°;
IR (XBr disc) 1080, 1450, 1600, 3000 (br) cm 7} Rt
(lOOMHz CDC13) §1.14 (t, 6H). 2 36 (q, 4H), 3. 15 (ABq 4H),-

- 4.6 (s 1H), 7 1- 7 8 (m 3H), 8 6 (m IH), mass spectrum SR



m/e (rel 1ntensity) 257 (M ~-HC1 14). 182 (100); exact e
'mass calcd for C]ZH]9N052 (M -HC1) 257 0908, found

. 257.0907. | | |

| : AnaIr caﬂcd. for'C12H20C1N052:» €,49.04; H,6.86;

N,4.77, Found: .C,48.81; H,6.86; N,4.75.

Adduct 25d

ﬁrThis'Was prepared anaVogously to‘éSa andyisolated

as 4. 65 9 (34%) of an off-white powder of tht HCI salt
: after two ;ecrystallizaé1gh§sfrom CHGI3/methano1~ mp
184-6°; IR (KBr disc) 1240 1490, 3440 {br) cm™!;
NMRO! (ioonuz cOC13) 83.46 (ABq, 4H), 3.72 (5,6H), 4.8
(s 1H), 6 6 7.6 (m, llH). 8.4 (m, IH), mass spectrum m/e.
(rel 1ntensity) 274 (M C7 705 ]]). 260 (57), 152 (100),
.._exact mass ca]cd for C]5 16"025 (M C7 7OS) 274.0902,

(found 274 0904 _ o _ :
 Mnal. caled. thr c22H24c1N03s2 'c,sap72;'n,5.ae;
N.3.1T.  Found: C,58. 65; H,5.17; N,f?oag

- Addﬁ;t-ggg-~

o - This was prepared ana1ogous]y to 25a and 1solated ‘
]'as 3. 79 g (30%) of creaﬁ plates of the HCI salt after
"two recrystallizations from acetone/ethenol mp 165 7°
IR LKBr disc) 490, 770 810, 1490 3000 3200 3440 (br)
_‘. <N’ (1oonuz CDC14) 62.22 (s.6H), 3. 51 (ABq,4H), :

,'-;\ 4.8 (s 1n). 6.9- 7. 6. (m 11H), 8.4 (m 1H). mass spectrum



-

Lw

-

(rel intensity) 381 (M+~Hc1,9), 244 (100); exact mass

caled. for Cpply3N0S, (W*-HC1) 381.1221; found 381.1220.
~ Anal. ca1cd for c?? 24CINOS2 C 63 214 H,5279;‘

N:3.35. Found: C,63.23; H,5.59; N,3. 35

Adduct 25f

)
<
0

" This was prepared.analogous1y to 25a and isolated
as 2.10 g (iB%) of pale browh prisms of the HCI sa1t
after two recrystallizations from CHCI3/benzene mp
120 2°; IR (KBr disc) 690 740, 1600, 3400 (br) cm ];

MR%1 (100MHz,CDCT4) 63.59 (ABa, aH), 4.9 (s, ). 7.0+
7 6 (m 13H), 8.4 (m,1H); mass spectrum m/e (rel inten-

C20H19N502 (M HC1) 353 0908, found 353 0905

Analf calcd._fpr CZOHZOCINOSZ, C 61. 60; H 5. ]7. N
N,3.59. Found: C,61.82; H,5.07; N,3.56.

:
5
SuE ; .
S
EA

7

Adduct 25g

" This was preparedi analogously to 25a and. isolated

Cas 2.79 g (20%) of creém crystals of the HC1 salt after

two recrysta]]izations from CHC13/methanol . mp 175-8°;
IR (KBr d1sc) 490 820 1090, 1480 3440 (br) cm 1;
MR%! (100MHz,COCT3) 83.51 (ABq,4H). 4.9 (s,1H), 6.9-

7.6 (m.llH), 8.4 (M IH)’”bass spectrum m/e (rel tnten-

sity) 21 (M HC] 5). 264 (100). exact mass calcd for -

35c1 N052 421 0128 found 42T, 01]8

oo

Coofy7

T

e,
YA EA YA

iRl

RN

Csity) 353 (M -HC1,9), 230 (100); exact mass calcd. for o

65



Ana]. calcd. for C20H18C13N0$2: €,52.35; H.3;95;
N,3.05. Found: €,52.30; H,4.00; N,3.09.

‘Adduct 25h

This was. prepared anaiogously to 25a and isolated
as 2.17 g (14%) of white crystais of the HC1 salt after
two recrystailizations from CHC13/ether mp. 139-40°;

IR (KBr disc) 1120, 1320, 3440 (br) cml'; NMR®' (100MHz,
C0013) 63 57 (ABq,4H), 5 0 (s,1H), 6.9-7.6 (m llH), 8.4
(m,1H); mass" Spectrum m/e (rel intensity) 489 (M ~HC1,4)
298 (100); exact mass calcd. for szu ;NOS,Fg 489. 0657,
found 489 0657 ‘

\ ‘ - ‘ ¥ | “ | ’ “ ) ,. . ' ) //
. -.I'_ Anal. ca]cd. for CZZHIBF‘FGNOSZ' €C,50.24; H,3.45;

N,2.66. Found: C,50.05; H,3.38; N,2.62.

Adduct 251 T . AR , -
N ———— -% - .v R , . . w

v This was prepared analogously to 25a but was iso-

lated according to the fo]]owing procedure The crudei

product (after removal of pyridine) was dissolved in

- ZDO ml ether and extracted wit% 0.1 M HC1 (3 x 100 mL).

The combined acid extracts were neutraiized with solid
"Nch03 and extracted with CHCl5 (3 x 100 mL). The

; -combinedﬁFHC13 extracts were dried (Na2504) and

‘solvent removed in vacuo " The product was purified by/

. 'column chromatography (100 g si]ica gel, 40 cm coiumn .'.~

e
L

.

: height). e]uting with CHC13. after remova1 of solvent

—~



1.64 g'(23%) of pale ye]low'needles Were obtained:
mp 46-7°; IR (cast) 750, 1060, 1440, 1590, 3440 (br)
em™; NMR (1oonnz CDC1,) §1.64 (s 3H). 1.93 (s,3H),
2.50 (d,d=14Hz,2H), 3.86 (d,d=18Hz,2H), 4.5 (s,1H), 7.1-
7.9 (m,3H), QJSd(m,IH); mass spectrum m/e (rel inten-
sity) 241 (M+ 61), 223 (84), 190 (64), 121 (loo; exact
mass ca]cd for C]]H]SNOSZ 241.0595, found 241 0593
Ana]c calcd. for C]]HISNOSZ.' C 54.74; H 6. 26 N,
5.83; $,26.57. Found: C,54.86; H,6.37; N,5.57; S,
26.85. | | o

3
85

2-(2-Pyridyl)-propan-2-ol1 27

~ This Was prepared as previously described73'in 22%
yield as white needles: mp 48-9°, 1it. 73 49 50°, IR '
(cast) 790, 1180, 2950, 3480 (br) cm T, MR- (sonuz ,CoC15)

67

§1.58 (s 6H). 5. 1 (s 1H), 7.0-7.8 (m 3H), 8.5 (m 1H), mass ':~'

Spectrum m/e (rel intensity) 122 (M CH3.100), exact mass
calcd. for C,H 8NO (M CH3) 122. 0606 found 122. 0606

This compound could also- be made from 2~ 11th1o-
pyr1d1ne and acetone (1:1 rag;p) in '50% y1e]d after
recrysta111zat1on from Skelly B. (A purer product is

obtained by distilIation)

1 ,'3,-Dime rcaptm\tone V.

7 , 8 ‘ R
This was prepared as described prev1ou§%¥78 in ( B
787“

>80% yield: mp 105«9° (in another case 102 4°), 1it’

\,
SN . ‘ 4 . e
C. : o % s
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85-6°: IR (KBr disc)\lllo 2550 (w); 3450 (br) cm™';

‘NNR (60MHZ, ds-DHSO)\GZ 0-2. 4 (dd,2H), 2 7-3.5. (m,8H),

',5 9 (s 2H). mass spectrum m/e (rel 1ntensity) 225 (M -
Hy0, 33). 122 (100); exact mass calcd. for causos2 -
121. 9860, found 121. 9863

Av1.3-Bis(eth6xymethy1thdo)prdpan-zeone 32 ‘ s

2.2 g (0.1 mo]) of 1 3- d1mércaptoacetone were

'f‘d1sso1ved in 300 mL of dry THF, under ﬁz, and the

so1ut1on COolé% to -6°. Two eq. of n-BuLi (= 2 M in
hexane) was then added such that the temperature stayed
lin the range -5- 0° After stirring for 1°h, the cream
,_:suspensionawas cooled to -§5° and 20 8 9 (0 22 mol)
‘of ch]oromethxlethyl ether 1n 50 mL dry THF was added
‘iover 30 min ‘\The mixture was 1eft to warm up'and stir
. for 8 h and 200 mL of water wag added  The THF layer was .
_separated and the aq Tayer extracted with ether (2 x '
100 mL) The combined~q\ganic extracts were dried |
(Na2504) and solvent}removed 1n vacuo Distt]lation of .
E the residue from a- pre heated oil bath (130°) gave
.‘*18 8. g (80%) of the product as a pale ye]lou oil. bp
1se (0.1 torr). IR (fi1m). 1080 1708 cm” ' NMR (sonnz.' |
g'CDCI3) 6] 18 (t 6H). 3 55 (s) 3 56 (q) (together 8H),

::;4 65 (s 4H). mass spectrum m/e (re1 iqtensity) 238 (M ,4),

,f,sg (100); €xdct mass calcda RO feans°3sz 238. 0598r
~ found 238. 0698, St : L
ST

it e T s
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Anal. calcd. for cguwo3s2 €,45.35; ', 7. 51, s,
26.90. Found: C, 45.36; H, 7. 67; 5,26.88. B

1.3-Dimercapto-2—(2-pyrrdyi)propan=2aor>gl-“~~'~m~»»w-ww~4w*~»~—=w

“ A solution of‘7,14 g (0.03 mol) gg}in‘Sb:mL dry

- gther was added dropwise over 30 min. to,b;OQ'mol of 2—‘_}
1ithiopyridine (prepared as eoove) in fSO'mL ethervat
-65°, After 2 h stirring, the mixture was warmed to o
-40° and 50 mL sat. NH¢C1 added. - After the solution had
‘been. brought to >0°c 200 mL water was added the ether =
layer separated and the aq layer extracted with ether
(2 x 100 mL). The combined. ether extraCts were dried RERE I
(NaZSO ) and the vo]atiles removed in vacuo. The residue‘7('“' -
was then dissolved in 200 mL ether and extracted with

3 M HC] (6 x 50 mL) Neutralizat1on of the combined |

“acid extracts with’ solid cho3 fo]lowed by CHC]3 extrac-:?Qa{v
tion. (4 x 100 mL). drying (Na2504) and evaporation of ;ﬁh“’

. | ;solvent gave the addition product in reasonab]y pure o

F L form. MR (60MHz,COCT,) 61.2 (t), 3.3 (ABa), 3.5 (q).,-,

| 4. 6 (s), 5.0 (s br), 7. 0 7 7 (m). 8. 4 8 6 (m), exact mass

caled. for €y, H N0352 317 20, found: 312 1120 /

14723 ,
This residue was theh dissolved in 20 mL of'4;v

v ch12 in 130 mL of the same solvent was added in one

',, w _portion A uhite orecipitote rapidly forned end the



| fAfter 4§h stirring. the mixture was filtered and the
-Lprecipitate uashed with 200 mL water._ The solid was

»5N:then slurried uith 200 mL water with rapid stirr1ng and

RpS - passed through for 6 h after which the resultant

\tfblack mixture was treated with solid- K2C03 to raise the . ;:j;'

’pH to 8 and then continuously extraeted uith ether. N
for 48 h. under a "2 atmosphere The 3@her extract
 was dried (Nazso4) and ‘dry HCY gas passed through
The resuItant oil crysta1lized on standing and was 1so-
ted by &ecanting and uashing with ether to give 1.75° g
(25%) of ‘the HCI sglt of 31 as pale yellow crystals* .‘['?ffn’
© mp 158-60°; IR (KBr disc) 770, 1080, 1520, 1600, .aooo. f“ f
. jezzso'(br) cm ‘, NMR. (1oounz.020) §3:29(s, 4H), 8.0-8.2
C (m,%ﬂ). 8. 6 8 9 (m.ZH) (1ntegration of Sﬁ} HOD peak  'A
ﬁ_~:shoqu that 4H nah been exchanged), mass Spectrum m/e
. (rel intensity) 201 (N'-HCT,0.4), 168 (39), 154 (100),"7
tff:exact mass calcd.‘for CSHIDNOS (n ~HC]-SH) 168 0483, ol
*l,ffound 168 0486 _‘ AR '_ S “
- Amal. caled. for cau zctuosz c 40.41; M09
_thﬂN 5 89 B 6 73 Cl 14 91.’ Found C 40 54 \H 5A14 N,[,f
;s oz,oo s 97 CI 14 a7 S _'j_:w e

: V." -
RV,

'!nCompound<35
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methylethyl ethér 1n 5 mL ether over 10 min , an exo- %

thermi%-reactibn occurred and after 3& min. stirring,

§9 “ the neidic SbﬁUt‘On was extracted with ether (2 x 50 mL). A

'Tbe combined ether eikracts were dried (Nazso,g &nd =
';”solvent removed in vacuo The resultant residue was
:. separated by frqctionaI distiilation @nd thatgportion
boiling at 68° C (0 13 torr) vasucollected The pot

7

residue was. 1dent1fied as“impure 32 by NHR The distii-f‘ o

: )ate was: further’ pur{fdea*by co1umn chromatography s7.

(100 g si]ica gel. 40 ¢cm column height). eluting uith ?

VCHCI3 to g1ve 1 40 g (21%) of’white pIates after removaT
.of solvent: mp 37- 9°: IR (cast) 1035 cm”'; NMR (IOOMHZ,

’cuc13)/cs 24 (ABq,4H), 4.92 (Aaq,4n). 13¢ NMR (22, GMHz,
_VCDC13) §38. 2 69 2 (both tr1p1ets in off resonance

_ spectrum). mass spectrum m/e (reﬂ 1ntensity) 164 (M X
”,f100). 133, (28). 60 (52), exait mass ca]cd for CS 80252
163. 9966 found 153 9961.. _'~ *p!. |

0

s 39 04., Found c 36 76 H,4. ag. o 19 54 s 39, 27

«v3- Dimercapto-z (u-methyI 2 1m1dazoly])propan 2-01 38

17?1h1s was obteined by\tMe addﬂtion of a 03 of 32
1n 50 L ether to 0 09.mol df 2“lithio-ﬂ-netbylim%dazole

]

Ana] calcd for 65H802$2 C 36 56; H, 4 91. 0 19 48 v
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o exception that the final ether extract was ﬁried : . -
v"‘ " . %\
(Na2504) and solvent removed 1n vacuo to give 1.04 g ffﬁﬁ

Y.

(TZX) of the product ¥S 3 white powder -mp 119 21°; ' - T Tn
TR (cast) 1060, 1470, 2600 (w). 3060 (br) cn” NMR%
('lOOHHz CDC'la.-SO C) §1.6 (dd, ZH), 2.8-3. 5 (m 4H). T :
R, 3H), 4.9 (s,1H br). 6.8 (m 2H) (a;.RThconsiderable . . _\;' i

exchange occurs. the’ thiol protons. ﬁeéqme‘a broad - R |
lo}" . ' . T

- singlet, the mu1t1p1et around 83 simp]ified to a ABq

and the OH proton,was not discernible), mpss Spectruc Qw o
m/e (re1 intensity) 187 (M OH 23, 157 (53), 11* (100)'

Y
*%xact mass caled. for C7H]]N252 (H 0“5 137 0354r“fv |
& found 187 mﬁa. T e . " . -
Tl Aaal calcd. for c,unnzosm c 41 15 M, 5 92, I |

13. 71..s 1. 39.' Fou‘nd - GRS H, 5 9o N.as 703

5,31, 5°5 L ’n o .
ﬁ3 D‘NGVCGPtO 2(2 1m1dazolyl)propan 2 ol 39 _;;’»‘“

Thfs was prepared by thc addition'of 0‘03 mol of

1 ; sectign) in 150 il ethgr at 40° The mixture was o
‘-,-i-,stwred for 1h at -50° and. aﬂowed to mma to .0° wh”




.
: »lk& -

‘.Aér'(n -SH, 17). 143 (100), 6 (84)@\exact mass- calcd “for:'ﬁ

. fto g‘lve wh1te need]es mpcloo 10,&}8 (cast)ﬂf
. 3

e 20 .69

, :
» -

. . .
i . . .
i v @. - ) . . »
AR N ., ’ .
N .
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. nJEr reddcef'

~

t Eﬁ%t . Tﬁe CHCIg solution was extracted with 0.2 M HClj

'§
the combined acid extracts neutralized

. (4)(2@9 ‘
'-wfth solid ”-C03 and extracted with CHC13 (4 x- 100 mL).
The combined CHC13 extracts ﬁ%&e dr1t %(Na2504) and

solvcnturemoveddfn vncuo to g1ve 3 30

. 278 u*
',ﬂagduct wh1ch'%ou1d be ﬁgpryst3111zed from'EtﬂeﬁL?ﬁt %
{"J,rogo.
-o_ﬂr ’

fem’ ‘; NMR".(60MHz, cnc1 ) 51.19 (%, and. 3:30; (sgturt.3'56
: ’ » &

| .
% ?'(q 4H) 4, 53 (s 1H). 7. 00 {s, ZH), ma%s spectrum mégg(rele_

4

ﬁntensity) 306 (M¥, Okﬁi"ZO] (47); 15§ (100), exact .?;,

%ggffound 306 1080
) &t ,,Ana] & ca]’cdu.'for C.'z ZZNZOS ‘C 47. 03: dH‘ 7 24 /
,N&M 52093‘Found 64675 n722 N91 sw'

*

@ass ca]cd fbr C]Z 22" 20352 QOQ;T

l\ B . A e

_ The hemithioketa] was then treated as. before and
the . product 1so]ated as For 38 as 1 08 g (20% overaIl)
" of pale.yellow crystals: mp 106- 7°. m'“'(cast) 1090

CE
6. 96 (s 2H),-mass spectrum m/e (rel intensity) 157

Anal calcd for C6 Jouzosz C 3? 87_
,“4 72;0,8.415 533,70, FOH“‘»~ T, 38 21 M s z4.~;,”g
ERIE 51.0854,?34 03 e L

. Sem—

.'93 ﬁaﬁx Legﬁwthe ;;"'x, |

.’ "

.73

* 2560 (W), 3300 (br) cn™'s NMR (100MHz,CD400) 3.02 (s 43).‘¢ e
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Prepared in: 87% yma. as described previously 67&

R N

“mp 52-3° 11t.57a 54 5°,

:\‘. Lo . o

W 6 Bromo 2- (2-methﬂe-! 3- dioxo]dﬁ*?tfyl)pyridine 4 |
7. ‘ : \‘f ‘ P A . -
‘ E’epared in 8%% yie‘d as p ﬂ& y‘}&scribed 67’

mp 42 40, 11t 57“%% 62, AT, R "
Ty Y T e, WAL

" N C~ R & _.v;_: . }
1 3-,01morc.afto (6~ace'fyl 2 Pmdyi;propan 2 01 44 -,@"9" -;,

!“ . " LT

H i -

& " .
N g e -0‘7,1{1 g ‘(0 03 mol) of 3-2a~i.n 50 mL" @her wa's adde'd@) B U

oy“er 30 min ET a sﬁi’pension of 0 075 motl thé’"’ithium

e SOR T/ o0ANE -3 ' 3
anton of 41. , prepared as fon 2 'ch'lopyrtdine.%i ’, S f@‘

* 150 mL ether at 65°c*_ After 2 h stiréing at -65°C the .
| mixture . Was: Marme'd to -40° c, quen' _ 5'"1th 50 mL sat -
ﬁH4CI *s,olutﬂ and wa:med to >0°. Th'ls m‘ixture was
then e:(tracted witPO 1 M-Hhcfl) (3 x ]SO mL) (removes . o
debrominated 41) and then with 3 ) HCI (4 x 100 ﬁ) Tehe“"

latter extract uh'ich contarins the adduct was l’eft for

9,

24 h to effect deprotection of the ketone. This solu-‘";

T Y,

r'led (Na2804) and evaporated under reduced

re. The residue was cleaved uith 0 06 no'



" | ‘ , Lt © .75
T P/ Q |
‘V‘maintained‘atﬁb' &

‘After a further 10 min. standing‘the'mixture was extracted
fﬁwith'CHC13'(4mxf100 mL). The combined CHC]3 extracts
were dried‘(Na 504) and the solvent removed in vacuo. ‘
S The resuItant residue was purified by column chromatog-
raphy (50-g s111ca gel. 30 cm height), eluting with .
CHC13 to g1ve 0,78 g (11%) of.the product as a pale
gv‘ - yellow viecous 011 after evaporation of solvEnt: IR ',,,,;M”u
v (cast) 13@0 1690, 2560 (w)g 3460 ghr)‘hm ‘, NMR (10QMHz; - .
cDC1,) 61236 (t,2H), 2.70 (s 3H), 2. 9 3. 3 (m 4n), 4.4 o
(s, IH),‘7 7 8 1 (m,3H)5! mass epectrum m/e (rel 1htens1€&)
.f‘, 210°(M -SH, 46).y196 (100, 164 (55), exact mass, ca]cd " A
k fog,d’ H‘ZNO S (Mu su) 210. 0588, found 210. 0588 -
. An31, calcd. for cwnwnuzs2 Cs 53 36 5. 38 L @%3‘
N.5.76; 0,13.15.  Found: (,49.65; H,5.28; N,5.99;
dJS&L tj ,hj‘ﬁv';f' o R
1, 3 Dimercapto 2(6 (thydroxyethyl) -2- pyridyl)propan- '

o 2= !r - N

s ! - - ' .8
4 30 g (0 012 mol) of crude 43 was‘srepared as’ 1.* ‘“ TR
) . described above and treated*with 0 91 g (0 Ozetmol) :t'f |
fﬂ*‘f:a NaBH4 1n SO mL*abs ethhnol fot 1 h Then 20 mL‘of
’ water was added and the mixture continuohs]y extracted
hwith ether overnight The ether extract:was dried 5_,}fi;t.=*

'5¢(Na2804)&ahd solvent removed in vacuo (the NMR spectrum

‘ § S
JShowed the absence~of an acetyl group) The nesiduc Coet




76
" was cleaved by the action of 6.52 g (0.024 mol) HgCl,
i; to. givei46 as 1ts HCY salt, 1§o]ated as for 31 as

0 74 ¢ (9%) of a white- powder' mp 140-2°; IR (KBr disc)

1620, 3200'(br ¢m~'; NMR (100MHz, D0) 51~85 (d,3H), 3.46
 (s.an), S (), 801-8.3 m,20), 8790 (m, )3 mass
j!‘spectrum m/e (rel 1ntens1ty) Z?Ew(ﬂ HC] SH 65) 198 . g:ﬁ»';

(91). 180 (100), 166 (59), exact mass. calcd. for '

c]u 14uozs (M. Htl H) 212.0745, found. 212.0743.

f;“tﬁ'q;gﬂna1 caled. for cwuwcmcgs2 C.42.62: H,5. 723
~':§§97 0,11.35; s, 22.75, * Fodﬁd ¢,42.65; H,5:60;
. N 185 om sa '5.22.70. “f—m‘" R T

R IR A T
“,J—Nercapto 2 (2 pyridyl) 3- methylthiopropan 2-01 47

/ \‘. ".Q-\’

This was prepared by the add1tiqn of 4.27" g
(0.022 mo]).qf gg jn 20 mL etﬂeﬂ{)oVer,ISApfn, to
0.6 mol 2-1ithiopyridine (made as described before)

" in 120 mL ethe? at’ 65° The work-up procedure was as .
'-ufor 31 except that 6 0 g (0§022 mol) of HgC'l2 was,
‘ﬂ~usedyto effect c]eavage and 1 15 g (21{3 of the HCI o
-;Sa1t of 47 was obtainéd as*a white powder mp 132 4° R I
IR /(éir E:isf) 156‘0‘21520. 1605 2580 (w), 3200 (br)
-.:;r?.--,gcm “1NMR (JﬂONHz 020) 528" (".iﬂ’r’:s 58 (s), 3.6) (s) )
‘}_(together 4H). 8. 3 8 6 (m 2ﬂ), 8 9- 9. 2 (m,ZH), 1nteg-‘,_‘ o '

'ration offt e HDD peak shou ”‘fprotons exchanged; e

Ty




“ - Methylthio -3- ethoxymethyith{opropan 2 one 48+ -

o coo]ed to -65° and 9 &5 mL (0 1 moj“
".ethyk.ether added over 5 min and!tﬁ: S%Id bath re-‘

ﬁ;' cm 1; NMR (g%MHz CDCI3) 6] 19 (t 3H)s5

“hexane) such that the temperature was ca -5° After'“"

E.Stirr1ng at S fbr 3_§

ffractiondﬁ~dist114ations gave;4?gﬁg'f24z

A
. . .
4§

,‘.'.4

215 0438, found 215. 04345‘ o |
.o. X R i
Anal. calcd. for CgH 14cmos2 €,42.93; H35. 605 _35%5_.
N,5.56; §,25.47. . Found: C,42.965 H, 5464 5515

$,25.34. - R T B

. 5 i v 4,

.1:., g oo
e To 12 2 g @Q,] mo1) of‘l 3 J*hercaptﬁpc&tone in :; : iriﬁyfg

-

o '3ﬁ0 mL THF at -5° was added 57 1 mo1 nnsuti ( 2 Mg e s

\,vv.

”f = the su§pension was ;;: f‘_ ' é-'a
. y" o " » : . B
ga ch]oromethyl -

Rl

l

moved. After 15 min- the ppt had dissolved and the,"f A

'mixture coo]ed ta -65° prior to the addition of 0. 1'

mol of n-Buli. Then 4.8 (0,12 mol) of CHj1 was R

‘added to the. resultant/clear solution over 5 min. and R

-the mixture left to st1r and‘warm up for 8 h. The 'L':v“étﬂi.

reactron mI&ture was then poured 100 mL water lpd the

"THF layer Separated and the aq layer\e tracted with ;flgf ;i e

\ RN . O
ether TZ x 100 mL) The ;omb*ned o enit Tayers were

yed jndvdc 6.

dried (Nazsol) and so]vent r“q

'}Q*



X massaspectrum m/e (rel intensity) 194 (M »25), 104
A(43). 53 (lQO). exact mass calod Qfor C7H]40252 194, 0434.‘

.o
Y N ?6‘
. v

e v
"found l94 0434, ,‘; L “.ww, PR #.,

. @Anal satlsfactoﬁ' analyses could not be obtained
J&",.for tpl;_cqppounﬁ '?‘*f _'f; ﬂe L ?1 e, e

: w3 ')
| Sy A ST s A .{j
R C I I w
. 2= (2 l%.yrl dyl )proiie"ne S o Yo e '
TR * o »f‘l}- siy '..[‘ ‘:' L .- " '. ;~\‘ A e : -
N . . . \i}- B3 s IR : ’ A -

_ fflsuwas prqgaeed fﬁbm ;Z as, E?evibusly described80
ut: with ‘a tdﬁctfon tiMe of lSamin°'at lZO° and'not ﬂ;ﬁ_¢~ 8.
“_3 h (under~whlgh cqndjtioﬁs ﬁittle or. no pﬁoduét 1s , | \

L .
obtalned). i 57% yleld bp 74° (15 torr) 11t 80
63- 7° (lO torr) xj'“5 j;f _}; :?” .
LN . » -"‘,ﬂ,; ' . g z;"(:u‘ :l':v/ i 5%‘.’
.o 2:(£@a¥rjdyl)prophn#lathiol 49 - x K '{£§;;1> |
L 2. 70 g (o 0227 mol) of 2- (2 pyridyl)propene, 9 49 g :
(0 0499 mol) of p toluenesulphonic acid monohydrate : _ ©
and 1. 73 g (0. 0227 mol) thiourea were refluxed 1n SRR 4;} %
30 mL abs ethanol for 2 h After cooling to room tem- ; o, d
perature. half the solvent qu evaporated unde* reduted _
:-je‘Press?re and 30 mL of ethé@PEdded to the residue and ”” ;'//}/"
. thE'mlxture left to crystallize The dthE?Qate of .",,fy.- jT7

the thiouronlﬂm salt*§;8l g (56%) was collected aS‘

vl67 -70°. Anal

calcd for fw

REERNIN .f'
: c O
». ' RS T




* . L . N1

L
w

' 50 mL 4:1 conc, NH3 :water for 1 h and the. coo]ed solu-:-

‘tion extracted with CHCY *(4 X 100 mL) iﬁhe combdned B

- CHC14 extracts were dried (Na2504) and solvent re-.

.83°%, 0.5 torr) of" the residhe gaVé .32 g (69%) of 49

moved in vacuo Kugelrohr distfllation (oven temp

/

as a colourless oil: 1R“?bo 1430, 1450 1590, 2550
(w) em™'; NMR (100MHz, coc13) §1.2-1.5 (m,4H, one of which

“1is exchangeab1e). '2.6-3.2" (m 4H) 7 0 #:8 (m 3H), 8. 6 e?;f_;mu

‘(m TH); mass spectrum mé,?ire] 1ntensity) 152, (M -H,
"100), 120 (32), exact,,'

cd. for CBH ons (mt H)

152. 0534, found 152.0530: IR .
Anad . calcd ‘fob C8H11NS C,62.70; H,7.24; N,9.14u" &
Found: c,sz.es, H,7.285°N,0.14. - oLl

2-(5-Brom042-pyrddyllpnaaanel-ol~§l,

-

R e

Acetone (6. 38 g (0 ER mol)) waﬁﬁadded over 15 min,

. to a so]ution of 0 10 mol of ?u]ithfn-G bromopyridine v,”{ﬁ'

; ,(_f

'\’:( b’

in 250 ml dl.@gther, under Nz. at -65%. After a}g R

stirr1ng atw-ES; 50 gL of sat. NH4CI so1ution was

added and the mixture warmed to >0° The ether layerﬂfz;‘
ﬂas separated and the aq. layer extracted with more f:;;jij;t '

ether (2 X" 50 mL) The combined ether layers were

dried (Na2504) and solvent removed 1n vacuo Purifica-avfj?h
‘(200 g’iiliga gel |

,vcolumnf"

tion by c61umn chromatograph'




80
. "t "

‘ta111{ed asvwhito needles on sfgodingﬁ mp 33r5f,fbp
69° (0.25 torr); IR 1560, 3420 (x®cm™'; NMR (60MHz,
HC001') 1. 55 kﬁ BH), 4>] (S‘]H brﬁ; 7‘2-7 8 (m~3H); mass
Qspectrum m/e (rel 1ntensit¥) 120 (Ma-CH4Br 9), 102 (27), gﬁi
78" (100), exact mass calcd. for C7H6N0 (M CH 48r) K.
ﬂﬂzo 0449, found 120 0448 -
’,Anaj calcd for 010"103'"0 c, 44447§ H,4.665

# , | |
¢ ”'N.$.48{70,7}40. Found. C,§4.65; “H,4. 69 N 5 42 0 7. 12 .
¢ e ,

* By
' - -
Poe, &

C& R
R
R

o

;neutralized with solid K,C03. This mixture was ex-

/

‘éi(6f8rom6#2apyr1dyl)propené 52 } ' | '.‘ o

4 g (0 0185 moT) of 51 was added tb 12 &L conc.

M so¢ and the: mixture heated at 120° for 15\m\3 “The

'hot solution was then poured on 30 g 1ce/water and

;tracted with. CHC13 (4 x 50 mL),‘tbé combined CHCl3

:ovextracts dried (Na2504) and: solvent removed under(redured

“.fpressure Kugelrohr dist111at10n (oven temp 90°, 2 5 ~v['

'h

"?torr) .gave. 2 26 9 of 52 as a colorless ofl: NMR-.

}"o(eonuz coc13) cz 2 (m 3H). 5.3 (m IH), 5. 9 (m, IH). 7 {
"?f'o7 7 (n,su), mass spectrum m/e. (rel 10t8051t¥) 199 ,',,f
oM tez,e2), 197 (M,
*j;g;for C3H8N798r 195;su4b; found 196 9835

fﬁﬁ), 117 (74). exact ﬂpss ca1cd?\

, ;nalyses could not be obtained




‘min. to a solution of the 2- lithioanion of 41 in 250 mL

\

g ((6- Methyl -1, 3 dioxolan 2-y1)- 2 pyridy])propan 2- 01 53

Acetone (4 99 mL (0. 0881 mo1)) was . added over 10

~

¥HF, undern,, at -65°. After st1rr1ng for 3 hat’-68°, = @
50 mb sat NH4C1 solution was added and warmed to >0”"‘dx o ;dl
‘Water (50 mL) was added the THF Iayer separated and | | B
_the agq. layer extracted uith 50 mL. ether. The combined

organic layers were dried (Na2504), solvent removed u.f:‘
in vacuo and the residue}é‘ectiona1 istil1ed i .‘
dnore v 11e (bp 65° :“"f',.ilff

- R o
vué§wh1lst the 1at;er con-iixfﬁf T

fractions were dbllected.‘

0.1 torr) was‘debrominated‘_u'
‘tained 7.55 g (55%).0f 53 isolated as a, 6of6£1ess Rk
viscous oil: “bp, 91° (0.1 torr); IR (film) 1080, 1200,,A R
3400 (br) en; NMR (100MHz CDC1,) 61,54 (s, sn),.,,.__- e
(s, 3H). 3.8-4.2 (m, 4H). 5.2 (s THybr), 7.2-7.8 (m, M) F;; SRISTN
s spectrum m/e (re1 intensityl idﬁa(M Qiﬁg.llé .87 ..-,’.
(100). exact mass calcd for c”HMNo3 (M*-ch,) 208.0078, " L
found 208 0977 3’->H, LT Ad;c‘;‘ﬁ"'*v ‘;5"'7ﬁ';5[;
Anal. calcd for c,zunno3 . 64. 55 H,7. 673 N

6.27. Foqnd c ﬁb-za H.7.78; N, 6. 14 o
2- (GeAcetyl 2 pyridyl)propene 54 el |

7 " ‘f, 2




£

nwcoa M 200 mL water and the mixture extracte,d uith
QCHCI:, (3 x 100 mL) The combined CHC13 extracts nere
- dried (Nazso,,). so‘lvent removed undam reduced pressure
and the residue disti'lled in a Kuqa“lrbhw tube. (oVen «J‘%
A "Im° 0 7 torr) to give 2. 82 g-f;"}?_ﬂ&) ~nf 54 as a :
*\colorless 0il: IR (f11m)"820, 1350 1580, 9695 c 35" L
;NMR (100MHz, qul ) 62 3 (msu)m 2:72 (si,xlf
5 95 (m IH)Z “7 5 8.0 (m 3H). mass spec Mm/e (‘rel
;intensityé 161, (W*,100), f;ﬂ s
 f6r c,ou,,uo 161" 0841 founé 151 o§h1‘ 1\
. [Anal. calcd. for. c,ou,,no <, 7§:§j H8588; 69.
n\;rouna‘c 4. FER H 7 04 N a n. ;,g¢~- 'wtf; oo e
AT s e . T T R

2 (6 Acety’l 2 pyridy?)Propan 1 thiol _,5_ e @. \ i

  €;,ﬁ¥ .A:‘g (0 0104 mol)ﬁgg. o 79 (o 01043no1) ;hio-;: §f'

.,n‘df"'djf-ﬁ35_9¥ (AO_,~02Q o1 ),',,q:f- p—(t,o].uehesulfonjc a‘c{.d.
“',_g'rate nere refluxed in IZO\mL ab%thamn fo,. o




’V»(O 00775 moi) NaBH4 1n 50 mL nbs. ethano] for T h

v‘remova1 of solveut in vacuo: Ik‘(f‘fﬁ):iQGO;ffggo;?f\   RS
"'1690 2560 (w) cn’'; NMR (lﬁbnuz,coc13) §1.2-1.5 (m, - .‘ L

-_4H. one of which 1s exchangeable). 2 go (s) 2 5 3 3 f{,?j  f;S«m“
(m). (together SH), 7.2:7.3 (m IH), 7 6-7.9. (m.ZHl Lo
mass . spectrum 194 (M “H, 21). 162 (]OOL, exact mass fnj} |
~caled. for Cyghy 2NOS gn Hy' 195 0718, “found 195 0710._, f?_ _'}{' "

‘Anal. calcd. for c,enfsyos €,61.50; iRy oS

(k2 17 Found:. C,61.77; H,6.75: N,7. 033 T :~.,ﬁ:?j7f st
S LT e

2- (6 (1~hydroxethy1) Z-pvridy1)prop3ne£§§f ”‘J;'":?év2§«¥f?ff7‘/ﬁfi
., ‘5‘ T

z 50 9 (o 0155 maﬂ) of _g_uas treated uﬁxh o 293;9

(ree analysis shoued the reacbﬁon ‘Was c0mp1ete) Then r ?f”
- e "
50 nL of Nater was. added and the mixturé extracted

;uixh cnc13 (b x Joe mL) The combined CHCI?“
. R
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titrator and PHA 943B titration module in conjunction
with a' Radiometer GK24Q2B combined electrode, and

- recorded as a function of added 0.1000 M NaOH (delivered

by a Radiometer ABU 12.autoburette), on a Radiometer
SBR 3 titrigraph. Standard pH 4 and pH 7 buffers were
used to check the e]ectﬁbdé linearity and standirdize
the pH meter at the beginning of each series of experi-
ments. The ionic strength was maintained cbnstant by
using & medium of 0.3 M in NaNO, in 50% aq. (v/v) ~
dioxan (fEeshly distilled from KOH prior to use and

containing no titratab]e'gcid). (bata were analyzed by

. a compd}er version of the.Simms ﬁethod74 and the re-

ported pKa's are the mean of three determinations with.

a preciéibn of + 0.01 pH unfit.

i1, . Metal binding constants

 Stock solutions of Co++, Ni++, Cu++ and ntt were

prepared ffom their reagent ,grade hydrated nitraté'of
chloride salts and standardized by EDTA titration. For
the'weakly.binding ligénds the pKL64 values were
obtained by the method of Martgi1 and Ca]vin,75 using

a 20-fold excess of metal ion.-an& analyzed by thég

-

following equation:

] .
-_L - Ka - Ky
K, K, [total Mty

85



-
where K, is the dissociation constansg, K, the acid

dissociation constant, Kgl

tion constant in the presence of metal and the bracketed

the apparent acid dissocia-

term the total concentration of metal fon in solution.

For the stronger binding ligands a 3-4 fo]& excess of
ligand over metal ion was titratgd as before and the

data analyzed by computer program-,74 the figures quoted -

being the average of 3 determinations.

NMR investigation of the reduction of 55

A Varian HA-100-15 spectrometer with Fourier
transform modifications provided by a Digilab FTS NMR-3 -

system was used. .

-1

Typically 10722107 M solutions of 55 (or other

thiol)\and NADH analogue were used, zinc ion was in-

troducey by the addition of a small volume of conc.

ZnC]z in 020.

The/ anaerobic experiments weré carried out in thé-
following manner. Specia]Gydass apparatus was con-
structed in which a thin-wa’led NMR tube was joined to

a tube (closed at one end and 'with a 14/20 joint at the

other) as a side arm. In one tube was 55 (or other thiol) -

in 0.2 mL CD3C}’and in the other the NADH analogue
and Zn** in 0.3 mL CD,CN/D,0 (50/50). The two com-.

ponents were then subjected to 10 cycles of freeze-

5

thawing in. liquid nitrogen at <1077 torr. The two

86
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solutions were then mixed in the NMR tube which was
sealedvunder vacuum. ‘ - ,
The isolation of products from the aerob:c ——
redgction studies on 55 were carried out as in the
following examp1e’(the anaerobic cases being similar).

A reaction mixture, containing 15.6 mg (8 x 1073

5 mol

mol) 55, 17.1 mg (8 x 10'5 mo1) BNAH and-&x 10
ZnCl, 4n 0.5 mL 70% CD4CN was left for 15 h and added:
to a sq]ution of 5 g EDTA in 50 mL water at pH 9. The
resultant mixture was continuously extracted with
JHC14 for 24 h. The CHC1., extract was dried (NayS0,)
and solvent removed in vacuo. The NMR spectrum of the
residue was similar to that in the reaction mixture
(without the NADY analogue). The residue was then
separated by column chromatography (50 g alumina,

column height 25 cm) eluting with 500 mL 4:1 CCly:
CHCY and then CHC13 ‘The only identifiable isolated

product was the disulphide of ‘55 which had the fo]lowing
characteristics: Rg (CHC13/silca) 0.7; IR (cast) 1699,

2920 cm~] (no S-H stretch at 2550 cm™'); NMR (100MHz,
€D,C1,,FT spectrum) 1.45 (d), 2.70 (s), 2.9-3.5 (m),

’ 7.2-7.3 (m),}7.7-7.9 (m); mass spectrum m/e (rel
intensit}) 194 (M+/2;100); exact mass calcd. for

C]o 12NOS .194.0640, found 194.0638.
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AN EASILY INTRODUCED AND REMOVED PROTECTING GROUP
FOR IMIDAZOLE NITROGEN:
A _CONVENIENT ROUTE TO 2-SUBSTITUTED~IMIDAZOLES
£ S

INTRODUCTION, RESULTS AND DISCUSSAON

The syntheses of 1-H-2-substituted imidazoles 58
can he approached from several directiofis. Older,
classica\ methods involve thevconstruction of the ring
with the 2-substituent in place (e.g. Radziszewski and

92

Weidenhagen syntheses). Other routes include the

dehydrogenatibn pf the parent imidazolidine by

\\\BaMn04.93 addition of isocyanates at high temperature,?4

95 and phoio-

‘modification of the 2-CF, derivative
chemical rearrangement of the 1-isomer96 (this proced-
ure also gives the 4-isomer).

More general routes, based on the use of a suitable
 N-protecting group are summarized in eq. 14, A |
~\ )
protecting group is introduced onto the l1-position to
give 59 which may be lithiated to give the anion 60, whose

reaction97’98

with an electrophile give§"ThF pYotected
product 61 which upon deblocking gives 58. \Eog the
most part however, deprotection of the 1m1dézofé |
nitrogen involves asidic,_basic or reductive conditions
and problems are often encountered in the Tithiation
or additfon steps. For example, whilst N-benzyl-

imidazoles can be readily prepared and the benzyl

88



b . R ) -
A . ) ) . )
4 i ’ i . -
f . ﬂ_\a' - . . .\

\

Q=5 .
s

group-removed.gg']00 the 1ithfation step has been re-

porté%'to give‘ben!§1 deprotonation as well as de-

2. 10 N- Alkoxymethy] groups direct

protonation at- C-
the lfthiation to C-2 but their removal requires

strong acid reflux‘O] »102 and the yields of the 1s;~-
lated products are modestIOI’]ozlgp n11.1°3 The N-.

104

tosyl group is easily introduced and removed'%% but

the nucleophilicity of the correspénd1h9 C-2 anion
is 1ow.108 . | o ’ |
" Finally, the trityl group has been shown to be 2
useful. protecting group for imidazole 1tself.‘°7 the
ylelds of 2-substituted products being good to excellent
starting from the N-protected form. The method appears
to be fairly general; bowbver. the conditions reported
for deprotection»réquire refluxing acidié alcohol
media]°7 and may preclude its applicability for very

acid sensitive products.

: s
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»

During the course of our work on imidazole con-
taining enzyme models, we required an N-protecting
| group which could be easily 1nserted and 1f necessary
=’be removed under comp]etely neutral conditions “In
particular. a synthesis of the potential carbonfc
anhydrase model, 3115-(2-1m1dazoy1) phosphine was re-
quired. Although the blocked product 61 (X = ethoxy-
methyl, E = P/3) could be,|:>‘r-epared.,r08 deprotection
.was accompanied by C-P bond cleavage. .

'~ The diethoxymethyl function (59 X = (Et0),CH)
meets these requirements since 1t 1s readi]y hydrolyzed
-under neutral or acid conditwons in a few minutes In
addition, meta]lation of 62 gives only 60 (X = (EtO)ZCH)
in less than 5 minutes, as evidenced by quenching of the
reaction mixture with D,0 and exam1na!10n of the NMR
spectrum. | \_

Tnis anion is an effective nucleophile, reacting
~with a variety of electrophilic reagents to give good
yields of the 2-substituted 1m1dazoles after hydro]ysis
(see Table 4). a

v The protected imidazole 62 is prepared by heating
a mixture of the 1m1da§91e with an excess of triethyl
orthoformate in ghe‘presence of an acid catalyst with
continual removal of the‘alcoho] produced. While we
have nof.attempted to meximize yields, a 1:4 ratio of

imidazole to orthoformate routinely g!ves 80% yields of

~

»
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the purified product. NMR analysis of the reaction®

mixture shows only starting material and product with no

«~discernib1e disubstitution. The method is also

~ and i;5~diiggpropx1 imidazoles, protection'giving 63

'appiicabie to the more sterically hindered 4,5-dimethy]

and 64 respectively, proceeding in good yields in bo'th

cases. 4,5- DiiSOpropylimidazole appears to be particu-

106b

larly hindered; N -protection with trityl fails and

the orthoamide derived from triethyl orthoformatevis

obtained in only low yield, starting material being

mostly- recovered. The less bulky dimethoxymethyl

group is, however, readily introduced. Using an
analogous procedure, we were unable to isolate the

corresponding orthoamide of benzimidazole in useful

yield.

v

R )

- —

:E} 2 H . E
63 CHy  Et

84 CH(CHg), Me

éH(OR )2

. The me;gliation reactfons are carried out in dry
ether or THF at -40°, depending upon the solubility of
the'enion produced. After 15 minutes the electrophiiic
agent is introduced and-the reaction mixture allowed

to come 'to room temperetdre overnight. The optimum

.conditions were not determined but it. is epperent f?om

. -~

Al

h
jit

ficd

&
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the appearance of precipitates and color changes, that

the reaction is not instantaneous in some cases.

The'deprotection'and wokk-up précedures depend
on the sensitivify of the product. For instance, the
adrd-sensitive phosphines (see table and exptl.) were
jsolated by stirring the Erudeﬁreaction product (the
tris N-protectea analogues) at 25° or 56° in 5-10%
aqueous acetone. Within a few minutes, crystals of
the phosphines appeared, the hydrolysis being complete
in a few hours. '

For those products for which it is not necessary
to maintain a non-acidic environment, the product
imidazole is conveniently obtained by first extracting
the reaction mixture with aq. HC1, neutralizing the
_acid extracts with solid NaHCO4, and extracting the
neutral aqueous mixture with CHC13. Deprotection
accompanies the acid &#xtraction.

While the lsolagsd* overall yields were genera]ly
good, in cases where there is an acidic hydrogen present
on the e]ectroph11e& the'yjelds are lower, presumably
due to proton absfraction by the 2-1ithio anion. |

The dep}otection of the protected imidazole 62 was
fo}]owed by NMR in DZO at 40°. Hydro]ysi§ is complete
in less than 30 minutes, no significant "pH" change
is observed (“"pH" maintained at = 7) and the initial

products are imidazole, ethanol and ethyl formate. The

/
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solvolysis, was also monitoreﬁ in 64-methanol and found
to be complete in a few hours, the products being only

orthoester and imidazole.. Thus non-aqueous removal

of the N-dialkoxy ‘group is feasible.

Although 1t requires more kinetic analysis, the

deprotectisn of 62 appears mechanistica]ly 1nterest1ng.

0f the three possible mechanisms summarized in
Scheme 7, mechanism B can be eliminated (at least in
D 0) sunce no formic acid 1s produced before free
imidazole is liberated. formic acid does appear in
the reaction mixture later put at the expense of . -
ethyl formate. InSpeetion of the‘NMR aromatic region
during hydrolysis of 62 in DZQ shows the presence
of extra peaks 1nd1cat1ve'of spmemimida;ole,Speciﬁs
pther ehan 67 aqd imidazole itself, thqh may be
- tentatively ascribed.to 65, the product of C-0 rather
‘than C-N Gcleavage (mech. C)} _ |

However, this assignment is based on comparison
of the NMR spectra of 62 in CDC13 (see exptl.) and
the reaction mixture in DZO In the former case
‘the 4,5- hydrogens appear together as a multiplet at
6 7.1 and in D,0 peaks at & 7.23, 7.11 (imidazole)
and 7.08 are observed. The presence of extra peaks
may be simply an effect of the different solvents

used which make the 4,5-hydrogens non-equivalent
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in aqueous solution but &Qcidcntn M cn{m)f !
without detailed kinetic ymiysts ":J.‘ e
o 4videm;e either_for or —lg&n%t wh&ﬂé
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TABLE 4. Prepara{on' of 2-substituted imidazoles. -

-

.

Reactant— - Electrophile —— . - Product .. -~—-~»—-—-~\1\-—m] 4.

\

62 - 0, o ~COOH (66) 60

62 CeHgCHO -CHOHCGHg (69) . 17 ]

62 2-C5H4N§OCH3 - A -C(CH3)0HC5H‘ (19_) 64

62 Fluorenone -9-hydroxy  (71) .. &4

fluorenyl .
62 Cyclohex-2-enone 1-hydroxy @(12_) 49
| . , cyclohex-2-enyl

62 - (CHg)t0 -C(OH) (CgHg)a  (73) | 72
62 PCl, -P/3 , () .36

63  HCONMe, -CHO ) 82

63 PC14 | -P/3 (76) . 46

64 PC1 -P/3 (77) 55

. ) ) ] : . "‘ .
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e EXPERIMENTAL .
B m__Boutinc spectral measurenents wug“perforned .

" as described before.

N\ o )

N-(111-a1ethoxymetny1)1m1dazo1e‘°9 (62)

Imidazole (12.8 g, 0.2 mol), 118.4 g (0.8 mo1) of
triethy1orthoformate and 1 g of p- toluenesulphonic acid

eated at 130°'unt11 no more ethanol was distil-

Tablg from the reaction mixture. The excess ortho-

for was removed 1n—va¢uo.‘1'gfof solid NaZCO nas\

a ded and thé residue fractionally distil1ed to give |
28.
52¢ (0.02 torr); ‘IR (f1m) 1060, 2960 cn "1, NMR (60 MHz,
VCDCI ) 61.22 (¢, GH). 3.59 (q,4H), 6.06 (s, IH). 7.1

(m, 2H). 7.7 (m, IH), mass spectrum m/e (reﬁ 1ntensity)

(82%) of the product as a colorless 0l1: bp

170 (M :6), 103 (100), exact mass calcd for CBH14N202
170.1085, found 170. ¥g52. |

N- (1 1 diethoxymethyl) 4,5- d1methy11m1da201e109 (63)-

. This was prepared in 73% yield from 4,5- dimethy]-

'1m1daque]1° in an analogous fashion to 63 and 1solated
| , _ 1

as a coloriess oil: bp 82 7° (0.5 torr), IR (filn)

-1070, 2980 cm ‘; NNR (sonuz.cuc13) 51.22 (¢, 6H). 2. 13
s,30); 2.7 (s 3HY, 3.57(q, aH), 5.90 (s,1H), 7.57

d

45.1“), mass spe;trun nle (r€1 1ntensity) 198 (l .25),



or

a

156 (26), 103 (100); exact mass calcd. for CyoH;gh,0,

-

198.1368, found 198.1364.

A

g;hﬁfl.l-dimethoxymethyl)-4.S-di1§gpropy11m1dazo]e]09 (64)

4,5-Diisopropylimidazoie''0 (10 g, 0.067 mol),

27 g (0.25 mol) of trimethy) orthoformate and 0[2'§ of
p- to1uene sulphonic acid were refluxed in 100 mL of

‘ toluene unti] 100 mL of distillate had collected over
.&\ﬂy étH | The mixture was cooled and 2.7 g of starting '

‘.,».\

1m1dakoTe~was recovered by filtration. The f11§rate was
fractiona]]y d1st111ed to give 8.8 g (84% b;sed on
recovered starting material) of the product as a

?a. co]or]esswo11 bp 96-100° (0.5 torr); IR (film) 10

2970 cm ], NMR . (60 MHz,CDCI ) 61.26 (d,6H), 1.30 (dAGH),

3 33 (s, 6H), 2 80-3.43 (m,2H), 5. 86 (s,1H)5..7.61 (s, IH),r
exg;tﬁgoss calod, for C]2 22NZO2 226 1681, found 226. 1681

2 /3 )

N

= Preparation of the lithium anions of the N-protected
A O L

- #imidazolesr | ‘ ///

e

i? ';\ - To 50 mL . of dry THF or ether kept U"der N, at -40°

and\Eonta1n1ng OWQZ mo] og the approprlate N- protected
1m1dazole was added via syringe 0.02 mol of n-BulLi in
hexane such th%t the temperature did not rise above

. -35°. ' '

After the addition, the pa]e yellow-solution was
left for 15 min. "at -40° before use. - '
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Imidazole-2-carboxylic acid (66)

To 0.02 mol of the lithium anion of 62, in 50 mL
THF was added 5 g (0.11 #o1) of crushed €0,, via a
soHd addition tube, over a period of 10 min. ?After
stirring for 15 min., 1 mL of water was added and the
mixture left to stir,and warm to room temperature for
16 h. The resultant precipitate was 1solatedQ%/de-
canting the supernatant. The white solid was %issolved
in 5 mL water and the solution cooled in ice. -Acidi-
fication of this.solution to pH 3 by 3 M HC1 gave.
1.34 g (60%) of the product as white flakes after
filtration: mp 172-4°, 1it.''1 163-4°; IR (KBr disc)

1400, 1640 cm™'; NMR (60MHz,D,0) §7.57 (s); mass

spectrum m/e.(rel intensity) 112 (M+,100), 68 (94);

exact mass caled. for C£H4Nzoé 112.0273, foynd 112.0269.

2-n-Butylimidazole (67)

To 0.02 mol of the ]ithjum’anion of 62, in 50 mL
THF, was added 2.73 mL (0.024 mol) of n-Bul over 5 min.
and the mixture left to warm to room temperature with
stirring. After 20 h, 50 mL of ether was added and the
reaction mixture extracted with 0.1 M HC1 (4 x 50 mL).
The combined acid extracts were neutralized by addition
of;solfd_NaHC03 and this so]utipn extracted with CHC13
(6 x 100 mL). The cphpaned CHC1, extracts were dried
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(Na2504) and the solvent removed in vacuo. Klgelrbhr
distillation of the resultant oil (;ven temp. 93°,
0.02 torr) gave 2.08 g (84%) of‘gz as a colorless oil
which gelled on cooling: IR (cast) 1400, 2900 (br)
cm™'; NMR (60MHz,CDC1,) 60.8-2.0 (m,7H), 2.78 (t,2H),
6.98 (s,2H), NH not apparent; mass spectrum ﬁ/e (rel
intensity) 124 (M+,16), 82 (100); exact mass ca]cd;
for C,Hy,N, 124.1000, found 124.0998.

Anal. calcd. for C7H12N2: C,67.70; H,9.74; N,

.

22.56. Found: C,67.75; H,9.76; N,22.38.

2-Acetylimidazole (68)

To 0.02 mol of the lithium anion of 62, in 50 mL
THF, was added 2.79 mL (0.03 mol) of CH4CONMe, over
S min. and the mixture left to warm up and stir for
12 h. Ether (50 mL) was then added and-the mixture
extracted with 0.1 M HC1 (4 x 50 mL); " The combined
acid extracts were neutralized with solid NaHCO3 and
this solution extracted with CHCl, (8 x 100 mL). The
combined CHC1, extractg‘wefé dried (Na2504) and solvent
removed in vacuo to give a solid which was recrystal-
lized from benzene/CH3OH yielding 1.77 g (80%) of 68 as
white flakes: mp 136-7°, 1it.°° 13f-7.5°; IR (KBr disc)
1410,:1680 cm-]; NMR (GOMHZ,CD3OD) 62.58 (s,3H), 7.30
(m,2H); mass spéctrum m/e (rel\intensjty) 110 (M+,100),
95 (58)§ exact mass calcd. for C5H6N20 110,0480, found
110.0479. .



\

b W

1-(2-imidazolyl)-1-phenyimethanol (69)

?

"> To 0.02 mol of the lithium anion of 62, in 50 mi
THF, was added 2.44 mL (0.024 mol) of benzaldehyde
over 5 min. and the sq]ution left to warm to room
temperature with séirring. After 12 h, 50 ﬁL of ether
was added and the mixture extracted with 0.1 M HCI
(4 x 50 mL). The combined acid extracts were neutral-
ized with solid NaHC03_and‘this solution extracted with
CHC1; (6 x 100 mL). The combined CHC1, extracts were
~dried (Na2804) and the mixture evaporated to a small
volume from which 2.68 g (77%) of the<product was
cofiected, by'filtration, as white flakes mp 2b5-6°,
1it.17% 199 -201°; IR (cast) 530, 760, 1060, 3200 (br)
en™'; NMR (60MHz,CD,0D) 65.86 (s,1H), 6.95 (s,2H),
7.2-7.6 (m,5H); mass spectruﬁ m/e (rel intensity) 174

(M*,100), 186:(66); exact mass calcd. for C,H, N0
ma 10810M20

174.0792, found 174.0792.

<

1-(2-1midazoly1)-1'-(2-pyr1dy1)ethano] (70)

To 0.02 mol of the lithium anion of 62, in 50 mL

7 THF, was added 2.69 mL (0.024 mol) of 2-acetylpyridine |

over 5 mi  and the solution left to warm up yith
stirring. After 12 h, 50 mL of ether was added and
the mixture extracted with 0.1 M HCT (4 x 50 mL). The

combined acid extracts were dried (Na2504) and ther

r
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solvent and excess 2-acetylpyridine removed in vacuo. ,
The resultant solid was recrystallized from ether/
CHC13 to-give 2.43 § (64%) of 70 as white crystal;:v
mp 136-7°; IR (cast) W90, 3260 (br) cm™'; NMR (60MHz,
CD3OD)\61.92 (s,3H), 6.92 ($,2H), 7.1-7.9 (m,3H), 8.5
(m,1H); mass spectrum m/e (rel 1nfensity) 189 (M+,31),
174 (100), 111 (54), 78 (50); exact mass calcd.’ for
CqoHyyN50 189.0902, found 189.0900.

Anal. calcd. for C]OH]]N30: C,63.48; H,5.86; N,
22.21. Found: C,63.28; H,5.81; N,22.39.

8-hydroxy-9'-(2- imidazolyl)-fluorene (77)

To 0.02 mol of the,li;hiUm anion of 62, in 50 mL

THF, was added 2 solution @f 4.32 g (0.024 mol1) of

fluorenone dissolved in 20 mL THF, over 10 min. and

" the solution left to stir and warm up. After 16 h;;

ether (50 mL) was added and the .mixture extracted

with 0.1 M HCI (4 x 50 mL) .. The combined acid éxtraét§

were neutralized with solid NaHCOé and this solution

extracted wtih CHCly (6 x 100 mL). The combined CHCI,

extracts were dried (Na2504) and solvent removed in
vacuo. The resultant solid was recrystallized from

“GHC13/methanol yiplding'4.18'g (84%) of the‘product

as white crysfals:' mp\203-4° d; IR (KBr disc) 730,

750 cm”1; NMR (60MHz,DMSO0) 6.83 (s,2H)

NH not apparent; mass spectrum m/e (rel intensity) 248

-



(M ,58), 230 (100); exact mass calcd, for C]6 IZNO

248.0949, found 248.0941.

Anallcaled. for CgHi,NO: c,77,49{‘ﬁ(4.87;,n,
11.28. Found: C,77.25; H,4.76; N,11.52.

1-(2-imidazolyl)cyclohex-2-enol (72)

To 0.02 mol of the lithium anion of 62, in 50 mL

. THF, was adqed 2.32 mL (0.024 mol) of cyclohex-2-

X[

enone over 5 m\n. and the mixture Teft to warm up with

stirring. After 12 h, 50 mL of ether was added and
the mixture extracted with 0.1 M HC1 (4 x 50 mL). The
combined acid extracts ‘were neutralized with solid
NaHCO; and then extracted with cnc13'(12 x 100 mL).
The combined CHC14 exfracts Qere drf?d (Na,S0,) and
the so]vent removed 1n vacuo ta]]ization of the
resu1tant solid from ether/methanol gave 1.61 g (49%)
of the product as whlte crystals: mp 177-8; IR (cast)
3200 (br) cm'; NMR (éonuz.cu3qo).al.6-2.3 (m,6H),
5.7-6.1 (m,ZH).\6,93 (s,2H); mass spectrum m/e (rel
fntensity)v164_(ﬁ+, 22), 145 (100)3 exact mass calcd.
for CQHIZNZO ]64.b949, found 164.0949.

Anal. caicd..fbr'cgﬂ]éNZO‘ C,65.83; H,7.37; N,
17.06. Found C,65.72; H,7.31; N,17.39.

Imidazol-2-y1 diphenyimethanol (73)

To 0.02 mol of the 11thium anion of 62, n 50 mL

&
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THF, was added a solution of 4.40 g (0.024 mol) benzo-

phenone in 20 mb THF, over 5 min. and the mixture 1eft

to warm up with stirring After 16 h, 50 mL ether was

added and the mixture extracted with 0. 1M HC1 (4 x 50

‘mL) The combined acid extracts were neutralized with

so]id NaHCO3 and then extracted with CHC13 (4 x 100 m

The combined CHCT3-extracts were dried (Na2504) and
solvent removed in vacuo. * Recrystallization of the

resul tant so]1d gave 3.61 g (72%) of 73 as white

crystals: mp 195-7°, 1it. 114 189-90°; IR (cast) 700,

760, 3250 (br) cm™'; Nk (fOMHz,d DMSO) 6.5 (s'lu),
6.94 (s,2H), 7.1-7.6 (m, 10H), NH not apparent; mass
spectrum m/e (rel intensity) 250 (M ,100), 173 (62),

™

exact mass calcd. for C]6H14N20 250 1106, found 250 1106.

/

Tris-(Z-imidaZo]y])nhOSphine (11)

To 0.0966 mol of the lithium anion of 62, in 300

mL ether, was added 4.42 g‘(0.0322 mol) of freshly’
distilled PCl5 and the mixture left to warm up with
stirring. After 24 h, 60 mL conc. ammonia was added

and the mixture stirred for 30 min. The ether layer

was then separated, dried (Na,S0,) and solvent removed
2”74

in vacuo. The resultant residue was then dissolved in

100 mL of 5% ag. acetone and stirred overnight. The

resu]tant precipitate was co]lected by filtration and

' recrystal]ized from methanol/ether to give 2.4 g (36%)

e
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of 74 as white crystals: mbq229~31°; IR (KBr disc)
760, 1100, 3000 (br) cm™'; NMR (60MHz,DMSO) 87.24 (s);

mass- spectrum ﬁ)e4(re1 intensity) 232 (M+,7).‘68 (100);

exact mass calcd. for CQHQNSP 232.0626, found 232.0625.

Anal. caled. for CgHgNgP: C,46.55; H,3.88; N,36.21.

Found: C,46.45; H,3.98; N,35.99.

4,5-Dimethy11m1dazo]-2-y1carba1dehyde (75) ‘ S N

To 0.01 mol of the 1ithium anion of 63, in 25 mlL
THF, was added 0.99 mL (0.015 mol) of dry DMF over
5 min and the mixture left to warm to room temperature

with stirring. After 12 h, 25 mL of ether was added

and the mixture extracted with 0.1 M HC1 (4 x 25 mL).

The combined acid extracts weré neutralized with solid

NaHCO3 and extracted with'CHC13 (4 x 50 mL). The cde

bined CHE¥3 extracts were dried (Na2504) and solvent

. .Found: . C,57.77; H,6.42; N,22.32.

‘ removéd in vacuo. The resultant solid was récrysta1ﬂ

 1ized from ether/methanol to give 0.88 g (82%) of the

product as white crystals: mp 164-5°; IR (cast) 805,

1675 cm”'; NMR (6<MHz,CDC15) 62.30 (s,6H), 9.63 (s,1H);

mass spectrum m/e 2] inteh;ity) 124 (M+,100). 95

. (16); exact mass caizd. for CoHgN,0 124.0637, found *\\

124.0637.

Anal. calcd. for CgHgN,0: C€,58.05; H,6.50; N,22.56.
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Tris-(4,5-dimethylimidazol-2-yl)phosphine 76

This was prebared analogohsiy to 74 except that
the deprotection was carried put by refluxing in 10%
aq. acetone for 1 h, After cooling at -20°, a 46%
yleld of the product (as a monohydrate) w§§ obtained
as white crystgls: mp 255-7; IR (KBr disc) 1600,
3400 (br); NMR\(GOMHz.dGDMSO) §1.93 (s}; mass spectrum
m/e (rel i;tensity) 316 (M+.77). 221 (100);'éxact mass
calcd. for CygH, NgP 316.1565, found 316.1566.

Anal. calcd. for C]5H21N6P-H20: €,53.89; H,6.88;
N,25.15. Found: (,53.61; H,6.76; N,25.45,

Tris-(4,5-d1l§gpropy11m1dazo]-2-y1)phosphine 17

This was prepared analogously -to 76 in 55% yielq

as white crystals-after recrystallization from ethanol/

water: mp 185-7.5°; IR (cast) 2960 cm']; NMR (60MHz,
" €D,0D) 61.22 (d,36H), 3.00 (m,6H); mass spectrum m/e
(rel intensity) 484 (M*,58), 301 (74), 137 (100);

exact mass calcd. for c27H45N6P 484.3438, found 484.3438.

Ang]. calcd. for C27H45N6P: C,66.90; H,9.36; N,
17.30. Found: C(€,66.90; H,9.20; N,17.11.
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TRIS-(4,5-DIISOPROPYLIMIDAZOL-Z-YL)PHOSPHINE:
A_MODEL FOR THE ACTIVE SITE OF CARBONIC ANHYDRASE

-

INTRODUCTION

Carbonic anhydrase (CA) is a widely distributed
zinc-containing metallo-enzymema’c'd'”4 whose only
known physiological Pyrpose is to catalyze the inter-

conversion of carbon dioxide and bicarbonafe]l4d (eq. 14).'

+ - .

The enzyme, has howeger. been shown to catalyze.
other processes involving nucleophilic attack of oxygen
at an electrophilic centre.]8C These include hydration

1135a 115b and alkyl pyr-’uvates,'”5c

of aldehydes, pyruvic acid
and hydrolysis of some carboxylic, carbonic. sutphonic
and phosphonic est:er‘s.”6 The fundamental importance
to both plani and anima] processes such as photosynthe-
sis, calcification, pH maintenance, ion transport and”
€0, exchange”7 has led to various forms of CA being
widely studied. ‘Based‘on‘theée studies a number of
mechanisms for enzyme action has been proposedzgkthat
are compatfble with most of the‘available pﬁysico-
chemical informétion.>

The structures of human CA 1sozymes B and C have
been determined by X-ray cv*,yst:allograph_y”8 and both

+ sShow the zinc ion tq~§e coordinated between three
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r‘ig_. 6. Schematic representation of the active site of
carbonic anhydrase showing the zn*t binding site _ |
a ’ and H-bonding network (ref.iWe).

t



histidine 1m1dazoles.’é%§ fourth ligand site is said
to be occupied by a water molecule, completing a dis-
torted tetrahedral environment (Fig. 6).

The activity of CA is influenced by one or more
ionizing groups with a pK of around 7, 18,114 the
higher pH form is more active for the hydration of
CO2 and the 10wgr pH form in the dehydration of HC03'.

Four alterpatives ve been proposed for this ionizing
29

group. These comprise: 1. a zinc-bound water molecule.

2. a zinc-bound imidazole. 3. an imidazolium group fin
the active site cavity. 4. the carboxyl group in Glu-
106, also in the active site pocket. At least nine
mechanisms29 have been sdégested. based on these pro-
poSa]s. Although these mechanisms vary great]y.29

they can be divided into two cla;ses. In one class

are méchanisms which include the ionization of a group
bound directly to n*t, i.e. a water or imidazole.

This ionized group gives~rise to attack of COZ by hy-
droxyl via a nucleophilic or general base mechanism to
give ch3' (vide infra). In the second class of |
mechanisms, the zinc ion oﬁ]y plays a passive role and
serves as a]template on which the reaction occurs. Thus

in these cases, the aciivity’ofCA requires the correct

protein structure in the active site cavity in addition

to tetrahedrally bound zinc ion as in the former class.

29

" These mechanisms have been reviewed™ ™ and apart
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Lfrom the following example will not be-discussod
Cfurther.. e e
One.proposal. from the former class of mechanisms,
the ”bound hydroxyl mechanism".29 is shown in Schono |
8. In this mechanism, the_ionizing group is the co-
ordinated water molecule (vide supra), which on titra-.
tion gives rise to a bound hydroxyl which attacks coz

as shown. The resultant bound bicarionate complex is

A

then hydrolyzed and.HC03 re1eased

this is one of the‘simpler.mechanisms;prqoosed.
othec;;are”more exotic and include complex hydrogen-
bonded systems involving waterdmolecules’and some of
" the amino acid residues in the oayity.?g , |

The zinc ion 1n'€A'can oe removed and repltced by k\y//ﬁ
cobalt (Ilf to give a catalytically viable species and '
the visible spectrum of cobalt CA has beenAnidely
studiod. The‘observed‘speotrum at high pH (9) shows
severaI-fairI}'intense (maximal € §.300-400 Ml en )
‘maxima in the range 500-650 am. 119 f?is,has been in-
terpreted in terms of a'distorted-gquEtry“around%Co++
'correspbnding to 4 and/or 5- fold coordination. The °
magnitude of these peaks has been" tigd. as has the 9
‘catalytic activity toward coz hydration. to the joniza-
tion of one or more functional groqps with pKa around< o
7, such that the intensity of‘colo#'(cobait CA is a

veddish-blue) increases with pH.120 o
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A number of small molecules has been studied as

M++/M++f coordinated systems in order to investigate

121 cot?t

enzyme functions such as catalysis, spectraf and

assorted phys1co chemica1]01’]23 properties. However,

101, 122a 123a,b

of these, on]y a few of the models

contain approximations for the known binding.site in CA.

123a

In preliminary work . it was shown that 17,

tris- (4 5-diisopropylimidazol-2- yl)phosph1ne formed a
1:1 complex with Zn ++ which catalyzed the process-of

eq. 14 in a 80% ethanol water medium (this so]venf was
used for.solubility reasons). However,uunder_sim{lar

conditions, no evidence was seen for catalysis of hy-

%ro1ySis of p-nitrophenyl acetate, process which CA

-can also-effect.”6

 Spectral analysis of the cobalt (I1I) 77 complexes

~revealed that in some cases’, depending on coun'cer'ion','|23a

species were formed in which the cobalt hadccoord{nation
numbers of less than 6 as is the case in the cobalt |
form of CA. This is shewn in Fig. 7.

The'analogoos less hindered phésphines 74 and 76
did not catalyze CO, equilibration in water nor did the
Visiﬁ]e‘sbectra of their cobalt (II) complexes show

any evidence]23a for 4 and/or 5 coordinate Cotf.

It was
thus concluded that in order to be a model for CA a.bulky
ljgand system-shou1d be used which ensures coordination

Y numbers of less than.6 for the metal ion.
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CoII: Phosphine Absorption Spectra

i " ”

Br (--°)
I (==-)
F (-+-)

N3 '(-..-)

t(ﬂ"cn")

CoII: Enzyme Visible Absorption Spectra

S. Lindskog, Struct. Bonding.(Berlin), 8, 153 (1970).
300 ‘

200

00

400
. . 4 ' . IT"
Fig. 7. Anion dependent visible spectra of .77:Co deter-
mined in 80% ethanol—Hzo solution saturated with

NaX (X= I,Br,Cl,,r)l, compared with that of COII:CA.
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In %ddition, the structure of the Zn''. 77. 2C1°

124

complex was determined by X-ray crystallography and

was found to contain the zinc 1onrcg3rdinated by the
three imidazoles and one chloride ion in a pseudo-

tetrahedral configuration.

-

Scope and purpose of this research

The purpose of the present work is to extend the

123a

preliminary work of Brown and Huguet and investigate

L 7/
in more detail the catalytic properties ¢f the Zntt

and Co™  complexes of 77. In particular we were in-
terested in determining the binding constants of zn*?t
and Co*™ with 77, studying the effect.of pH on the
cat;]ysis‘df QOZ hydration and HC03' dehydrat%on, )
catalytic iqhibitibn by monovalent anions and the effect

+

of substituting Co™* for zn**, both on the spectral

and catalytic properties.
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RESULTS AND DISCUSSION

Binding'constants' ‘ _.‘ .

\
.

for 77 and the binding constants’?

The pKa va]ues74

»
of 77 with Zn** and Co** were determined using 5 x 1073
M solutions of 1igand in 80% ethanol-water with an
fonic strength of 0.2 M, adjusted with NaC10, or NaCl.

74 For -

The'data were analyzed as described before.
the binding constants, thé method for strong binders

was used. The results are shown in Table 5.

%

TABLE 5. pK, and binding constant data for 77.
- - ,

| ) NaC10, NaC1P
“
pKa3‘ , 2.55 £+ 0.03 - 3.12 ¢+ 0.02
’pKaé 4.36 + 0.0 © 4.43 + 0.04
PKay 6.67 + 0.07 - 6.45 + 0.05
pK (Co™™) 3.48 £ 0.08 " 4.30 % 0.15
pK, (Zn*) | 6.00 + 0.04 7.71 ¢ 0.06

. . ) . - - ’
a. 0.2 M NaCl0,, 80% ethanol, 25°C. .
b. - 0.2 M NaCl,-80% ethanol, 25°C.

It can be seen thét both the PK, and pKL values

depend on the counterion QSed. For the bKa data, the

)



vaﬁ?%tfons may be due to changes in the structure of
the solvent, caused by the affect of the different
'aﬁiohs (C10,4~ &nd'c1'). For the pK _data, the differences
are pﬁssibly caused by the formation of stable ternary
complexes of the form M*T. 77. C17 in the latter case,
since pK, values are invariably largéF when C1~ is a
ligand (c.f. the crystal structure‘of ntt, 11.~?CT'3
vide supra). Whefeas a computer method has ‘shown it is
possible to replace coordinated C1™ in ﬁhié éase by
C104' somé molecular reqrganization fs necessary: to
effect this which may cause weaker binding (or no
binding at all) between the binary complex ntt. 113
and C10,". In the cobalt case, using C1~ as gpdnterion,
blue sélutions are formed whose visible seectra cor-
~respond to four~coordinéte cot?. waeveﬁ;‘with16104'_
as couhterion no indication of fourior-five coprdinate
cott is seen from the‘Spectrum,'only‘weak absbrptioh
due to octahedrally coordinated Co++ being observed,_?'
suggeSting that C1~ is an integral component of the
tetrahedral éomp]ex.* | . ' |
It should be notéd‘thét in both cases, the Co++‘
binding constant is Significantly'smaller than the an+
case, which péra]le]s.thg behéVior 1n‘the e‘nz_ym’e.]z5
(pk, (zn**) 0.5, pK (Co**) 7.2)." In this case the
difference inysize of the metal ions and the propensity’

for four (or five) coordination may be important.
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Kinetic studies

i.  Method

. _ ’
The following procedure was used to assess the

cataly;is of the compognds under investigation.

The kinetics &ere monitored under pseudo-first_
order conditions with [H+] being held“constant by HEPES
or MES buffers. Of course, [H+] must vary tQ some
extent sinee thiswprovides the method for observing
tﬁe net reacfion‘(vide,infra),however under appropriate
buffering condition;,‘A[H+] can be held to <8%, cor-
responding to a measured'pH change of <0.04 pH units.
‘Under these conditions eq; 14 reduces to a typical

first o/ﬁer equilibrium reaction eq. 15:

| hyd .
€0 —————“.T___ HCO, . eq. 15
" - “dehyd . 3

in which dx/dt = obs (Xe X) where X and Xe denote the
'cdncentrathn of the product of the reaction (HCO,™ for
the hydration, COé for the dehydration) at time t and

at equi]ibrium reSpectiver i Thus;'kéb = (khyd
kdehyd)’ the sum of all the forward and reverse rate
constants wh1ch 1nc1udes the various forms of the buffer
5 and other species present )

S1nce neither 602 nor HCO3 have eas11y monitored

117
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spectral properties, a well established indicator

t:ec‘hnique.l26 was used in which the small change in [H+]
is monitored by observing a parallel rapid acid-base
reaction in which the concentration of an intense]y

colored 1nd1cator anion changes as [H ] varies (eq. 16).

L

- slow - fast, ’
A~ + €0, + H)0 T—= HCo, + H + A” ;—‘_ H(:O3 HA  eq. 16

The time sca]e.of‘the reaction was found to be
suitable for stopped flow kinetics end a typice] expefi-
ment was performed as follows. In one syringe was
placed a solution of 10"% M indicator (BCP, bromocresol

-2 buffer, adjusted to the appropriate

purple), 2 x 10
" "pH reading" by addition of M NaOH and fhe calculated
amount of soiid-NaClO4 to bring the ionic strength'to
0.2 M. The second syr1nge contained a solut1on of

10'3 M NaHCO3 for the dehydrat1on reaction, (for the
hydration react1on a saturated 80% ethano]-water solu'
tion was prepared énd di]uted 5 fold), and the appropri-
ate amount of solid NaC104'fof an ionic strength of

0.2 M. When used, the catalyst and inhibitors were ~

added to the filrst syringe.

ii. Control experiments

The following contro] exper1ments were performed

“to ensure the: cataly51s observed was due to comp]ex
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and not metal or phosphine alone (see Table 6).

In the presence of added zn** but no 77, and vice
versa, no catéiysis was observed.fof HC03' dehydration.
When the kinetics were run in the absence of substrate
(CO, or HCO,™) only a rapid dilution effect was seen,
verifying the assumption that the indicator acid¥base
reaction is rapid relative to éOz/HC03' interconversion.
Increasing the concentration of‘BCP cnused no changé

in the observec rate constant.

iii. Ca§a1ysis of HCO,7/CO, equilibrium with o1

/}4: rate constants Qetermined.from these experiments

are shown in Tables 7 {for approachfng equilibrium from
excess C0,) and 8 (from excess HCO3™). The kinetics
Aweré.performed over a range of pH.6.1 to 7.3 ann
-nepneSentative examples of the data are p1ofted—in
"Fig. 8. |
The data show " that for both processes, the

observed rate constants in the présenge of thewZn+f-»
catalyst.wére gignificantly}1argen than in its ab%ence.
A linear re]gtidnship is seen for the increase of
observed rate constant with catalyst gpncentration,
1ndicat1ng that this increase is due to a bimo]ecu]ar
1nteraction between catalyst and HCO3 /COZ’ the rate.
enhancement being first order in catalyst. .

The re]at1ve magnitude of the cata]ytic effects

-
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0 1 1 1 | 1 s L L

0 2 4 6 8 .
- [cat] x 1074M

Fig. 8. _ t\w .

Plot of k .o for HCO3'/COZ equilibration as a function of

 catalyst concentration and pH, in HEPES buffer.
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HCO3 +H* —> DEHYDRATION

or vy }Zn": cat (SX10M)

o HEPES CO”cat (Sx107*M) |.

k

4 ,
2 -
| 1 ' L 'l 1 A A A 1 i A . L
&0 62 64 &6 68 720 | 72
. pH \
Fig. 9. sccénd order k cat values for 1_7:Zn++ catalysis of

HCO3 ——d CO2 under pseuc}o -f‘irst order conditions;
T =25%0.2°C; u=0.2MNaCl0,, HEPES buffers (D;

MES buffers (A); 77:Co T (HEPES) (O).



vere assessed as a "catalytic rate constant®, kg

which 1s defined as:

K . k'obs~Kobs

. eat, [cat]

where k p o and k' o are the observed rate constants in

the‘absence and presehce, respective]y.of;the'oatalyst.
~ The concentrdtion of the catalytic species, [cat],

-~ is determined assuming that all of 77 is bound as the
zinc complex (1:1 concentrations of In f to 77 being
used)

A plot of k a{ against pH. approaching equi]ioyium

from the dehydration side, is shown in Fig. 9 and shows

~that k reaches a maximum value at pH\6.40 and re-

cat ,
duces at higher and lower pH. ~This behavior ‘may be a
result of. a deficiency of the model compound caused ,‘
by an 1nsuff1c1ent1y high binding constant‘of 119and to
++

In Assuming that the cata]ytically active ;pecies

_is a’ 1 1 complex of Intt to 77, either as the aquo (28)

or hydroxide (79) species (or the kinetically equivalent

imidazolate aquo spec1es). then at lower pH one 1midazole

may becomg.protonated and debound ‘as in 80, thus des-

troying the activity. At higher pH s the precipitation

'1of 2inc hydnoxide becomes 2 problem and 1h fact visib1e"

,precipitation of what is assumed to be Zn(OH)z is

A

observod at >7.5;(Schene_9).

. ,Jc‘_;’\.'N' . R
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im p Im | - .
N\ - OH 7N 20H :
P— Im—2Zn(OHy)y +—F P—Im —2Zn(OH,)x +—= P(im)3

e +
. .78 - !

- uaH

/TN AOH

P——Im._.zn
\Im/ \/§0H2)y
.

Scheme 9

Thus, one wouij‘expect’the pH profiie depicted in Fig.

9 irnespectiVe of the actual mecnanism of catalysis

when the binding of Znt* to the 1¥gand is insufficiently
large. |

Inspection of Tables 7 and 8 shows that in both

cases, the observed rate constant, kobs' increases
:with decreasing pH, as would be expected since the
must be dependent on

contribution of k d to k.

’ dehy obs
[H ] (see eq. 14). However, at any given starting pH,

o]

. the kobs values obtained starting from oppbsite sides
of the equilibrium are different and always indicate
the "co, hydration“ reaction to be apparently faster.
Thi's may be rationalized by the fact that for HCO3 -
dehydration a proton {is consumed thereby increaseing '
the pH and so decreasing the rate. In addition. the

re]ative_concentrations of the two‘forms (pgotonated and
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ionized) of the buffer will change during the course of
the reaction wh1ch will also alter the rate to some
extent. Previous norkers]?Gd’]27']28 have shown the
involvement of buffer in the process, which is supported
by the fact that changing the bnffer at pH 6.40 gives

different k (Table 8). A tr”e'kcat might be approxi- s

obs
mated as the average value approaching equilibrium

from both directions.

iv. Inhibition studies

It has been demonstrated that the presence of
monova]ent,”4e but not d1va1ent,1]4e ions has an in-
hibitory effect on the action of CA.

The effect of add1ng halide ions to the zinc com-
%1ex of 77 at pH 6.40 on the catalytic act1v1ty (for
‘“HC03 dehydrat1on") was investigated, the observed rate
,const@nts being shown in Table 9 and p]otted in Fig. 10.

For equ1mo]ar concentrations of Zn o 17 NaX the

_;th1b1t1on §s €17 >Br™ >I7 >F (>C10,7). For
| chTorideJthe inhibition is particularly strong and no
catalysis at all can be seen when [cat] = [C17]. As
discussed before, it seems likely that a tightly bound
ternary Zn**. 77. €17 complex is formed which from this
‘lexperiment is shown to be 1nact1ve. This order of in-
Lihib1t1on is different from that found in CA]]4e (1°

€10, >Br™ >C17 >F7) and is probably due. (for 77.2n*")
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ur | HCO3 +H* SHETT
I oClI~  vB¢ :
' ‘ . . A" eF-

oACETAZOLAMIDE:

INHIBITION OF Zn:CAT {5x1074 M)

12 . } .
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Fig. 10. Effect of inhibitors on k. as assessed
| HCO,” ——= dehydration, pE 6.40 HEPES.
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to a cbmbin&tion of size and solvation factors. "How-
ever, hq strict ébmpérikpn'Cah'bemmade between the two
sequences since in the latter case the so]vént was water.
Br™, I° anﬁ F"aré less strongly 1nhibfting
a]lbwing rough calculations (bqsed on.the residual
cataiytic activity and assuming that loss of activity'-
is due to the formation of a zn*+.11.x‘ complex) for
the binding of X"to the Zn++.11 complex of pKL's of
“about 4. | B
The potent inhibitor of CA,_acetazolamide]]4a‘was
found to have little effect (Table 9). Likely its
reduced inhibitory effect in this case is due to both
fit of the -SO,NH, portion into the cavity and the
fact that no interactioq‘between the aromatic sulphoﬁ-
amide ring and catalyst (comparable to that in the

enzyme) can occur.

v. Catalysis of C0,/HCO, equilibration with Cot*.77

Since the Co’' enzyme has about 45%70f,the —

]2? of the znt? form, any accurate model might

-a;tivity
be expécted to shdw‘both-'Zn++ and Co++Aa¢tivity. »

It wés found that the Co**.77 compléx does show -
catalytié behavior (Table 10) though the relativéveffects
ofAzinc and cobalt cannot 5e:as§e$$ed Since the degrees
of binding are someﬁhat different,_-The figufés quotéd

in Table 10 for Kcat (Cof+) are found byvassuming'that

,



Table 10 Pseudo Firgt"Ordgr Rate Constants for Co.77

catalysed HCOj + H e Dehydfafiona'(HEPES”bﬁffér)

-1 |

kobs (sec ™) h kcat _
(Catalyst) x 104 M P (M'lsec'lg
6.40 0.822+0.007 0.964+0.005 " 284+24
6.70 . 0.455+0.006 0.622+0.007 334426
Inhibitor Effects. of NaCl at pH =6.70

Kobs (sec'l’)
- (€17)/(Catalyst)
Ag 'l - 5. "~ No Catalyst

0.622+0.007 0.594+0.005 0.542+0.005 0.455+0.006

a. Conditions asiin Table 8.
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- a catalytically active species:

~all the cobalt and ligand are bound strongly but since

I . )
the binding is rather weak relative to that for zinc,

" this supposition is tenuou. and inst. d a higher true’

N

kcat (Co++) value is to be expected.
The activity of the cobalt complex i  inhibited

(at pH 6.70) by the presence of NaCl (Table 10). This

L\ o i :

result is particularly interesting in terms of the

fact-that whereas the.Cof+ complex of 77 is four co-

ordinate in the presenceé of C1” (as evidenced by the

‘'visible spectrum) this form has little or no activity

in the region studied. However, it has been shown that

for the cobait (I1) enzyme a %pecies'whose'Visib1e‘
| N 120

spectrum.suggests it to be 4 or 5-coordinate appears

_to be very active in C0, hydration. Since the visible

spectra of/thése two systems are different (see Fig.'7)

then it is clear that eqUiya]ént species are not being

4compared however, ohe»may‘note that thg/presenge of

: . ++ ‘ . co s
four coordinate Co does not necessarily give rise to

Conclusion

The Zntt and C.of+ complexes of Zl'hﬁve beeh shéwn‘
ip‘be effective in'catalyzing‘;hé\equi]1pr1uﬁ between
co, and HCQ3': It is not possible to cbmparé the
relative rates of cata]y;is_of,2n++.12 and CAdfor}two
reasons. The first is that the kcat”vaIues'obtained.
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for. the enzyme are for the first order decay of the}‘
enzyme-substrate complex whilst in our work a second
~order constant.was'determined. ‘Also, whereas in our
work the kcac values determined'are composite: rate
constants for attaining equilibrium, including a

term for forward and back reactions, two distinct.
cate1ytic rate constant$ are obtained by Michaelis-
Menten kinetics i.e. for CO2 hvdr- “ion and HCO#' dehy?
dration. o
Although the metal complexes (Zn+'r 77 and Co**.77)
'oo not appear to be bound strongly enough to allow a
more complete study, e.q. a full pH profile, usefu]
information has been gained.from this work.

Thelcomplex M**.77 is a model for the binding .
site of fhe metal 1n:the enzymevénd thus any cafalysis
observed must be due to a chemical reaction of or at
th1s comp]ex Th1s mode1 does not 1nc1ude any components_
which may serve to mimic the prote1n 11ning to the
1active S1te cav1ty (save perhaps,.the high organic‘
content of the med1um used). Thus, it. can be proposed
that the zinc 1on can play an active role in the cataly-
'1s1s ‘rather. than pure1y a passive role fvide supra) and

‘that the enzyme catalysis 1s not purely a resu1t of the
.enzyme S protein structure. (though, of course, this may
" enhance the effect) f R
The inhibition stud1es with NaX are quite 1nforma-



R

~ prebence of a bound halide hinders the approach of the

ligand (water or imidazole) and that coordination of

“rise ‘to weaker binding 1igands.
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- tive. This,jnhibjtion.can;beeexplained.1nmthreewways.
One explanation is. that the effect is caused by a

~problem of access to the metal by substrate. The

HCO;™ fon (or €O,) which cannot then bind to the metal

{on. to form either a four or five coordinate species o,
kthis explanation assumes a mechanism which involves .\ -
a bound substrate) A second explanation, assuming

the participation of a bound water molecule, is that

an aquo (four or five coord1nate) species cannot be "

formed in this systenm. ’A‘third.explanation is that the

cataIysiS'involvesethe ionized‘fonﬁvof a'coordinated

~

~anion to the'Zn++ increases the pKa of this species,

thus raising the effective pH range of the model. ¢
Shou]d the last explanamion be the true one, the bound

water and bound 1m1dazo]e mechanisms may be assessed

~ using the N- methylated 1igand,- simi]ar to 77. For this

_ljgand whjch-would contain no N-H groups. the bound-

imidazolate mechanism is'impossible 'Unfortunately

the N -methylated" ana]ogue of 77 1tse1f would not be

su1tab1e s1nce ‘the replacement of N H with N- CH3 g1vesl
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- A propose mechanism of action for Zn 77 con-'

sistent with the above data 1s presented 1n Scheme 10

This mechanism is similar to that of Lﬂvgren et a1118e




Scheme 10
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- except that the H-bonding network between Zn—OH2 and
the protein is absent. The mechanism of hydration of
002 is as follows: 1. the bound wate:kionizes 2. o,
diffuses into the inner coordination sheath 3. the
hydroxide attacks CO2 as shown, via a five coordinate
zinc intermediate 4. HCO,™ is freed after subsequent
_hydrolysis. The reverse reaction, HCOB' dehydration is
the mictoséopic reverse and involves: 1. coordination
of HCO3 to the ;duo species followed by elimination of
water 2. decomposition of the HCO,™ ion on the surface
;f the metal 3. diffusion away of CO,. ‘It should be
noted that one of thg_features of this mechanism is

the oécurrence of oordinate zn** specfes, this
having been demor .rat ' (at least for Co+f) for this

system previously (vide supra).

‘The anion inhibition can be effectively rational--

ized in terms of replacement of the zinc aquo species
by the equivalent halo complex thus reducing the amount

of catalytically viable species present.

B
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EXPERIMENTAL

Kinetic experiments-were performed on an Aminco-
Morrow stobhed-f]ow system, the data being analyzed
by an analogue compaclign~feﬁnniggs. '

The solutions were made up as described ?n the
.text using a solvent of 80% ethanol, prepared by dilu-
tion of 95% ethanol, and used.1mmed1afe1y’after their
preparation. - The NaHCO3 solution was made up by
dilution of a concentrated stock and the CO, solution
by dilution of a saturated so]ution, prepared by
bubb]ing pure CO2 through 80% ethanol -water containing
0.2 M NaC10, for 30 minutes. No change in k, po Was
seen with varying [602] at pH 7.00 over a range 3.33
to 10 fold dilution. . \

The metal ion solutions were prepared by dilution
| of ‘concentrated solutions of the perch1orate salt,
made by addition of HC104 to the carbonate saltnand
standardized by EDTA titration.. |

The k1net1cs were monitored at. 600 nm, at 25°C

(+0 2°) and good first order plots were obtained
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