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“ - ABSTRACT &

- “The bifunétional thiols 4“(7’)-thiomethylbenzinii-dazoie (8a) and'

. 1-m’ethyl'~4—th'iomethylbenzimidazole‘ (8b) were synthesized to. study

‘ ” group on  the

e

th_e effect of the‘ proxiinally Vposit;oned
;nuc]:eophil‘icity of the thiol group. T g i s com':airi
a ‘su'lfhyd;ﬁ‘l group ‘of a ’cyéteiné resi&k’ L z‘ole group of
'a; hi§ﬁidine residue in t;heir ac‘ti‘ve‘ siteﬁ apd n: uis of interest to.

)

know whether or not these two ’groups can .exhibit" cooperative
cat':‘alysis.‘ o |
XKinetic studies of the catalysis of the hydrolysis of g_—nit’ ,

: 'pl{i_enylacgt,ate' in 31.6% et.han‘ol/HZO (v/v) .at 25°C by compounas‘ (éi)

and (§B),‘ by 'two monofunctional thiols’ benzylmercaptan (6) and

cyclohexylmethylth®ol (_Z_) and - sevep‘ ‘mono'function‘a,l‘ imidazole
compounds benzimidazole (104), ’ 1-methylbenzimidazole (i0b),

tetrahydroberizim‘,.dazole (11a), 1-methyltetrahydfobenz imidazole

(m) ' ‘ 4(7" )—hyd;rdxymethg_lberizimidazol';é ’ (_12_a)', 1‘~methyl-4-hydr6xy-

r'nethylbenzjcm'i‘dazole? T (12b) ' a;nd 1,—methy1-14'—hy"d\roxymetﬁ/yltetrahydfo—'

};elnz'imj_.vdazole (l&) were qarried out':’_'_In tﬁe neutra'l: Gpri regicn l‘.:
-was tioungi tlha:c ::‘he thi,ol-i‘midazolg -pairs (8a) ;ﬁd (g-lzl)"providedv some °
type of additional cat‘a'lysisi over andﬂrabov_vet that; due to the ’t‘nioléte
' a~nion.‘ The mecha{mism of this coop‘e;ative catalysis could be dge to -

-

i a general base assisted thiol  attack on p-nitrophenylacetate,
“imidazolium ion providing‘caﬁalysis‘ via a general dcid mechanism or-
‘the »zwittervio‘n‘ could be taking an active part in the catalysis.

s

T_he rates. of hydrolysis of the !

corresponding thiolacetate-.
‘imidazole c5m~pounds '(E_ES_') and (27) were also studied to investigate,

»



. .
|

as to whether the proximal i@idazolé groap could significantly.

In this case the

K

enhance the rates of’hydrolysis\ofbthiolacetétes.
- P A C ,
imidazole group was found to have little effect on the hydrolysis

»

rates.
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Introduction .

Imidazole and 'imidazoleg'bompouhds - have = received special

v

N

attehtion as catalfers of'ester ﬁfdrolysisjﬂpeeause‘qf the‘appareut"
‘V'lnvolvementlof tue lm;aazole group of a hxstidiue;reeidue in the‘
: : R .
ﬁmechanism~.pf 'aotion of numerous hydrolytlc enryﬁeeﬁrincluding
ouymbtrypsi%;? trYpsiu,.lohollneeterase; ribonuclease ‘Aaa Vpapaln._
... The most ;etudied” enryme 55 the esteraees is aécuyuotrypsiu>p
‘whlch like tr?pSin;h subtlllsm and elastase 'containS'ia"seriuef‘
-hydroxpl group and a Hlstldlne 1m1dazole group 1n ltS actlwevsl; _—
rIt is. belleved that the attack of the hydroxyl of Ser-195 results in

b4

an'_acyl enzyme lntermealate ~which then collapses to the flnal¥

products. - Consequently,'a vastFQmount of_effort has been expendedf
on. the study.aoff_the'vbimoleCular an lntramolecular” oatalysis of

/\\‘

»1m1dazoles on oxygen esters. o ‘ ‘\\§

-However,'there is. an addltlonal group of

' teolytio enzymes
fwhlch requlre the sullhydryﬂj group of cystelne,' rath f»fthan the

hydroxyl group of serlne, avaell.as the lm;dazole group o: ~

nxstldlne residue for.actlvlty. In this‘class-of enzymes‘papalﬁ isiﬁS\\

the. best kuown and is obtained from thé fully grown green frults of

" the trOpical‘paWpaw orlﬁelon tree (Carlca papaya).'Other enzymes

belonglng to thls group are chymopapaln which can also be lsolated5

o 2 2 i
from papaya latex a P f1c1n from the fig tree, b bromelain from
~pinea'pple,.'c mexicain from the leaves or fruitfof‘Plleue

‘ 2d ‘ 2e . e
«mex10anus o ascelpaln from the mllkweed root - and,euphorbaln,from

g . ;
;the latex of Euphorbla lathyrus f. The - enzymes from animal tissue-

\

2
called cathepsins g belong to this group as well as clostlpaln from

! B
~ L . . .



'vthere has. . b ittle effor

Closrud‘ium”‘hi”stolytic‘un‘\2h and streptococcal proteinase from -

bacteria?i. The bacterlally derlved cysteine protelnases are used

as exotox1ns to break d0wn the cellular protelns~‘of the 1nvaded

'.//

host. In the. case. of plant-derlved cystelne» protelnases, ,the ‘

~
blologlcal. roles have not as yet been establlshed. However, they

couldu»be defence-related enzymes Whlch protect the plant from

" invasion by fungl and parasltlc 1nsects.

In contrast .to‘_the effort expended ‘on  the -‘study “of the

cataly51s of oxygen-lmldazole pairs - as models for a~chymotrypsin '

¥ .

made ‘to"study the catalysis which

close juxtaposition with a thiol. group -
. l M

| . . e
of papain. Our-aim, therefore, was to :

results from an imida201e i
as found in the ‘active sif
study the react1v1ty of’ 1m1dazole-thlol palrs to form thlol esters

and then,to 1nvest1gate the subsequent cataly51s of “the thlol ester

' hydroly51s by a closely p031t10ned 1m1dazole or - 1m1dazollum ion. It

was hoped that fundamental lhformatlon concernlng the cataly51s of

v

'1m1dazole tthl palrs 1n aqueous solutlon would be obtalned and that
pefhaps plau81ble .me_chanlsms~ of »action 'for_ papain-_and other y,..r

sulfhydryl,enzymes could be postulated. .

Before_delving into the results of these catalytic studies,'it
is necéssary bodx to review what'is already known about imidazole

catalysis of the‘ hydrolysis of g&ygen esters' as well as. the

structure and the proposed mechanlsms of actlon for papaln. This

will enable .us - to extrapolate the results of the small—molecules

studles of 1m1dazole-thlol palrs to the real enzyme.



+ Imidazole Caéaiysis
The hydroiysiS'gnd'transfér of the'a¢y1ﬂqroups of ‘esters is

‘catalyzed byv'imidaZOle Aby two dikferent' me hahisé&é >pathways:

;hiough nucleophilic catalysis‘with ;pe‘inte?medi te];ormatioﬁ of an
j?fand through general 'base catalysis in which
. o s : B i .

L ‘ . : : . . ' 9 .
_imidazole dcts solely as a\c@ﬁalyst for proton»tran‘fe:.é"

acyl,“”imidazole3

Nucleophilic -attack on 'gfnitrophenylaceﬁaté (PNPA) can take.
placé bygatéack of thq qniqn in the case of weakly basic igidazoles, ,

. . . . : 10
- which are substituted with strongly electron-withdrawing groups. 1

‘.Mofe basic imidazoles qan'_atticky as the neuﬁfél imidazole

) B - N [US——

4,5 . PRI c . »
-species, ’T and lastly reactions of imidazole itself with certain
substituted.gfnftrobenzpatesAcontaih a term in the rate law which is.. -
second order with respect to imidazole and correspénds Eo a general

base éaﬁalysis by_imidaiole of the nucleophilic attack of imidazole

‘og_thege esters.11
Kirsch and Jencks1 have ex?mined the hydrolysis of acetyl

estérs ~with good 'leaving - groups "(i.e. ‘acetic anhydride, phenyl
. : : i : o .
esters), acetyl and n-alkylacyl esters with very poor leaving groups

(i.e. methyl and ethyl esters) and an alcohol activated ester (i.e.

trifluoroethyl acetate). Inspection of Figure 1-(réproduced from
Reference 12) réveals the following points of intetesf-
wi%h the exception of N,O-diacetyl?N—methylhydxoxyIamine, the

ppints for'thg*acetate éompoﬁndé'fall oA a line whiéh’is;s;faight
fér ;Qe betté; leaVing'groubs but shows a downward curvatufe for the
acetates of lessbacidic‘phénois-les:the leaving groupsgbécqme stili
‘more_basic theré is.a.sharp downward curvature, and the points for

e

acetoxime acetate, 'trifluorogthyl acetate - and ethyl acetate are
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lseQeral,orders of maqnitu&g below those of the more reactive esters.
The points -for these compouﬁdsvapprgaqh the line for the general-
. oo N | _ v
base'datalyzed hydrolysis of methyl and\eth?l esters. Therefore,
the curve for hydrolysis of acetates with leaving groups having pKa
values in the range 4;16 is_sigmoid; with ubper and lowér portions
corresponding to Aucleophilic and general-base catalysis,

respectively and a sharp break between, corresponding to a change in

‘the mechanism of catalysis. The break in the curve must correspond

to the posifidn at which the basicity of the leaving group becomes
y such that it ‘can. no longer be displaced by imidazole, and

nucleophilic displacement is no longer evident. If the mechaniém

[}

involves a tetrahedral interﬁediate the imidazole -is preferentially

expelled with a poor leaving group leading to starting material
: 5,12 '
rather than products.

In summary13, therefore, in intermolecular reactions involving
ﬁhenyl acetates as substrates, bimolecular nucleophilic displacement
of phenoxide qugation 1)* is the exclusive pathway until the pKa of

” sy ) "

the conjugate acid ‘of the leaving giou? exceeds that of imidazolium

—/ & /)

ion by (ApKa) =3,0+ When ApKa > 3 ( ie with phenyl esters)

general ~base ﬁassistance of the attack of imidazole by imk@éﬁole



(Eégation 2) Becomes ~f importanée. When pkKa >>> 3 fie aliphatic

esters) éenefal base assistance Sf the attack of water by imidazole

(Equa;ion 3) is. the sole mechanism for catalysis of hydro}ysis.
Although intramolecular imidazole catalysis of estéfithrolysis

has received less attention, direct ﬂucleoph}lic displacement is a
N . ' : NS . )



‘very facile process for phenyl acetates of’ yY-({4-imidazolyl) butyrate

.

< . .
(1) yielding the bicyclic lactam intermediate14’15 (lg).*(Eqpation
4).
. OH
+
4.
R

(1)

X } :
. 16 : . - .
Fife and co-workers also studied the intramolecular catalysxs

due to an imidazole in a series of esters of o-(2-imidazoyl)—be3201c

O

(2) R=Me :
(3) R=CH,CF,
(1) R=Ph

- -

acid. For the methyl ester (2), in the neutral pH region, imidazble

reacts as a general base with an Hy,O mo e to catalyze the

hydrolysis of the ests igh:pH's the rate enhancement of the

ydrolysis of the triflﬁoroethgl-ester (3)is due to nucleophilic attack



e

~ hydroxide ion is responsible for the cyclization.

Pl

W

by the imidazole anion while at lower pH's imidazole itself is |

acting as aynucleqphile.

| Two d;scrﬁts'gteps can be observed in Ehe hydrolysis of the
phenyl‘;;tef‘(ﬁ) at pH values > 5.5 which"corregpoéqcto cyclization
(phenol ‘release) to the cyclic: intermeqiate (5) and to slower

hydrolysis of the intermediate.

<

As in the case of the triﬁluoroéthyf\ester;'nucledphilic attack
by the neutﬁél imidazole_ ring, and the imidazole anion of the

kineﬁically,equivalent‘attack of the neutral species catalyzed by

:

4

" o



‘Papain: Structure and Mechanism

Perhabl‘thé.singlo most important evidence for the p@tontial
'groups”invblvod in ;mpainémodiat-d hydrolylil is. the X-ray crystal
ltr@étufq zoporth& by‘Drcnth and‘coworkcf;.1? lqéaugs‘of the
'susceptibility‘of the Cyé-zs group to air‘oxidation; papain has
never Beeh crystﬁllizod in its "native form, 'but ’rather as an
activatable enzyme with Cys-25 blocked as a mixed disulfide (papain

§-SCH3) or a§ a non-activatable form where the cysﬁeine was oxidized

\ .

\~ .
probably to a sulfinic acid.”a Earlier structure Peterminations o

papain were done with varidus'ﬁetcufi c'ferivatives.17a The

. conformation of the protein backbone remains surprisingly constant
4 P

in the different "derivétives, a finding which 1led Drenth to

7

conclude1 @ that these structures must be quite similar, K to that of .

' 'u;phe ﬁatiQe enzyme. The active site region is shown 4in Figure“z

\(reproduced from reference 17a) in which one seés the activé Cys-25
andAHis-159 which iJ hya;ogen-bonded to the side ;héin of Asn-175,
At a- disténce of 6.7. Angégroms from the imidazole» ring .and 7
Angstroﬁs ffom Cys-ZS,is found the side chain carboxyl group of Asp-.
158.

Loig18 has pfbposed that papain operafes-throu\ tﬁe mechanism

shown §B<Schemek1,where imidazole acts as a general base to aid the
attack of .the thiol on the carbonyl c;;bon‘tofform a tetrahedral

t

intermediate which.subsequently decomposes to give the intermediate
; ' \

thioacyl enzyme. The existence of this intermediate thiol ester acyl

enzyme has been confirmed spectrophotometrical’ly.w9

o

There seems to be -"little doubt that traLsient tetrahedral

- X J

intermediates are involved in both the»acylation and deacylation

/



* ~

Figure 2: The active site region of papain near the essential thiol

~

group (reproduced from reference 17a).

&
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‘stépsd'~ Thus, usmng al serles of p-substltuted. phenyl esters of B

”hlppurlc ac1d, a Hammett p-parameter value of 1.2 was observed forr

2 Lo
,»the overall acylatlon of the- enzyme 0 Whereas for p-substltuted
.'anllldes of hlppurlc acid a p——1 04 was. obtalned.21 These values

~are most ea51ly accounted for by assumlng the ‘lnvolvement of a

tetrahedral'vintermediate,nfwith 'lts formatlon belng general base'

'cataly;ed"'and' its breakdanV being general-ac1d catalyzedé The

'formation'of,the tetrahedral lntermedlate is assumed to be rate-

determining for the acyl esters and the breakdown of the tetrahedral
ylntermedlate to: be rate determlnlng for the anllldes. Thls latter

tconclu51on has heen conflrmed ‘by” nitrogen kinetic 1sotope effect

- 1
k /k s studles -on *he papaln catalx;éﬁ hydroly51s of N-benzoyl-L—

e 22 ” =
arglnlmxde,' where a value close to: the theoretlcal llMlt was.

obServed.‘ This lndicated_‘the_ rate—lim;tlng ‘step involved ‘the

breaklng of the carbon-nltroqen ‘bond.

Also, assocxated w1th the deacylatlon step is a solvent Lsotope_

effect whereaka O/kD o= 2.75 for a-N- benzyl-L-arglnlnyl papaxn ?,
2 '224’.' 2 ‘ 19
2 7 for benzoyl papaln and 353S'fOI tranS-cxnnamoyl papain a

\‘,

1nd1cat1ve of a general base mechanlsm-

' 25
However, there is llttle precedent in-the»literature for

qeneral base catalySls of thlol attack in any reactlon although the:

Ry

'effect of - enforced proxlmlty of a general base on tthl react1v1ty

‘remains to: be establlshed.r

254

WhltakerZSfland Fersht , in a study of'the reaction of a-

varlety of mercaptans “with dlfferent esters found that all had rates'

“

dependent upon the concentratlon of anlon, RS present. L1kew15e,7

o Jencks andvcoworkerSZShoreacted methoxyethanethlol benzenethlol,

s

I3



. mercaptoethanol and ethylmercaptan w1th acetaldehyde to form the"

\‘corresponding hemithioabetals and also «fOund that it was the

thiolate anion which was attacking the carbonyl group. It therefore
'.;appears that thiols react as their anions and apparently require no

.general—base a351stance.b

.The proton liberation upon:  binding of zinc chloride and .

methylmercuric iodide to the thiol group of papain'hasebeen examined

‘asla function of pH by Sluyterman and Wijdenes.gé It'was'found that:,

in the - neutral pH range the vthiol group» or the neighbouring

1m1dazole group in the free enzyme carrles a proton, at low pH both

e groups do‘so; whereas at high pH neither group.carries-a prOton.“

These findlngs were confirmed by Nlcholson and Shafer2 who probed
) e R _

'the PH dependence of the charge in the enVironment of the active
51te off papain by comparing the pK perturbations exhibited by _:
: nitrophenol reporter groups linked to the active site thiol group.vy

e Polgar28 appears to be the flrSt to suggest that ln the neutral pH

vrange the thiol and 1m1dazole groups in the active site really ex1st

- as-a thiolate-imidazolium ion pair and it was the thiolate -anion -

: which aoted as a powerful nucleophibe toward substrate. He observed
- ¥ . :

‘a U V. spectrumzsé at pH's less than 8 which was aSSigned to the

thiolate anion . and attributed its stability to ‘io pair

stabilization provrded by the adjacent imidazollum 1on. Later, Lew1s

et a14‘9 attempted to characterize the 1onization behav1our of the

: thiol"group. at. the ‘active S1te of: papain by ,deteimining

titrimetrically‘ the“ pﬁ dependence of the difference in 'proton'

content of papain and papain S~ SCH3,'where Cys -25 lS meﬁhylthiolated"

'and cannot form a- thiolate anion. These studies clearly showed that



the/ionization of the aotivewsite tol group was.linked to  the

fioniiation' of another ‘group which Qasf presumed to, be .His?i59.

'Lewiszg postulated that lt was the pK of the thlol group”whlch was

’N,}.

ffound to change from 3. 3 to 7. . 6 upon deprotonatlon of HlS‘159 and‘

31m11arly lt was the pK of Hls—159 which shlfted from 4. 3 to 8.5

when the actlve 51te thiol ~was deprotbnated. In confirmatiOn -of

»these results lt was’ found by a dlfferent technlque that in papaln-v~
S-SCH3,3P the pK' of Hls 159 is 3.9. Therefore, when the methylthro

‘blocklng group ;s removed and Cys =25 forms a thlolate anlon the pK

‘ 1
ot HlS 159 should rlse to about 8.5. Studies; on- the pH dependence

L of NMR spectra of the catalytlcally actlve succ1nyl—papaln and its -

methylthio derivatfve (succinyl-papain-S—SCH P shoWed ~that indeed

vthe lmldazole of His=-159 has a pK of 8. 6 in- active papaln. When the
cystelnyl re51due is methylthlolateH the lmldazole of Hls—159 is

~-‘completely deprotonated between PH 6 and’ 10 lndlcatlng that the pKt

has dropped to- about 4 1n ,the inaCtive"formu]of, the‘Aenzyme:

ﬁ'luorometricjtitrations32 of”papain;,Succinylipapain-and‘theif_.7
"corresponﬁing'Cys—ZSvmethyithio defivati?es'also'showed'that remoVal"
of 'the methylthio group from Cys-25 resulted, in an increase of =

.appfOXimately.’4. pK units in the fluorometrlcally determlned PK -

;

value. Thus, in the phy51010g1cal pH range, 90% of papain contains

ca thlolate—lmldazollum ion pair. at the active site. Lewis' and

‘Shafer3; alSo‘discovered-that the reaction of'a'Sefies‘of amides\and-

esters with papainvwas'modulated,by two acid ionizations‘fathe: than

-a single ionization as previously believed. An ion pair reaction

- ‘scheme, with predpminantly chargefcharge interactions in the ion

‘pair. prediéts that the two acid ionizations. correspond to deprot-

15



onatlon of the thlol of Cys-25 and the carboxyl group of Asp-158

respectively. The ion. pair mechanlsm is attractlve Since 1t avoids

the lack of precedent of general-base cataly51s of thlol attack and
it allows,a_large.effective concentratlon of nucleopbilic thiolate

‘anion in the active Site at pK values well below that of chteine.

Recent‘ support - for ‘the catalytically _competent‘.ion fpair;
mechanism for papain acylation~ comes 'from _the pioneering'

cryoenzymology stddies\ on papaln-catalyzed hydrolyses of .both'

es_ter34b and amide34q substrates by Fink and Angelldes34. It is

generally accepted by - enzymologlsts that after the initial
pproductlve blndlng of substrate to the active 51te of the ’ enzyme (at

an essentlally dlffuslon controlled rate) a series of‘lntermedlates

“and tran51ton—state complexes occur, 1ead1ng tq the eventual release’

~

of products ~and free enzyme. Cryoenzymology is a method which A"

3

- ntilizes the fact that . different steps ' in the. overdll Venz?me—_

o

catalyzed 'reaction ‘usually have- different free energies and
enthalpies of activation. If the reaction is initiated by mixing

~enzyme and substrate at~a7suitably,low‘temperature'only‘the first

’step, the 1n1t1al complexatlon to form the noncovalent Mlchaells

-

*complex, ES, w1ll occur Qs there is 1nsuff1c1ent energy avallable to

overcome the barrier ‘to form the- next intermediate. If the

temperature is then gradually raised, a point will beireached,where

the complex ES transforms into the subséquent intermediateylz.\If

1

.the.temperatgreiislkept constant or -lowered, I, may be trapped.

. This process may be repeated until a temperature is reached at which

:turnover occurs. Anyfintermediate for which ki >> k i'+ k(i+1) can

be acCumulated in this manner (Equation;S)} B \

16
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koo k(i+1)
5. F=—>= I, | Lo .
sk e S : !

The major advantages of.t%is technique stem frbm the poténtial-

_to. accumulate essentially alll of . the enzyme in the férm of a

particular intermediate and that the large rate reductions allow the Lo

) S o ‘ ) o ! - : . .
‘most specific substrates to be used. The main limitation is the need i
to use ‘an aqueous.organicﬂcrYOsolvent'to avoid frozen solvents.
~ For the . cleavage Vdfi N;cgrbobenszny—lysine_ methyl ester

Fink34b has proposed.the‘followihg simplest»séheme:(Equation 6)..
kl k2 k3 : k“

-
{

6. E+ S = ES| == 1 == ES + P, —»E + P,
© o k.p ke ke o

. Reaction 1 (k) .is interprepéd as very rapid sub#ttateib;hding,.
l at -65°C under pseudo-first order conditions. This .
‘ ' e :

where kl> 1 sec~

“ES compléx‘hndergoes a substrate-induced conformational change (kobs;'

> 10,3.‘s;ec"1 extrépoiated to 25°C) in which His-159 ;SVés from its "

. ‘ ¥ . S R : S _ ;
crystallographically determined position 7a (H-bonded to Asn~175) to
.one involving electrostatic interaction with Asp-158.  Thus, ‘the

5 j

substrate-induced conformational change brings the enzyme into a
‘catalytically competent thiolate-imidazolium ion- pair, in/mhich the
imidazolium ion 'néw gains -additional électrostatic stabilization

@

from the adjacent carboxylate = ioffly  Reaction 3. involves the

7

formatibn of the acyl enzyme (k3 = 10 sec‘liexq;gpolatédjto 25°C) .



' determiningx

Reactlon 4 is, of course,/the hydrolysxs.of thé acyl enzyme whrch is
kaown to'be ratemllmltlng for . esters23 and'therefore, gnder
cryoenzymology conditioas is so. slow‘ that wthe intermediater acyl
enzyﬁéfcoacentratlonIbuilds up. f‘ o N
'»For a specific,amidefsdbstrate (i. e. N—carboben;oyl-t lySLne-

gfnitroaniiide) the situation is srmllar w1th several lntermedlate

. stages in the catalysis being observed.__ After rapid substrate

’ binding; substrate-inddced conformational change and formation of

the catalytlcally lmportant 1on\palr, a slow step correspondlng to

the postulated formatlon of a tetrahedral intermediate is observed

with an extrapolated flrst order rate constant k . = 65 % 10 sec‘;

obs
(25°C)' For the hydrolysis cf amides breakdown of this tetrahedral

) . o . )
intermediate | to ‘form the acyl enzyme intermediate i$ rate
. . sag' o .

PR

. Fink's data,are'ihterpreted in the following. manner (Scheme' 2).

: Firstly,'the ‘substrate binds to the enzyme whose actiye'siteiis

T . S . L ° , ' 17 s
"similar' to that determined crystallographically. a The enzyme is.

o ©

then activatedﬂby repositioning of- the imidazole'grodp of His-159

next  to Asp-ﬁ587'*The: carboxylate group .0of Asp-158 then

i -elegtrostatically stabilizes H-Im' which in turn stabilizes Cys-S~

in the .active species. In ‘the case of this form of papain, the

thiolate anion can attack the ester or amide "C=0". forming a

tetrahedral -iﬁtermediate which ¢then 'chlapses ‘to the acyl enzyme

intermediate.- "  - o

It .should be mentioned that recent crystallographic adduct :

. 17 : . v
studies indicate d_that the side chain carboxyl group of Asp 158 is

7.

too far away to take,part'in'the hydrolysis mechanism. ~

18,
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In view of the above evidence and the fact that the
. o ’ ]
decomposition' of- the acyl enzyme appears to be subject to a general

base catalysis by some group, the following mechanisms appear to be

reasonable for the deacylation step. The imidazole group of His-159

e

could aqt‘ és$ a general base removing a proton of water as it
attacks, leading directly to the product (Scheme 3). As discussed

earliér there aﬂg many precedents for this t?pe of attack on oxygen

) s i ' ‘ - 5 7 _
esters in the study of small molec.ules.3 1363 However, general
\
. \\ i
Q .
Il .
Cys -5 § A :
: o -
H S o
.'o/ ) - HO/F\R
slow . Cys-§
S | e . R ,
A - P
Asp-CDO™. ... q—N N ' v Xt H
' \—/ Asp-COOT....y—N N
His i . L_""'/
His
b

. Scheme 3

o
¥

base catalysis by imidazole on unactivated thiol esters has not been
, ~ o g

observed.

o

in the enzyme the aspartate group can also act as a general

base on the imidazole group which in turn nucleophilically displéces
a . i .

_the thiolate. This leads to a ney'intermediate,acyl enzyme whose

i

breakéown could be rapid (Scheme 4).

o
i

v
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His ' ).::/
His
Iasi_
H;,_O
S
Cys-s~ '
0.
ol
-
. H N \N .

Lo

. Scheme 4

Fihally there ‘could be rapid formation of tﬁe‘imidaéolevacyl

intermediate-whose‘decomposition is rate—limiting and subject to the

ki

. 3
observed solvent isotope-effect 8 (Scheme 5).

In this 'case the carboxylate gfoup stabilizes‘ the N-acyl

. . . |
imidazolium species by electrostatic .interactions. Schemes 4 and 5

are attractive 'since both intermolecular and intramolecular
nﬁclepphilic attack by imidazole on oxygen and sulphur eSters‘is

) ) e . . rj .
well known.

f S '

v
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Results and Discussion: Acylation Studies

The purpose of this projepﬁ 'was to study the reactivity ;f
imidazole~thiol ‘pairs' to form thiol esters and ‘the subsequent
catalysié‘_of the thiol‘ ester hydrolysis by a closely ‘ponitioncd‘
imidazolé or imidazolium ion. From these results. it was“ﬁbped that
plausible mechanisms of action ‘for the enzyme coulg\be proposed.

In order to investi'gate the fole of the imidazolg group on the
’acyla;ion of a thiol, Fhe reaction of the following compounds wigh
Efnit%?phenylaCetate (?QFA) Q;s studied. First, some free thiqls; i{
this case benzyl mercaptan (g) and'cyéiohexylmethylthiol QZ) were
examined to see how rapidly an uncatalyzed'thiél would attack PNPA.
Secoﬁd,,itﬁﬁas intended that mercaptans with adjacent imidazoles as
in compddnds (8) and (9) /be .Studied to gee if a kinétically
- significant rate enhancement of acylation. wés provided by the
imidazole. In these compounds the thi;methyl grouﬁ i; beld close
~enough to the imidazole to favour a generél baseror an electrostatic
~ interaction which would'likely éppear in the kinetic rate proéiles-
‘Also by changing'kfromv £h¢ berzimidazole sfséem to Fhe'
tetrahydrobenzimidazole system lthe pKa of the imidazolé group
changes from abouf 5.5 for (EEJB) to aboutiB for (9a,b). It has been
claiged‘ thétvthe pKa?of the His-=159 gregp in papaint:anges between

418 39-3%,34

nd 8 R the‘former value being attributable to a non-
'polgr medium effec; in the active site, and the latter to IAn
electrostatic stabilization of the imidazolium ion. by the
carboxylate group of Asp—15834. ‘ On_thé basis/pf/;ost'of the

current -evidence it appears that the higher value is more likely.

It is. unlikely howe?er, that we could mimic, this. type of

23
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Zir}tr‘emolecxil’a electrostatic' ‘interaction’ vbetween the. coo~ and"HIm"

7/

8 lons ln smal

ﬂ

'te cannot b£ approx;Lmated eas:.ly in aqueous solut:.on- ‘iowever,
I

" strt‘lcturally adjustlng tHe lm:Ldazole pKa should produce the same net .,

effect if the catalysxs felles on a hlgh pKa for the J.mldazole

’I‘hlrd, ‘as cont,rol exper:.ments; benzimidazolel (10a)',' 1-methyl—
R . - i

' benyzimidazole B¢ 10b), tetrahydrobenzn.mldazole (11a) .“‘a'nd . —meth"y‘l-‘

L tetrahydrobenz.tmdazole v(11b) , which haver_ no -'f‘re"e‘ thiol,_.wox"ivld be

‘ st,ud:.ed_ under the same conditions to ensure that, 'hi—trogen» VeC'Ylation

“or general ‘ba_‘se-, ~catalysis by the imidaéole was ‘not’ 'oocurrinqv tvo a

. V.Sigriif”i cant extent. i

!

-&. Lastly, ‘the' ‘cooperativity of . the analogous a,lc;oholfimi.dazo‘le -

aco'mpou'nds (_lg) ‘alndA(_'1__3_)"_woul‘d be“‘.st\idied,.'

°

N »Synthes:.s Acylatlon Studn,es

The synthes:.s of 4(7 )—th:.omethylbenzmudazole (8a) was .based:
39 -

Con the synthesls of benz:.mldazole systems reported by Jones et al.

:"r.

’ The methyl group of (15), obtained‘-' by protective acylat:.o’n of the

amino group ofy 2v-am-ino—3~-ir’~utrotoluene (14) was oxidized: to the:

L cérbokylic ‘acid (16) by treatment- ‘with potassium permanganate.

TR DRI .. 40
Follewing removal of th,e_'progec'ting group . the nitro group was

redu_c.ed' w:.th stannous chloride'(in hYdrocHlorlde acid3(3 to glve (18)
The ‘imic'iyla';z'ole ‘.rirlg ‘was xi'ntro‘c‘iuc':ed‘ by‘.cox"zdensa‘tion 'with »formvic acid
vand 4'(7")‘-ben2imida’.zole carboxyi.'tc 'aci‘d’..(j_g_) was oonverted ‘to its
methyl ester by Flscher esterlflcatlon41'“to glve ‘-(20r).l Red\iction of

'(20) to tb\e; alcohol (12a) w:.th llthlum alumnum hydrlde followed by

__tre_atmen-t ;

molecules as solvent effects present :Ln the actlve-‘

it-h thionYl‘ohlorlde ga»ve,the correspond:.ng chloride, .

.25
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A

i s’ was treated with pota551um ethyl xahthate to ‘give Afzg)’

whlch was reduced to the free thlol (gz) lwith _lithium aluminum‘v"

&

hydrlde (Scheme 6).

. ol .
The N-methyl derlvatlves were . made 1n a 51mllar manner 470 )~

carboxymethylbenzxmldazole (20) was treated w1th one equlvalent each l

of methyl lodlde and sodlum hydrlde E o’ give —methyl 4=~

carboxymethylbenzxmldazole (23) (Scheme 7) 'It was 1mportant that

the methyl group was ln the p051tlon lndlcated (Figure 3). If the

S

other nltrogen had heen methylated any general base ' interactlon

: . o
w1th the thlol would be ellmlnated-‘ Therefore, to determane the,*'

p051tlon of the methyl group Nuclear Overhauser experlments were

‘conducted. Irradlatlon of the : N-methyl group led to enhancement of

the SLgnals due. to H2 and H7 (Flgure 3) Irradlatlon\of\the O-methyl

,from eradlation of the N-methyl:grouP (Figure 4). Lithium aluminum‘

f,group led to no smgnal enhancement of any rlng protons. Had the

methyl group been p051tloned on the other nltrogen one would expect"
P .
only enhancement of H2. —Methyl 4 carhoxymethylbenZLmldazole (23)

~ was. treated with 11th1um alumlnum hydrlde to. glve the alcohol (12h)

whlch in -turn was reacted w1th thlonyl chlorlde to glve _the

correspondingfghloride (24) ‘as before (Scheme 7) This was treated

with _potaSSium ethyl xanthate .to‘vglve ‘ -methyl-ethyl-S-Af
benzimidazolmethyl xanthate ,(Ei)}' Similar Nuclear Overhauser

experiments were,carried out which confirmed the reSults;which were

»found for -methyl 4—carboTymethylbenzxmldazole (23). Again . one »

could see only enhancement of the 51gnals representlng Hy and,H7

.-
L

hydrlde reductlon of the xanthate did not lead cleanly to the thlol'”

so  the' chloro 'subst;tuent of " (24) y'was' dlsplaced w1th stﬁum



~Scheme 6
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COOCH,

CH, -

(3] | o

eboonen,

(26)

Scheme 7
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Flgure 3: Nuclear Overhauser Effect from 1rrad1at10n of the N-methyl

(6 3.9) of 4-carbox&-1-methylben21m1dazole (23) in cnc13.-

i ’
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~

Flgure 4: Nuclear Overhauser Effect frorﬁ lrradlatlon .of" the N—methyl

_;'3(6 3. 8) of ]-methyl-ethyl-s 4-benz1m1dazolmethyl xanthate (25) in



32

¥

4

€

14

wdd
S QL 8 6

1444114—<~<<<444-—1144-1q-.ﬂ-ﬁqJ«JudJ‘—qqq.-..<4—<-1<~<ﬁ,—-—-ﬂ-ﬂqqq-—d.qu-<<-—««.-4-14}

i

’ .
. <

t

Y

’

IR "o g
. ZHoY : H




sulfh?draté under.ﬁitrogeﬁ atmospheré. This gave the disulfide (26)
which likéwisé could not Be‘cleanlf reduced with either LiAlHk or
R Zn/AcOH. .Howéver, displ&cément‘ of ﬁhe chloride with 4p$tassium
thloacetate to give (27) followed by rapid hydrolysis did yield the

desired thiol (Bb) (Scheme 7).

Benzimidazole (10a)'.was produced fréir\}ing closure of the

'dlhydrochlorlde salt of phenylenedlamlne (28) with formlc ac1d.42

1-Methylbenzimidazole (10b) was syntheSLZed by treating benzimid=-

i

azole (10a) with one‘equivélent'each of methyl iodide and sodium

.~ hydride (Scheme 8).

NH, - N
_ _ '——> \> D —— . l N\
NH, ' N

(28) . (10a) = (10b)

Scheme 8 B T

Tetrahydrobenzimidazole (fla)’%knd 1-methyltetrahydrobenzimid-
ke cas —=

aidle (11b) were obtained from the/&ighvpressure hydrogenation43 of .

benzimidazole (10a) and 1-methylgenzimidazole (10b) respectively
(Scheme 9). %
‘Miéroanalytically pure benzyl mercaptan (E) was dbtained from

Aldrich and used without further purification in theireaction with

PNP. . The disulfide content ‘was found to be negligible by titration

with iodine.44
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(11a) R=H
(11b) R=CH,

Scheme 9

Cyclohexylmethylthiol (7) was synthesized by displacement of

oH o Og“c“a B ,/

(29) (30) ‘ - @
I . o
_SCOCH,CH, SH
| —— —
B G F) R | )

Scheme 10 Ry
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e

-the tosylate group of cyclohexylmethyltosylate (30) by sodlum

10d1de46 followed by formatlon of the correspondlng xanthate (32)
’whlch was reduced to the free thiol (Z) with lithium aluminum

hydrlde (Scheme 10).

.Entry ‘into the tet'rahydrobenzimi,dazole 'systems in ®order 'to

synthes‘ize‘ ' 4(7')-hydroxymethyltetrahydrobenzJ.mldazole (13a) ., an'd’

l-methyl-4- hydroxymethyltetrahydrobenzlmdazole - (13b) can  be
approached frcm’at lea'et two directions. The imidazole ring can be
formed on an already existing cyclohexyl ring or a benzimidazole

‘System containing the correct fuuctiona'lity can be reduced to the

tetrahydrobehzimidazole analogue. Preliminary - investigations

»

centered on. J.ntroduc:.ng the J_m.xdazole ring on the already reported
compounds 6~bromo-2 -ethoxycarbonylcyclohexanone (37b) or 6-bromo-2-
methoxycarbonylcyclo‘hexanone (37a). 47 Pimelic acid'(ﬁ) was

o

converted to its dimethyl ester (34) by Fischer e"sterificationm.

The ring was closed via a Diekmann condensatlon4 to give 2-meth-

P

oxycarbonylcyclohexanone (36a). The corresponding ethyl ester (36b)

could alsb\ be made by reacting. cyclohexanone - (35),w1th dlethyl

4
ca_rbonate49 but in lower yleld Bromnatlon 7 of (36) gave compound

(3_7) which when refluxed with f:"orrtjarni‘de‘l'9 or reacted with

' 1, . .
formamidine acetateso’s. in formic acid produced (38). The ester

‘(Eg_)' was then reduced to the alcohol (13a) with lithium aluminum

hydride (Scheme -11). Yields from the ring closure. were so low

(presumably due to condensations involving the carboalkoxy group)

that the investigation of the alternative route in which a

L .‘ yee. . - . ‘ : . PR
benzimidazole system As reduced to its corresponding

tetrahydrobenzimidazole analogue was undertaken. High pressure v'
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.

hydrogenations of several benzimidazole systems had been reported by
.Butuia 3 in 1973 althouqh none -of them were substituted in the 4(7')
.position. Therefore, high pressure hydrogenation of 4(7:/—
carboxymethylbenzimidazole (20) was attempted over rhod{u/m or
’fpalladium catalysts in a varlety of solvents but total reduction to
the tetrahydrobenzrmidazole system could. _not be attalnsd (Scheme

12). : _ . e

(20)  (38)

Scheme 12

However, it was found;th tﬁe 4(7')—carboxymethglbeﬁiimidazole

f‘system coﬁld*,be//re uced to the correspoﬁdfﬂ& dihydro derivative
quite easily using a 'Birch reduction and the remaining double bond
removed by low press@re hydrogenation (Scheme 13). Ehe imidazole
"NH" was protected by reactlng 4(7')-carboxymethylben21m1dazoled(20)
w1th one equivalent each of methoxymethylchlorlde and sodium hydrlde
'tO glve (_3_9_a_) which was reduced to (40a) with sodlum ir_a liquid
ammohia and' to the tetrahyurc deriva;ive (41a) by 1@3 pressure
hydrogehation over platinum oxide. However, all attempts to remove
the} éroteoting group with conoentrated' acig, TiCl,, or ZnBr,

failed?z Methoxyethoxymethylchloride52 and l-chloro-~1-methoxy-

. S : .
ethane 3 were also successfully used to protect the 1m1da;ole

37
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during the Birch reduction but again these could not be removed

after rqduetidn to their tetrahydro analogues. .Attempts to protect

. COOMe
N, S
| A\ .
Rp
(39) (40) | (41)
) a RFCH,QCH,
P : © ¢ Ry=CH,CHOCH, . -

_ Scheme 13

/
4(7()-c#rbbiymethylbenzimidazole with trimethyl brthoformate54d é ' a
prdtecting group twhich could have been easily removed .after -
redﬁcti$Q ‘f$iled. Ail exampléss4 reported using this p}otecéing
group were 6f imidazoles of'subsﬁanéially higher‘Sasicity‘éhan the
benzimidazole s?stems we . were using. This was believed to be the
reason for the difficulty in reacﬁihg our compounds yith triethyl
orthofbrmate. | |

However, the N—methyl‘analqgue.(zl) ;ould~be obtained from the
»feaction:of 4(7')-cgrboxymethylbenzimidazole with'sodium hydride and
ibdometﬁane._Treatmenﬁvof,1-methyl-4—carboxymethylbehzimidaéole'(22)

with sodium and liquid amfonia led cleanly to the’dihydro derivative



.'_w“.; ) ) . '«"1).

: - (43) whlch was eas;ly hydrogenated to the correspondlnq tetrahydro

: 'compound (44).»Reductlon of the methyl ester w1th lithium aluminum

'hydroscoplc,~was converted to the hydrochlorlde salt of tﬁe chlorlde "

f~hydr1de gave the desired arbohol (?Bb). The alcohol, whlch was very

Lo kN

R -

e L] 6'»
° ‘ .
(23)
; \ ) !
(13b) ¢ it :
. v
"(ﬂé) L B
. ,

Scheme ‘14 - S gﬁ D



Basicities

vpopg?tlometrlc \ tltratlon

‘ . y i
’:_ ° t : 1( " i {#.\' )
. S e
i
s e
4
u

) Idniz-‘a‘tidn ﬁ con‘s'f‘_ahﬁs, of Lhe’se compounds were ' determned by

'methods . modlf:.ed from ’,t'he” method ’of' '

Ty

i

Breslow 3. and assumes/:hat the pKa s a.re well separated. Brlefly,'

."the protonated forms of the compoun%s were tltrated "wn.th O 1000 N =

 to the "c‘»las_sz.c:a;l ﬁfum_‘:t‘_l»o_n vp‘K' =

then the equ:.llbrlum constants Kal, Ka2 and Ka3 can therefore be

; ‘»,'i.;deflned as shown belOW‘

: (LI [LH+1‘

Let us ;d%;ne n

Therefore pK.al' = pH: when nH "0}5" = [LH*’]/[L ]

'_solutlons., '

k accorch.ng to the followlnq equat:.ons

‘molecule:qf base. e

S =v([LH*11+ Z[LH Ans FIMLEGTFF 1) /(L] ¢ (LEYL & (BR,*4] 40

Ky

_ﬁH’ ([Lﬂ+] *;QILHZ**l + 3£LH +++]>/[L 1

NaOH in, ethanol/water at 25 C and the data were analyzed accordlng

R ’."‘ ")u_\

+ logE‘LH]/[L 1 6 wher’e ‘HO .=»I'o‘g a

'H
.,‘O

. -s, . X A
/YLH and J.a gapprox‘lmately equa Ato pH J.n dllute aqueou? :
" . .o . "y LN o _\' - o

' 5

SRR X

o If L an : :"dx"ganic v base whic ‘can accept - ‘thrée protons’ L

: L + H+ - LH+ ‘.ly vl

S LH2++ ¥ H+ = LH3+++

B
N

.".} LU ".“‘.I

) 'l'l a

pH + loq[LH+]/[L] f.-< : “r-°7fffﬂ,f»;tkg°aiv

'*flpH ¥ logtLH ++1/tLH+]

pH + 1og[LH ***1/[LH )
",*

:Therefore pxal = pH when 1oé¥LH+]/[Lr 0 and log[LH*]/[L] # 0-when

H' ‘as fth“e' ‘aye_z_‘_age'»mimbéx' of hy‘d;bg‘en jb_i.gﬁns.;-boundf per

a7

"H

(LH, +++]) ,/f 1 o sf;[ R 77§*"“”'

¢y

oS : U . ih L S o : L
// ~ PR R . R R . . N . j




‘Similarly’ o

([LEY] + 2[LH,*™1f/ (L]

el

'PKaQ = pH when nH  1.5'

= B . = ++1 4 4 )
pKaal— pH when nH (Z[LH2 ] f 3[LH3 ‘])/[Lt¥

i
AI\)
I

. " . I

It is then only necessary to express n, as a function of ;

‘ efperimentaLIy determined variables’:
7. = ‘ -. [BY] - o~} . K™
R N IR

where ¢ S , o - ‘

'[H+]t = total concentration of strong acid added at the
'beginning:

;[H+]v-is derived :fromhutne .pH reading. ‘The mean’-activity
coefffcient'of ﬁCl in 0,3~M‘Salfreolution557'or in 20% ethanolssdoesf
not vary eignificently'from_that’Qf dilute solutione'efJHC1 in pnfe
féatef.- Therefore;ﬁfhe eesumhfionhthet tH+j zpﬁ’ean be'nade‘and used‘
:in eqﬁefion'?. Tebchech fhat-this asshﬁptibn waS'inaeed valid diiute
solutions of HC1l in waé%r were made up in the 1ow pH range and the
‘pH‘meter was adjusted for llnearlgy from pH 1 16 to -5. 16.: The same
concentratlons of HCl were: dlssolLed in 0. 25 MLKCI solutlonz and
there was no,significant.aifferenee;in'the pH readings; Finally;‘the'
same»edncentratibns,ef HCl were maq§ UP'in 31,6%,ethenol/watef,»O.éS

"M KC1 solutlons .and agaln there was no significant difference in the
N ’I

> - . <

readings obtalned from those obtained for the Htl ‘solutions in purer‘

L 4

water. Therefore, in equa;10n'7 -1oq[ag bf*@H for pH s 1 to S'and

. o e
above -pH .5 this terM>‘A o‘es negllglble.
e T | ~ |
[QH ]:Ed d‘ is the concentritron‘qf [OHT] ‘added during the
g " R . O
tltratlon. ‘ ’ > , . v -‘ig-

[OH ] is obtalned from the callbratlon curve in Flgu 5 Known

@



!

.

concentratlons 'of NaOH were dlssolved in the ethanol/water mlxture

used for ‘the tltratlon measurements and above a [OH‘] of 1x10"" M

i

'the pH readlngs no longer remained llnearly dependent eon [OH']‘

. o

' ‘«(Table 1, Flgure 5) Therefore, a plot of nH Vs pPH allowed us to

-

“H

‘ obtain the pH value when n, = 0. 5, 1.5, 2. 5. Each pKa was the'

average of at least three reproduc1ble runs. . Tht’; results are given

-

in Table 2'.[ ‘ ' o e ?

42
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2

hconcentratlons of NaOH in ethanol/H o (31 6% ethanol)

) Cat&lytiC'StudieS‘

“n

p@Hj

uPigufé 5:° Plot of pH vs. p[OH?@ deterhined' from. know‘

.

WV

&

o

The rates. of acylation were followed Spectrophotometrically

-

using a Cafy 210 . UV-VIS spectromeﬁer. To.aidvin data collecﬁion'theA

Cary 210 was interfaced to a Rockwell Aim 65 microprocessor

(Appendix 1).

The cataly513 of the decompOSLtlon of PNPA w1th these dbmpounds;
“

Ejfwas followed under pseudo-flrst order condltlons where ECatalyst] =
”ill 20,. [PNPA] by monltorlnq the appearance of p-nltrophenoxlde
‘;-(PNP) at 400 nm.~The pH ‘was kept constant by u31ng buffers: HEPES

: 5,;','.(’6'.8-'7.'2), TRICINE (7 6= 8 8), CHES (9;‘2-10.'0) and CAPS (1Q.4‘_—-10.8-).
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Table2 -

Pa, PRy

5.54:0.02 - w SRR o L

5.44:0.05

5.41:0.09

Y

5.25t.0.05 . . 07

5,45:0,05 -~ . 9.75:0.1.

.

Q

oV




ay.

|

)
i

8.05%0.05

8.20%0 <08

8.00+0.05

10.0%0.1

"

®

A typical run was performed by'adding 3.0 mL of 0.5 N

KCl, ' mL 0.1051 N HNO

1 mL 95% ethanol and 0.025

mmol of the substdnce to be titrated in 1 mL .ethanol to

the thermostatted cell
NaoOH.

(25°C) and titrating

0.1000 N
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Ali reaction rates except for- the reaction of cyélohexylmethy}.t‘hio‘l

(7) with PNPA  were  monitored 'inz 31.6% ethanol/H,0 (v/v) with
an ionic strength ,equal to 0.345 M by. addition  of-Aa calculated

3 -

camount of XCl (after correction-for‘the'amount of ionized bufferf”
and (buffer] = 0.21 M in _laige excess 'over [catalyst]. The

“xmeasurements involving acylation of cyclohexylmethylthiol (7) with

PNPA were monitored in H,O /EtOH(95%)/THF (64.4/29/6.6) (v/v) with
an’ ionic strength of 0.33 M and [buffer] = 0.19 M. Tetrahydrofuran

was used here due to the insolubility of (Z)‘in the aqueous ethanol

mixture. "The rate of decomposition of PNPA in the absence of
i A . .

catalyst was determined at pH 8.4 in this solvent mixture and was
found to be equal within experimental error, to the value determined

for- the decomposition in. aqueous ethanol alone. Therefore it was

assumed that the THF would make little difference in the values

determined for (7) + PNPA.

Ail solutions used for gﬁe acylatién of A(7!')-thiomethylbenz-—
. ' 1 : . 1‘4'5’ Jae " '

imidazole (8a) _and 1-methyl—4¥tp§ehéﬁhylbenzimidazole (8b) were

A ~ : « .
deoxygenated bubbling argon through them to prevent air oxidation of

the thiol to the corresponding disulfide.vaen with this precaution

values for. the second order rate constants above 9.2 had to be

obtained by ektrapolation from the value at pH 9.2 and the known pKa

(Table 2) 'of . the compound. All experiments were follcwed to

<

% . ‘ f .
completion and the’ pseudo-first order rate constants were obtained

from a non-linafir least squafeS'analysis‘bf the data}(AppendiXFZ).

In 6rdérAto determine that the reactions were ‘indeed pseudg-first

plots of ln(A;-A) vs time were checked for linearity over at least

“~

‘three half lives.

46



‘&!,»ﬁs' . .‘ ‘ | o - _ .. 47
oL ‘ ‘

i ' : (.

- The rate equation for the‘decompositioﬁ of gfnitrophenylacétate y
is:
8; - =" +[H* - [OH~ :
. rage (kH (HY] + kOH [OHT) +_kH20[H2O] + kbuff[Buff] +

kcat[Cat])[PNpAJ

where [Buff] is -the buffer cqqcentration and ([Cat] is the
concentration of the catalyst.
Byxaoing each of the :eabﬁions both with and without catalyst

we were -able to combine all the water terms plus the buffer term as

one constant so the rate expression was reduced to:

A8

rate = (k' + k  [Cat]) [PNPA]
cat -

kobs

[}

k' + kcat [Cat]

The second order_rate constanﬁs could be obtained by dividing
by [Cat]. L |

Ihe fesults /from the feaction of benzyl mercaptén Qé) and
gyclohexylmeﬁh?lthiol v(Z) vwitﬁ gfnitrophenylaCetate are. %i?en  in
Tables 3 aﬁd 4 respect%velyland\illustrated in Figu?e 6. Foripg)
the reaction wés é;ﬁdiéd from pH 10.8 to 7.6 and for eéchIpH at
least tﬁree different [Cét] to [PNPA] ratios were used, the éatalysé

always being in large excess so that pseudo-first order conditions

are met. The pseudo-first oﬁﬂer'réte constant kébé was obtained by-

subtracting the.buffer and water terms from‘kobs. The second order

rate constant kc was obtained by dividing kébs by the total

at

concéntratiof,of mercaptan added to the solution and kRS_ b§

dividing kébs by the concentration of thiolate anion present in



e TABLE 3 y

Y

PSEUDO-FIRST ORDER AND SECOND ORDER RATE CONSTANTS FOR THE HYDROLOYSIS OF

p-NITROPHENYLACETATE WITH BENZYL MERCAPTAN®.

o

*{rs)®.

-.c — . - -1d - ; _1e
pH20.02 (RS} kobs. (v\xydrol. * kbuff.) kcat M, 1 min. ! kRS' M. 1 min. !
3. 3 -1 ' " ‘ »
. 10°M 0 100 M ~wmin. \
10.8 1.3 1.16 1.291 + 0.035 967 1113
10.8 2.68  2.31 2.760 * 0.006 1030 119«
10.8 4.02  3.47 3.52 % 0.02 877 1173 !
’ . AV. =958 % 75 AV. = 1160 * 47
. 5, o .
10.4 1.34 - 0.959 9.91 & 0.055 x 10~ 740 1033
10.4 2.68  1.92 1.967%+ 0.025 734 1033
10.4 4.02  2.88 2.837 * 0.075 708 . 1024
’ ' AV. = 727 % 19 AV, = 1030 £ 6
10.0 0.667 3.33 x 107} 3.08 ¢ 0.1 x 100 462 \ 924
10.0 1.34  6.70 x 10 5.66 * 0.06 x 10, 423 : 845
10.0 202 101, 9.86 + 0.3 x 10, 488 - 976
16.0 '1.26  6.30 x. 10 5.64 £ 0,01 x 10 47 , 895 _
j ‘ AV. = 45532 AV. = 910 % 65
9.6 0.667 1.9 x 1077 1.59 £ 0.2 x 107 236 832
9.6 1.3 3.83 x 107 3.16 £ 0,05 x 107, 23 825
9.6 2,02 5.77 x. 10 4.67 + 0.07 x 10_] 230 - ‘ 809
9.6 4.02  1.15 9.75+ 0.25 x 10° L 246 848
9.6 2.2 7.2 x 107} 6.25+ 0.1 x 107} w7 o 868
9.6 1,26 3.6 2.90 * 0.03 x 107 230 ‘ 805
9.6 3.78  1.08 9.13+ Q03 x 10 241 845
L AV. =238 9. AV, = 833 * 35
9.2 2.26  3.10 x 2.40 * 0.06 x 107 106 774
9.2 3.39  4.65x 3.84 + 0.02 x 10_; 113 830
.9.2 T 1.3 1.84 x 1:56 £ 0.03 x 107} 115 816
19.2 1.3 1.84 x 1.50 £ 0.02 x 107, 112 848
9.2 1.26  1.73 x 1.63 % 0.02 x 107~ 120 942 " .
AV. =113 ¢ 7 Av. = 842 * 100
8.8 1.13 ' 6.73 x 7.18 £ 0.06 x 1072 63.5 1067
. 8.8 2,26 1.35 x 1.34 * 0.02 x 10_; 59.5 . 992
" 8.8 3.39 2.02 x 1.98 £ 0.03 x 10, 58.5 980
8.8 1.26  7.51 x 6.78 + 0.07 x 10 53.8 903 _
. Av. = 58.8 %5 Av. = 985 * 83
8.4 1.3 7 2.78 2.53'+ 0.03 x 107} 22.4 910 -
8.4 2.26  5.56 5.19 £ 0,05 x 107, 22.9 934
8.4 3.39  8.33 + 6.78% 0.05 x 10 25.7 833
' AV. =237 %2 AV. = 892 t 59
8.0 113 111 1.25 = 0.075 x 1073 10.5 1126
8.0 2.26 2,22 2.45 * 0,055 x 107, 10.6 1105
8.0 339 3.32 3.64 + 0,075 x 10°° 10.5 1095
v. = 10.5 £ 0.1 AV, = 1109 ¢ 17
7.6 113 4.50 4.88 + 0,20 x 107 4.2 1084
7.6 - 2.26  9.00 9.73 £ 0.15 x 10_, 4.3 1081
7.6 3.39 1.35 117 £ 0.06 x 10 3.4 B66
AV. = 4.0 AV. = 1010 ¢ 144




. Determined in 31.6% EtOR/B,0 (v/v). (Buffer] = 0.21 M. 3 = 0.345 M. [ENPA] = 1.52 x 10™M
to 2.03 x 1074 .
. [RSH] = total concentration 6f thiol added.

[RS] = total concentration of thiolate anion present as dct_cmimd»ffdn the known pK_ (10.0 0.10).

L. kul. - kob., - k'hydrol." + kb\lff-)/[RSE]"

s VT.S = Kobs., (Khydrol. + kbuff.)/lgs]'ﬂ i . ' /



PSEUDO-FIRST ORDER AND SECOND ORDER RATE CONSTANTS FOR THE HYDROLYSIS OF

TABLE 4

>~-NITROPHENYLACETATE WITH CYCLOHEXYLMETHYLTHIOLa.

-

) {RsT1¢ k, - + ) d e
120,02 ; L o khydrgi. putt. oo w e e
< 10" M. 100 M, ™ - wmin. : at.
| °
108 316 1,57 8.83 + 0.03 x 107* 281 562
10.8.  4.04 2.02 - 1.15 ¢ 0.01 285 569
10.8 4.93 2.47 1.42 £ 0.10 289 612
\ AV, = 285 £ 5 AV. = 568 * 6
10.4 3.1 8.9 b 5.32 £ 0.03 x 107} 169 594
10.4 3.59 1.02 a 5.59 + 0.02 x 10_; 156 546
10.4 3.19 9.08 x 10 5.23 £ 0.06 x 10 164 575
AS. = 163 * 7 AV. = 572 + 26
10.0 3.19 4.36 x 10_1 1.88 + 0.04 10_% 58.9 431
10.0 4.40 6.00 x 107] 2.54 £ 0.06 x 107, 57.7 423
. 10.0 5.50 7.50 x 10 3.48 ¢ 0.03 63.2 468
. AV.» 59.9 .+ 3.3 AV. = 439 ¢ 25
9.6 319  1.89 x 1001 1.01 * 0.03 x 107 ng 533
9.6 4,40 2.61 x 107, 1.31 * 0.03 x 107, 29.7 502
9.6 4.40 2.61 x 10 1.22 +0.05 x 10 27.6 467
‘ AV. = 29.7 ¢ 1.2 AV. = 500 + 33
9.2 319 7.82x 1072 4.10 £ 0.09 x 1073 12.9 524
9.2 3452 8.62 x 107, 4.18 + 0.03 x 107, 11.9 485
9.2.  2.86 7.00 x 10 3.51 % 0,09 x 10 12.3 501
AS. = 12.3 £ 0.45 AV. = 503 % 21
8.8 319 315 x 1075 1.54 £ 0.06 x 1072 4.83 487
8.8 3.63 3.59 x 1075 1.87 £ 0.09 x 10 5.15 520
8.8 3.62  3.58 x 10 1.35 £ 0.04 x 10 3.712 376
’ AV, = 4,57  0.85 AV. = 461 * 85
-2 -3
8.4, 3.63 1.44 x 10, 7.18 + 0.03 x 1073 1.96 R 498
8.4 3.19 1.26 x 1073 7.22 * 0.06 x 1073 2.26 570
8.4 2.86 1.13 x 10 6.52 * 0.09 x 10 2.28 575
Av, = 2.17 £ 0.21 AV, = 548 * 50
a. Determined in §ZO/EtOH (95%) /THF (64.47/29/6.6) (v/v). [Buffer] = 0.19, u = 0.33 M. ([PNPA] =

1.52 x 10°% u.

[RSH] = total concentration of thiol added.

[RS”] = total concentration of thiolate anion present

k

cat.

=k

obs.

[}

= Uqvdre1. * ¥puge.)/[RSH].

kRS' -‘koﬁs. - (k’hydml.'+ kbuff.)/lns;]'

;

1

/

< 1
as determined from the known pKa,(lO.B + 0.1).

e o#



Figure 6: Plot of the second order rate constant kcauw?vsxpﬂ for
benzyl mercaptan'(gj,’cyclohexylmethylthiol (7), 4(7')—thi$methyl-
benzimidazole (8a) and 1—methyl-4rthiometh?lbenzimidazole (gg). For
4(7')~thiomethylbenzimidazole (8a) and »1jmgthyl-4—thiomethylbeﬁz-
imidazole (8b) the values above 9.2 areaex;rapoléted from- the value‘

at 9.2 and the known pKa's of thesé-compbunds.
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-"soiution. Benzyl mrcaptan (6) may attack E‘NPA eJ.ther as the th:Lo‘l

"

or the thiolate anion. ) The plot of the observed rate constant'h

“against pH shows a llﬁear dependence on. pH below the pl(a of the"

»

'thlol. The plot of k' ?' /[RS"] vs pH gave a stra:.ght lJ.ne of zeroﬁg

obs

slope lndlcating that for benzyl mercaptan (6) the thlolate anion- Ls

the most actlve species (Scheme 15).

! L v ‘RSH st ,P,N,PA S | - o ‘-‘, ‘ .
B 2 ’ : ‘Q B i : - . P ' ’ .
o “ AR T gy . L e ‘ L + . .
T ~R8: 4+ H -+ PNPA — RSCCI-_I3 . *  PNP + H ‘ e

- completely analoqous s:.tuatlon ex:Lsts for cyclohexymethylm

thlol 1(_'7_) :Lndlcatlng again that lt is the thlolate anlon whlch is
the a::;tive-',specle's. L ' . o /

';'hese results concur w:Lth those prev:.ously \céou d in the |

25f

llterature. whltaker s studles w1th 2-—mercaptoe anol,- n-pro-

pylmercaptan,. sodiu'm ‘mer.oaptoacetat/e_ Iand sodium e B-mercaptopro-—. ¢

3 -

Plonate (29.6°C, 5% ethanol/H,0) “and ‘Lochén's>® with fur-
furylmercaptan ' p-—chlo robenzYlmercaptan , ' p’éne~tho,beenzylme.fcaptan .
',th:.oglycerol and phenyl 3-propane thlol (3“0°C, 9. 5% ethanol/Hzo).-

also 1nd1cated that it was the t?ﬁolate anlon alone whlch was the

r

B actlvg‘/specles in the cataly51s. IE‘ersht2 d came. to ‘the important’ s

9

~conclus:.on from his stud:.es that even at 10 pH un:Lts below its pKa, )

~ethanethlol is less nucleophlllc than the thlolate anlon, 'despite’

: the latter presence “in only_ on‘e'par.t in 10

~ Product analysis of,,benz.yq. mercaptan (6) and: cyolohexy«'lmethy?.—. '

-thiol (l)' with BNPA wasl_carried out ‘bxyfﬁ(. Benzyl mevrcvaptah,.,'(é)

- P

] /, . i L ) : ';, . » . T"» . S ) @ . B .
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benzyl thloacetate 1n the same solvent. . S:Lmllar product analYSJ.s of"

cy;q*}lo

/‘

catalyszs of the decomp051qlon of PNPA w1th ben21m1dazole'( Qa) *

and PNPA wer§ dlssol\Ied in ethanol d6 and D O/NaDD was added to

' J.nltlate the reactlon. "A new s:.nglet due to the methylene hydrogens

aq

of benzyl thloacetate appeared at 6 4 04 at the exense of -the

J ,'~A’J..so",f""," the peak.'.“due ‘Zto - th acetate Y;nethyl gr._ ' \of p-nltrq—. ‘

phenylacetate at-_ 6 2 26 was replaced by a srnglet at '_'6 188

&

representmg acetate anion. . The flnal spectrum was 1dent1ca1 to‘

Is

that of a;i'mn.xture of ~p-n1trophenol and authentlcally synthes:.zed.

‘the reactlon of cyclohexylmethlythlol and p—nltrophenylacetate gave‘

; 1methylthlol acetate and p-nltrophenoxlde. .

' 1-Methylbenz1m1dazole ( 9 ),_ 4(7' —hydroxymethylben21m1dazole' '

T .-

3

(12a),‘ ' and 4—hydroxymethyl l%methylbenzrmldazo%e (12b) ' showed ‘no

catalysn.s over and above'tl}te buffer and hydrox:Lde terms. - The

(Tabie 5) is’ 1ndependent o% [OH ] : The plot of k » \('where 'kaat‘__.'e '

kob \/[RIm]) vs pH (Flgur 7) gave a. stralght line of zero ‘slope

S . \

1nd1cat1ng that 1t i's the n n—protonated form of- benzlmldazole wh1ch~ o

s A

is. the actlve spec1es. A/t the pH's studled vxrtually all of the

'added benzmudazole (10 /1s 1n 1ts deprotonated form (pKa = 5 54).
‘ } . ‘ . :

T

o

'J,mldazole (11b) appear to have a s:.mllar dependence on [OH ] (Tables

[

: ~ B v v :
6 and 7).x Both show a flrst order dependence 1n base untll the pKa,‘,'
_of the1r respectlve 1m1daZoles is approached (Figure 7). Agaxn a"‘j,_- i
'Plot of k n’ where k m=‘ ob ‘ ’/[RIm] ({RIm] _.=-_cor,1centrat‘i’on;of'_.

~J.m1da2'.ole present ln 1ts deprotonated form) vs pH glves a stralght_':‘."

a X 3 N

lJ.ne of. zero slope 1nd1cat1ng that the deprotonated form of the

"»la-

(6 3.6,6){

Both tetrahydrobenz:Lm. zole' (11a) d -methyltetrahydrobenz-.

54 ,

B

i



<\ ” - .
n ’ « ) N ' ‘
wn N . .
¢ ' = * o ' . q,;, .0.
©o : : e Ty :
- ) . A Mww W. &. &
€1°0 F-0%°0 =-"AV . S , : o |
A . 20 : ,0T % 270 % 21°L (R 89°2 n'8
S S 0 COTXGT0 TGO L 5°T 78
L9°0 01X 7707 61 : .ﬂ 20"y n°g
»Awo-o ﬂ@ﬂoo = o\l/ﬁ\ - v;.%i.m - ‘ - .v., v.,. | .. | w, ) |
9€0 20T X TT0.F 6°T & . . 70" Y 0°8
€60 Forx 0% 06 | 89°7 0°8
0%°0 L 0T X 0T 1S E°T 0°8
. | |
. 80°0 F I%°0 = AV ‘ “
i <%0 G 0T X 9'0F L S : 97°T 9L
€€°0 - ,-0L X 8°0 % €8 . ) ) 75°T 9L
, 9%°0 0T X 90°0 % €2°T. oo 89°¢ 9°L
-r a ; vr
: = - -
[T NG - 1" S "W 0T
* .aﬂn._, Wy - ~33n .Hlou. Ay . *sqo | m,o, -0¥nd
B - * i
e mqoiﬁzﬁzmm EE E«Eoﬁwzmmmomﬁza 40 ESS%E mE 404 -
. SIAVISNOD IVH ¥ACHO. anooas ANV ¥AQHO LSHLd- oammmm ,,



56

v}

,a;.z‘qfoawx‘mn.ﬂﬂu [vanal "W sve”

0=r"

s

e

‘f..v. Lo - .

. ;
(R b Fm
-~ - = 3 PN
3 - > g
> w N
. B
- . ?
%
Y i
S .

Cqur (Y 4, IO saoy

,.@wvvm uaonvﬂsHNnma.wo cOﬁumuuauocoumﬁquu =

Y

_abzm ~q

W 1z°0 = [1933n@] . - A>N>~.0N:\10um,No.Hm.cﬂ paufmislaq

RS

o TR M@m:ﬁ.udou.v ¢ 91qe1

£y T ‘ IR .



:
~}sé‘co‘ndorder rate constant ké

[\idee
e

Fi 7: Plot of t
igure .;Sf.Pf—' at

benzimidazole a(10a),‘=tetrahydfobenzimidazole'.(11&), 1-methyltetra=-

ey

hydrobenzimidazole (11b) and 1—methy144,5f[4'-hydrdxymethyltetra—

—at—

1b’
- methylenelimidazole (13b). 1-Methylbenzimidazole (10b), 4(7*)-hy-

droxymethylbénzi%idazole j(12af ~‘and - 4-hydroxy@ethyl-1-methylbenzf"

- imidazole (12b) :showed no effective _rate ‘enhancément. over the

n

15

hydroxide and buffér terms, L - . .f

vs' pH for
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-, TABLE™ 6 59

PSEUDO-FIRST ORDER AND SECOND ORDER RATE CONSTANTS FOR THE HYDROLYSIS OF

: ' : I : ‘ a .
. "P-NITROPHENYLACETATE WITH TETRAHYDROBENZIMIDAZOLE™ .
. b c D e . :
- . [RIm,] [RIm] k : o+ ) . .d e .
H£0.02 mTJv' oy oM Yfrfi' fouer.” . 8.1 win.t K M, .7t
- x 10° . - x10 O win T cat. : e
8.8 ~ 1.1 9.68,x 1071 1.5 £ 0.01 x 1o:§ 136 15.5
8.8 J}!.aa 1 1.92 £.0.04 x 1075 13.42 . 15.86
8.8 .4%2.:m 1.89 2.99 + 0.05 x 10 13.41 15.82
‘Av. = 13.33 £ 0.17 AV, = 15.73 #0.23
~ : : N .
8.4 1.6 7.88x 107" 1.18 £.0.01 x 1o:§ 10.42 = 1497
8.4 2.23 7 L.s4 2.27 £ 0.06 x 1075 10,36 _ 14.74
8.4 1.55 1.07 - 1.60 +0.02 x 10° 10.33 14,95 .
AV. = 10.30 *. 0.16  AvV. = 14.89 * 0.15
8.0 1.01 4.75 x 107] 6.31 % 0.04 x 1072 6.25 13.28 e
8.0 . 1.14 5.37 x 1071 7.41 £ 0.01 x 1073 '6.50. 13.79
8.0 1.43 6.37 x 10 9.71 = 0.01 x 107> 6.79 - 14.42
-  'AV. = 6.51 £.0.28 AV. = 13.83 £ 0.55
7.6 1.14 2.98x 107 © 446z 0.00 x 2073 3.89 14.89
7.6 - 1.43 3.74 %0107 5.62 = 0.04 x 107 3.93 15.02.
7% 1.01 2.64 x 10 3.76 £ 0.06 x 107’ 3.71 . 14,26
AV. = 3.84 £ 0.13 AV. = 14.72 = 0.48
7.2 1.55 1.91 x 107} 3.16 + 0.05 x 1073 2.04 16.54
7.2 2.23 2.76 x 107 4.60 = 0.02 x 1023 2.06 16.66
7.2 1,01 1.25 x 10 2.05 £ 0.04 x 10 W 2,02 . 16.40
‘ AV, s 2,04 £ 0,02 AV. = 16.53 £ 0.13

D;:ermined in 31.6% EtOH/HZO (v/v). [Buffer] = 0.21 M.. u = 0.345 M. . [PNPA] = 1.52 x IO_A'M

t0 2.03 x 1074 M. _ o , : .

(RImT]'- totel concentration of tetrahydrobenzimidazole added.

.

[RIm] = concentration of non-protonated terrahydrobenzimidazole present as determined from the

" known pK_ (8.05 * 0.05). .
a — °

. | o S
kear. ™ ¥obs. = ®nyaro1. * kbuffu)/[nlmxl' : , : A

* T kobs.v- (khydro}.‘+ kbuff.)/[k¥m]' y »
. . ) i . . | . ' S .

y
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b TABLE 7
/\\
PSEUDO FIRST ORDER AND S%COND ORDER RATE CON*\IT\S FOR THE HYDROiYSIS
OF EfNITROPHENYLACETATE WITH l—METHYLTETRAHYDROBENZIMIDAZOLE
¥
b c : . . )
’ (RIm] (RIm) k = ( + ) . ' d
pH+0.02 mT3 ) - obs. khydrfi' foure) R R PR e T
x 10 x 10 . min. cat.. . *
8.8. 1.16 9.28 x 19 L 1.06 + 0.05 x 1072 9.14 1L
8.8 - 2.33 186 o 2.27 % 0.05 x 1075 9.74 - 12.2
8.8 1.75 1.40 '\w!j 1.80 + 0.03 x 10 . © 10.28° o 12.9 S
‘ - AV. = 9.72 £ 0.56 AV, = 12.2 ¢ 0.7
B .
, 8.1 1.16 7.11 x 1071 8.18 * 0.05 x 10:21,,f‘ 7.05 11.5
8.4 2.33 1.42 , 1.75  0.06 x 1075 7.50 : . 12.2 .
8.4 1.75 1.07 , 1.38 + 0.04 x 10 '7.87 12.9
" AV. = 7.47 £ 0.42 . AV. = 12.2 % 0.7
8.0 116 4.b9 x 10017 4.42 £ 0.06 x 2073 3.81 9.9
8.0 2,33 9.01 x 107, 8.51 £ 0.09 x 1073 3.65 9.4
8.0 1.75 . 6.77 x 10 7.31  0.05 x 10 4.18 10.8
' . "AV. = 3.89 % 0.29 Av, = 10.0 £ 0.8
1.6 1.16 2.32 x 107] 3.04 £ 0.04 x 1073 2.62 13.0 .
7.6 1.75 3.51 x 107} 4.21 £ 0.05'x 1073~ 2.40 12.0
7.6 1.47 2.94 x 107" 3.42 £ 0.06 x 10 2.33 11.6
’ K . AV = 2,45 £ 0.17  AV. = 12,2 £ 0.8
. N . -v‘ ) -
3. Determined in 31.6% EtOH/H,0 (V/v). [Buffer] = 0.21 M.. 4 = 0,345 M. [PNPA] = 1.17 x 10™°

b. [RImT] = total concentration of l-methyltetrahydrobenzimidazole added.
c. [RIm] = concentration of non-protonated l-methyltetrahydrobenzimidazole present as determined from

the known pK, (8.20 £ 0.05).

- d. kcat: " kobs. - (khydrol..+ Kbuff.)/[RImT]'

& k. T Kops, ~ (qypdror. * kpyes,)/ RIm).
. Q



imidazole is the active species, Benzimidazole (10a), tetrahydro-

benzimidazole (1ta) and 1-me.'thyltetrah‘ydro'bepzuimidazyole "(11b) can

react with‘g-nitrovphenylacetate either as a general Sase or as a
nucleophile'm\\’llhe poésibilities are ’illustrated : fof ‘ be'ngimida‘iole A
"(_1_2&) in Schemé 16. The genéralfbése mechanism in which imidaé.ole
acts as '‘a general base on ’avseqond imj;_ciazole' caﬁ be eliminated as
‘the rate studies ‘éhow no éei:ond. Qrd'er‘, .d_ependerwe on *the
concentration of the im‘idazole specieg for compounfis (10) ahd (1_1).
NMR studies were performed in an att';empt"to distinguish between a
.nucleoéhilic and a genéra'l-base mechanism.v. " In ethano‘l-d6 the
meﬁhyl group of the acetaté of PNPA appgared as a; s.inqlet at § 2.32
i.n:the NMR spectrum (Figure _8)._ Upon addition of b‘(l(_)_a_) and

i
|

NaOD/_DZO a ‘singljet due"tcv)r the N—acetyl\» methyl group of N-acetyl-

benzimidazole appeared at 6 2.76 and new peaks at § 2. 00 and &

1.88 due to ethyl acetate and acetate ‘anion- respectlvely, were

observed. Gradually the 51 nal due to the N-ac tyl methyl group of
g i _

N-acetylbenzimidazole diminished as thls compound was hydrolyzed- _and

a spectrum due to p-nitrophenoxide and benzimidazole (10a)‘ remained.

The spectra obtained by following the re‘zgétion of PNPA with

tetrahydrobenzimidazole (11a) are illustrated in Figures 8 and 9.
In Figure 9a the four sets of doublets of doublets due to the

aromatic protons of p-nitrophenylacetate and p-nitrophenoxide as

well as the peak at & 8.2 due to the C,~H of (10a) in the low field

region were dbserved. The. singlet due to the acetyl methyl ¢roup of i

PNPA was found at 6 2.30 and that of the, inethyl group - of N-acetyl—-t‘,- g'

s ,.z‘;';"

tetrahydrobenzimidazole at & 2.,58. The first traces of the peakg3

" due to ethyl acetate (& 2.0) and acetate anion (& 1.88) were @lso
\g

N
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Figure 8: The lg-NMR spectra of gfnitrophenylacetate/in CDGl4 (a),

the hydrochloride salt of'tetrahydrobenziﬁidazole (11a) in ethanol-

dg (b) and the hydrochloride salt of 1-methyltetrahydrobenzimidazole

(11b) in ethanol-dg (c). .
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Figure .9: 'i'he 1H"—-NMR spectra of the reaction of P-nitrophenylacetate

with tetrahydrobenzimidazole (11a) in e-thanol-ds,yNaOD/DZO as a

funct(on of time.
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/bserved in this spectrum 'Sn quure 9b there was almost no: trace of
! .

/j > ‘fPNPA th.le N-acetylbenz:LmJ.dazole ltself is partlally hydrolyzed to ‘

}

Z "".g:.ve a large peak at "8 2 0 due to@éthyl acetate.‘ ‘In the f:.nal
: / _-spectrum shown in FJ.gure 9c only the peaks due to p-m.tro—phenoxide,

" jtetrahydrobenzimdazole (11a), ‘and acetate : am.on at & 1.88- ’were

‘“ L \ o4 L A - e _‘ ' v -

Ll observed- (When the NMR studies of the reactlon of PNPA wa.th 1=y
v methylbenz:.mldazole ( 10b,) and 1—methyltetrahydrobenz1mJ.dazole ( 1 1b)

Ca 'were carrled out no evldence for the formatz.on of the N-acetyl v
- H L. / . - . . )
,.‘compound were7 found. w:_th both compounds. as shown for v1—methyl-

"tetrahydrobenz:.m:.dazole (11b) w:.th PNPA in Fz.gure 10 t.he 51nglet due

: 'to the acetate groupgof PNPA at‘ 6 2 30 dn.mlx\ushed and peaks due to )
- S i R TR
- ethyl acetate and acetate anion at 6 2 00 and '6» 1. 88, respect-*.

5

o ively, apppeared. H‘ow.ever, as w:Lll be dxscussed 1ater, the hydrol-‘

ysis : of 1-—acetyl-3-metlwltetrahydrobenz1m.1daZolium and ° 1-acetyl—3- A

methylbenz}mldaqulum occurs veryJ ,rapldly and the N-acetyl compounds

I TR ’ -

‘Jj‘v"‘?"would not. be detectable J.n the NMR spectrum ;
'As_ ment;.oned earlJ.er the hy oxy componnds (12a) and (12b) ﬁ
l"v (s.howed D.Q ‘rate enhancement over and above that prov:.ded by the water | .
i .and buffer terms. A‘s .'wz.tth' ( 11) a. plot of X ‘t"i where x "\vt.?if“, _,-\
Jg_b /JRIm ] ([RIm ] 5 totaﬂ; Vconcentratlon og imldazole compound

i ‘b )
.added,),f vs pH for 1-methyl 4-hydroxymethyltetrahydrobenzimdazole

Pe.

’ . (13b) beglns to level off as lts pKa (8 00) is, approached (Table 8,
| -v." ’ .
B Flgure 7) : Aga:.n a plot of k vs pH gives a stralght lJ.ne of zate -

-

\ » S
slope J.hd:.catlng that the nonprotonated ﬁorm “of" (13b) is th’e

act:.ve Specles ln the ' catalysis-_,: In the ‘case’” of the oxygen

an Sl Bl ' \V <

¢ompoundq, Aas deplcted for i -(v12a) in Scheme 17 eJ.ther the oxygen or :

P

f'. one of the nltrogens can attack PNPK nucleophlllcally\ to catalyze FERRSa Y
T ﬁ’. ’“‘. L o N L . ? ; o ) o EEIPRTORR ‘
. ; SN - . o JE
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phenylacetate -with 1-methyltetrahydrobenz1midazole (11b) 1n ethanol-\
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Scheme 17.

- the h‘uc‘leb'philic attack. -

b -
4

e

A

®

’&Jjensiof‘t

he imidazole ring can take part.in = .-




o
W, . b

‘ ‘ . ‘ A‘ | | ‘4143..1,,,‘,"" g
the hydrolysis. Alte’tna,ti_vely the alcohol-imidazole compound can
. ' I S .. . i

act ‘as a general-base on ar,\{;oth'er imidazole or on H,0. Again, as

‘there was not a second order depe‘nder}ce en [imidazole] in the raéé.
X e R v, . 4 ""‘\“‘u‘

.equation_the general-base mechanism in which imidazole acts as a Vo

— : s
¥ general base on a second molecule of xmaazole can/be e}xminated.
SRS S e ,
NMR stud:.es ‘showed the growth of singlef:s»/‘a/é 2.77 "_(N-a_cétyl .
Co : . ¢ - . v '

: methylf and' 8. 5.-'04“.'(CH2) due to the formation of the N-acetyl
»compound in the react:.on of PNPA .Wlth 47 )-hydroxymethylbenzmd.d-

".azole (12a) ~The N-acetyl intermediate slowly hydroly2ed leav:.ng
A L
peaks due to. 4(7')-hydroxymethylbe-nz:xmldazole (12a), acetate anion
.l".‘:.‘, ' »
and p‘-nitrophenoxide.‘ There was no ev1dence for a%ay acylation

.

L
occurrn.ng on the .oxygen ‘atom. To try to J.nd@vce the'ﬂ,atter :Ln a more
£

hyd;\ophogxﬁ"hedlum, 4(7 )-hydroxymethylbenz:.m«afazolg‘( 12a) and PNPA‘ »
- , 9
. were dlssolved in deutérated- acetonitrile. A few drops of
v ) o ’ ’ a0 . ' »
deuterated DMSO were added to dissolve the alcoh¢l. Again only the

N-acetyl ‘compound was ~de¢f'cted; For the) 'N-methyl-h'ydroky compo%'

(13b) nelther fhe N-acetyl nor ‘O-acetyl compounds—were detected. As '\

-~ Ot

-

stated before, the d’ecompos:.t:.on of the * N-methyl-N'-acetyl

)

co'inpounds would be expected to be so fast that the J.ntermediéte

would not ’be detected ‘in the NMR spectrum Therefore, (13b) _'«fl'

probably cat‘a,]..-yze“_s the decompos‘ition “of the, PNPA by nucleophilic

etta‘ck by nitrogen. ST o G

Our studles on ‘the catalys:.s of the hydrolys:.s of PNPA. w:.th

2,

.benZJ.midazole analogues are in aqreement W1th those found ‘in the$ P

R

‘literature.m 59 60 Cyclic benzimdazoles in general are. found to

'z
" have very weak catalytlc ectivz.ty (k t==0-6 M‘l mn l) as sununarl,zed

‘§

;k’ J.n Table 9 and have also been shovm tb attack PNPA nucleophilicf‘l-ﬂ

73
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_Table .9 ‘ o
, . -1 .-1.a
pﬁm. k (M“mpr)‘

"+ Compound

© - 0.96

5.40

t o
| S
» 6.65 @ 1,50 .
0.04
- 6.00 2.95
* .
-t
5.10 0,31
3,
. - '
a2 L
- R; o’ . .
: 5.30, . 2.80 _
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=1

Compound /,.,/'4 . plﬂm { k,&‘_(M‘Imin)

"r
3.90 1.1
o Y
3.05 4.8
Ny - -
3.05 3.75
.%.90  6.15 -
” : i 4
B - . N ' l_ ' . t . )
, ;}‘ ) . : o . .

a. Kinetic expernments and: pKa determinations were performed at 30+0. 1°C '

-
.

m 28.5% ethanollwater,

b. Kinetic experlments and pKa determmatlons were performed at 30:0. 1°C

-

m 9. 5%1hanol/water . _ ' ‘ ’ ¢

75
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7Y

'v"‘were also found to attack PNPA nucleophilicall.y.

1y.v1.O 'Those benzimidazolle analogues ‘containing an additional
functional group exhibitetl no indications‘of cooperative catalysis.

Similarly a survey_‘ of the literature indicates that imidazoles
which are not annulated to a benzene ring exhibit/catalyt‘ic rate

constant values ot 0-25 H‘li'nin"l (Table 10). in reactions with PNPA

‘ 4

.‘in, comp te agreement with our results. These 1m1dazole derivatives

ER
.

The, catalysz.s of. the hydrolysis of PNPA provided by compounds

,(8_a') and (8b) (Tables 1 and 12) is similar to that exhibited by

benzyl ‘mercaptan (6) and cycl9hexylmethylthiol (7) in the hlgh pH
rance. ‘ 'I‘hls Wouyld 1nd1cate that in this region the cataly51s is
probably due to the thiolate anion. However; in the pH range from
).6 to 6.8 there is a.po:J.tive deviation from a first order

R
dependence in base (Figure 6). I\,plfr of k'bé /[RImS ] vs pH where

‘[RImS ] is’ the concentration of ‘thi: late anion present, does not

~

give a straight line of Zero slope. Like ‘the alcohol systems, 4(17,' )_7‘,,‘,

@

. thiomethylbenzimidazole can attack PNPA nucieophilica_lly' in eitherA

‘of two ways . (Scheme, 18), - Sulphur or nitrogen (N or N' atom)

acylation can take/mr again the imidaizb]s;a can 'act -as a

»

‘general-base on another imidazole ring or on, H,0. ‘NMR studies

‘ : . ’ L
showed clearly that ac’ylation was occurring on the sulphurl atom.

‘

- The spectra of the compounds obtained from the x:eaction of PNPA with

~

! (8a) and (8b) were identical to t‘ose of authentic samples of the S-

)

.1

,ylat,ed compounds. T.lerefore, it seems.clear that' it is" the

-kthiolate anlon which is attadking PNPA -at high pH's. However, what’

<,

'y

is happening to enhance the rates around neutrallty? The imidazole

can be acting as a general base to aid the thiol :in its attack ohe

-

76
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’ o Tablewsb
: . . R 1 { ' e
. | oo e e
i ;ompoupd . ‘pK'".“ ,;;;;;:MM rr:m )
N
O a
. Ny | . 7.75 2.7
A\ ‘% Qo
7.45 25
v
“ S oy -
“ \\\\\ : 3
. S 685 20.2
Y
645 s® 9w
6.85 5.6
' &7"0-' 0.28
o /
S -
og .
) .
4

a. Kinetic experiments and pKa deter}ninations were performpd at 30:0.1°C
in 28._5%_etanoi/water. ' | '
T~

v

Vol
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TABLE 11 . : '

PSEUDO-FIRST ORDER AND SECOND ORDER RATE CONSTANTS FOR//THE DECOMPOSITION OF

p-NITROPHENYLACETATE WITH 4(7')-THIOMETHYLBENZIMIDAZOLE®.

: » b ~1¢ L. . - -1d - 1
puzo.cz  IRISSHIT o WRImE1T kg, < Ogugror *hpure) i wilen T g wThan T @
: 10° M, 107 M, vin."1 . - S :
. ! -1 to ’ >_2 o . .
9.2 0.52 116 x 10, 9.8 0.3 x 105 1188 859
9.2 0.45, - 9.91 x 1077 .7.23 £ 0,06 x 1077 .- 161 : 730
9.2 . 1.90 4.18 x 10 3.38 £ 0.5 x 10 118 . 809
) ' AV. = 176 = 15 AV, = 799 £ 69
8.8 1.26 1.27 x 100} 1.11 ¢ 0.55 x 1077 88.6 873,
8.8 1.26 1.27 x 107, 17 £°0,50 x 10, 92.5 : 922 .
8.8 - 0.94 9.43 x 10°° 8.34 £ 0.40 x .107° . - 89.1 7 885 _ .
' Lo ' AV: = 90 ¢ 3 AV, = 893230
8.4 0.63  2.70 x 107 2.64 £ 0.20 x 10720 41.7 v 975
8.4 1.26 5.39 x 107, " 4.21 £ 0,05 x 1077 3.6 ° 31 :
8.4 0.94 3.99 x 10 3.50 £ 0.20 x 10” 7.6 874 / )
' . \ AV. = 37.5 % 4.1 AV, = 877 £ 96 |
8.0 1.23 2.15 x 1072 1.99 + 0,03 x'1o:§y 62 926 ‘
8.0 1.40 2.46 x 1073 2.49 £ 0.03x 1073 . 17.8 o 997
8.0 0.57 9.95 x 107" 8.31+0.25x 10! [ . 14,5 832 O
- . m AR, = 16.2% 1.6 AV. =918 % 86 .
' ' -3 . -3 . . n
7.6 - 1.25 8.78 x 1075 9.38 £70.24 x 107, 7.5 ; loes )
7.6 1.81 1.27 x 1075 1.50 £ 0,03 x 1073 8.25 41179 " .
7.6 1.25 8.78 x 1077 7.79 * 0.08 x 10 6,23 887 ‘
‘ _ o AY. = 7.3 % 1,1 AV, = 1044 % 157 |
. : - | }
7.2 0.73 ~ 2.06 .x 10:; 2.94 = 0.06 x 10:3 - 4.03 127 .
7.2 0.56 1.57 x 1073 2.29 £,0.04 x 1073 . . 4,09 wss .\
7.2 _ 0.5 - 1.66 x 10 2,42 270,10 x 10 411 . 1457 . \1
: : { AV. = 4.11 % 0.62 - AV, w 1446 * 19 |
. . ) . ) >‘ N
6.8 0.50 5.53 x 1074 1.23 £ 0,03 x 1073 2.46 : 2224
6.8 0.59 6.62 x 107, 1.42'2 0,10 x 1073 - 2.39 3 2146 W
6.8 0.78  8.77 x 10 1.91 % 0.07 x 10 S 243 2137 T
/ . AV. = 2,43t 0,04 AV, = 2181 t 42 (
‘ ; . ) S
T S y : - ¢ “4\ |
, . S , y .
a. Determined in 31.6% Ecdﬁ/nzo (v/v). (Buffer] = 0.21 M. u = 0.345 M. [PNPA] = 1.52 x 107 M AN

to 2.03 x 1074 M.

l, . : v
/ ;

« b. [RImSH] = total comcentration of 4(7')-thiomethylbenzimidazole added.
c. [RImS"] = concent:kaf the thiolate anion present aa/

determined from the known macroscopic
N i N 1

' ' B

JPK, (3:75 +0.1).

’ - ‘ . . ) . \ \ ’ o ' ) , . ! . » \
4 kegr, = *obs, = Mpydror. *-Kpuge,)/ RISH] \ e L ’ ,

PRI v ’ ) N . ’ ): )

© KpinsT ~ Kobs, ~ (nydror. * %pugg,)/IRTDS ). - S Lo, o
¢ ’ ‘ : . 4 @ . .- ~

S e : , | S ‘ . i



Ao %t . o . ' |
\;‘. .k;&‘z\’é;‘ ’.5 | ~L ! * - 3 . | ’
R A A - .79

‘ o ! - TABLE 12

PSEUDO-FIRST ORDER AND-SECOND ORDER RATE CONSTANTS FOR THE DECOMPOSITION OF

P-NITROPHENYLACETATE WITH 1-METHYL-4-THIOMETHYLBENZIMIDAZOLE®. - , g
. . .o . IS P

v

b -yC :
pro.0z oM IRIRSTL kg, - Oypgeor, *Rpuee) L a1 aid I o
=0. - . min, k - M. 7 mia.
10, 10 win. ! , cat. ., RImS
. ) L
9.2 ,1.87 3.75.x 077 ' 1.68.% 0.1 x 1071 % [
9.2 1.25 2.50 x 107} 1.16 = 0.1 'x 1071 93 e
9.2 1.25 - 2.50 x 10 1.16 * 0.08 x 10 93 . i ee2
, ' ' A AV. 923 [ | AV, =457t 9
o ‘ C L ‘ -2 f -
8.4 125 4.7 x 2072 T2.66 £ 0.06 x 107 n ,/4—-554~”"//T
8.4  1.25 4.77°x 1075 . - 2.11 = 0.04 x 1075 17 T
8.4  1.87 7.16,x 10 3.08.% 0.07 x 10 - 16.5 _ 431
R LAV =181 3 AV. = 477 = 80
8.0  1.87 2.92 x 1072 1.66 = 0.03 x 1072 8.9 567 o
810 L1l - 172x102% 1.03 + 0.05 x 1075 9.3 596
8.0, © 1.97 ©3.07 x,107% 4 1.70 * 0.02 x 10 8.6 S, 583
a : ‘ - - : Av. = 8.9t 0.4 - AV. = %72 : 2
- e - ' - '
7.6 125 T 7.8 x 107344 5.43+0.1 x 1073 4.3 695 ¢ '
7.6 1.87 147 x1073 . 6992 0.07x 1003 - 3.7 : 596
Tagy.  1s25 - 7.81 x 10 5.81 * 0.06 x 10 4.7 744
’ o s ~ .o -
: : ~ AV, = 4.2 80,5 AV. =678t 82
* ) . ‘. 4Q' -
6.87 9.38 x 107 9.38 x 107 1.18 = 0.07 x 1073 s 1259
¢« 6.8 1.87 §,87 x 1073 2'8S £ 0.1 x 1073 71,49 — ‘1493 ¢ ?
6.8 2.48 L. T x 10 3482 0.1 'x 10 1.28 ‘ atd 1282 &
‘ S T - A 07/ £ 0.157 _AV. = 1347 & 148 | :

Y

.

’ o o . i o\ : . . )
- a. Determined in 31.6% EtOH/H20 (v/v). [Buffer] = 0,21 M. W - 9.345 M. ([BNPA] = 1.26 x 10 4 M.
b. [RImSH] = total g;ncentratioh of l-ﬁethy1-4-thiomethylbenzingidazole aﬁde&. : Lot

¢.  {RImS”) = concentration of the tiﬂ,._olate'anioq present as ;iétcmined'frqm the known macroscopic

PK, (9.8 £ 0.1).

N - N ’
d;\\gcat. =k s - (khy4xol.‘t'kbuff.)/FRImSH].> _
& ‘k«i}ImS' .hkobs. = (.khydrol. + kﬁuff.)'/[RImS 1. ~ ,
L N N ' T , ¢ . - B R
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' compounds exhlblt a pos;tlve dev1atlon from a flrst order dependence,

'\"' o

f'w 'f\';;’f"f-f“;.ii“fwuf- :r~ r,j ,‘“fu'd'o:. L }Ld'
e ! S
¢ b . .. ST SRR i

, (gc)R- ST T e
- Cmewe T
/ E i : / - \ . ‘:‘4.

I S
~

.

these pH's. In theory, dlstlngulshrng between these two mechanlsms{=:aib

. 1ncrease the conceqtratlon of | thlolate anlon able to attack PNPA at '

is POSSlble bY StUGYlng the klnetlc solvent deuterlum lsotope effecti‘

: and have also found that the plots of k Vs pH, for-some-of thelr

to probe a general base lnvolvement. However, in thls case there'
are problems as there Wlll be an equlllbrlum 1sotope effect as wellv'

whlch would alter the relatlve concentratlons of actlve thlolatetr

specles Ln Dzo as- compared to Hzo.éj Two other groups of researchersv

.

have also studled lmldazole-thiol palrs as models of papaln actlon_

Y

g

"in base lndlcatlng somethzng 1n addltlon to the thlolate anlon ls;j

'»prov1d1ng catalytlc act1v1ty.’ Lochon and Schoenleber59 synthesized

'must be a- substantlal amount of catalysrs due to the free thlol as

a serlesz 'of benzxmldazole—thiol .pairs (Table v13,’ Flgure 11) for

reaction with PNPA.,and‘ came ° to the conclusxon that, for, those\vj

N

1compounds whlch d1d not show a flrst order dependence in base, theret?>
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- Compound "

L TBY 7151
7.8 195,
8.0/ §g254

760 9.3

PH Tk \(M_ b

8 w3

8.2~ 1000

7;.‘2" 92

I AU RN T O
7.6 we A
s 238

8.2. 295

s

Cde 215

279

7.6 9
7.8 0 14

8.0 - 22
8.2/ 36

78 145
8.0 22

8.2 36

P850 .

pK]':s.'so
. p‘K2=',9;. 90 v




- compound

Fi%l R

U

q Kmetlc expemments and pKa determmatnons were performed
'-«i at 30 0 1°C in 9. 5% ethanol/water

e

PH kg (i

7.6 ';11 5

7.8 - 16.5

8.0 25
8.2 36

‘8.2 4.8 7

507

g

‘,-_:pK'Tzsl.qo_‘ ;

kst
PK,=8:65
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”ipigﬁfe 11¢‘Plotsfcf k 5; vs pH for 2-mercaptobenzimidazple (46),

w‘.‘, v

A e

2-mercaptomethylbenzimidazole (47).

benzimldazole (48), —bromo-z-mercapdomethylbenzimldazole (49),’ 2-

:7(2-mercaptoethy1)-benzimidazole : (50)'l 2 (3~mercaptopropyl)-;Qm

IS

fmethylthlomethylbenz1m1dazole (53). 'i”: ';;fj’;‘_», Ag‘”vﬂilf'-
PR . . S o o //‘/ . - \ ‘ ’ :

-

=5—methyl 2-mercaptpmethy1-:".

ffltben21midazole (51), 2 (1-mercaptoethyl)-ben21m1dazole (52) and-.ze .
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CL%(C%M(HSO’).
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‘ tterion 1s preeent\in only negligible quantitiee.;;w?ﬁ
o Sehneidet end WenckG? studied the cetalyeis of the hydrolysﬁs

'“,-‘,.: could not distinguxsh between a. "ziviti:erion and qeneral-base .
o mechenism for the cathytic activity in excess of ‘:hat prov:.ded by.
L ‘_ the tluolete a.m.on. o ‘ _ .‘ ' ,.; W ’ " S )

k\‘\ . In order determine 1.f the ﬁizwitterion' form of - th'ese' |
- (/ 1midazole-tluol pnrs J.s 1ndeed a nable catalytlc BPeCles ve m“St.v

look at me equil:Ler.e goverm.ng its formatlon. Mecroscopic ‘pKe's

-
‘

can - have -rsevera,l, c‘nomponents a‘r,ls‘;.ng “from th_e: detailed. ionisstion L
" ‘processes. .'Fvor_-vexample; a dibesic acid, = HRH, has two in_depende,nt:

‘ionization vpr-ocefsse's- yieldin'g 'the 4 enio'ns 'AH"fend HA‘ with T

,equ:.libr:.um constants kl aﬂd kz, where subscripts T and 2 denote the

u_flrst end second protoms :.n HAI-I as written. These in turn J.onize to

A

~y:.e].d the -same an:Lon A"‘z w:.th equz.llbnum constants klz and k21,"

vwhere ‘the subscrlpt 12 denotes loss of proton 2 follow:.ng 1oss of

—~t

’ ,proton 1 and subscrlpt 21 denotes loss of proton J followxng loss of _

A rproton\_263 _(Scheme 19). . o
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Figure’ 12: Plots of kc- (M=l .m‘in"’l) "vs pH for 4-mercapto- e

at
ethylimidazole (54), 4-mércaptome'thylimidazole (55) ahd 1—methyi-5-

mercap‘to'eth_ylimiidazole (56).
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The ordinarily defined K; andLKZ_are written in terms of the total
concentration of (HA™] and [AH*{.‘ _ . o
9. Kl = kl+ kz : . \\ ' : ‘,

. ' X * L \

133

5

The constants: Xy 52, ‘5}2 an;\\KZL are Xno >

ionization constants. Scheme 20 depicts the equilibri
- . . . )

any of the thiol-imidazoLe pairs discussed above.

. - -
b - X, K,
In*SH @& InSH + Im*S™ a@ImS~

‘Scheme 20

as microscopic -

existing for -

90
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15+ [InS7] = K,[InSH]/a _ B : S

! P : . - .
‘. n . ' ‘ B (4

0 ."\"'

'l‘he rau oxprulion may b. de!imd ‘in the !ollowinq \uyc

11, Rate.= k__. [InSH] (pnnl “where (xasal is the total

; ont
concnntrat:l.an o: t.hiol—imiduoh npmunt.. g' S e
12, Rate = (kI s-[ImB ]+k [xnsul « Ky [Ims " koo *s-(:m+s-1,/

AN w- I sx[ImSH]) [PNPA] whcre In\S‘ represents the nnionic

form which can provide cetalysin through ‘the t:hiolate anicn or

through the neutral imidazole ‘ring with speciﬁc ®ate constants

£

kIﬁs’ and k ,'

zole, ImSH, can provide catalysis either through the imidezole or .

the thiol functionalities. The catalysis due to each ot these can

be described by the specific rate constants k and k

In ImSH

respectively. The protonated fotm of the - thiol-imidazole
represented by Imfsu_is most Iikely catalytically inactive and is
present in very Sﬁall,amoﬁnts‘ebove PH 7. This species can be

£l

neglected. in the rate eqqatioh.' Finally, In*S™ . represents the

zWitterion and the: catalysis: due to the zwitterion can -be

represented by the specific rate constant kI'*S"

Therefore:

3. [InSH) = [ImSH] + [In*SH] + [Im*s=] + (Ims-]

and

e ;~ Tt .
- 714, [Im™SH] [ImSH]aH/KA

16. [Im-"'S’] = x°. [ ImSH]

'. Substitutlnq equations 14 15, and 16 1nto equation 13 one, obtalns

17. [ImSH] = [ImSH] + [ImSH]a. q/%a + K, [ImSH]/a + K ,{ImWSH] K
and ‘therefore o . » o e .
18. [Im‘H]

{ImSH](1 + a /K + K /a " KZ)

Let X = (? + aH/KA + KC/aH‘+ KZ)

respectively. The neutral :orm’ot the thiolinidn-'



et T | o
W7 19, (msH) « (1a8W] /X a

30, piateR). = (Tasa], o . |
. za. (m*s-} - [msH] Fa/x e BN

:,, < [Im87) = (multxc/xan | ' o S
8“btt1tut1n§ equations 19 ch:ouqh 22 into equation 12 results in:

L

» .

_ I‘s-txnsa) x + kx.*s-(1-§ultxz

23. Rate = ( .

Xa_. . x -
AL - }
| o+ kI-[InSH]t + kxn,tznsu)txc + kIu [Insn]t)[PNPA]
. X a_X X
. H RN -
ot __:“?_; . > .. . | o ‘
. 2{. Rate = (‘kxns-‘c/‘n + X agK, + R 4 kI‘:Kc/aH +
. . K gy [1mSHI [PNPA])/ ‘

Comparison of FEquation 11 and Equation 24 shows:

25. kcat = (kInS c/a Im*s= K + k + kI . c/a + kI‘sa)/x

.Therefore
+ 26. k X K, + k + km,xc/aﬂ +kamSH

cat® ® Xips-Xc/%m * Xints-%z
27. kcat( 1+ a /x + X /au + Kz) =

k. =K /a + kIn*S‘KZ + kIln + k Kc/aH + kImSH

ImS™ C Im'"

»

-
ﬁnowinq:that K.K, = KK, = KBKD,and K, = K /K, we can multip;y’both

. : 7
sides of . the equation by KAA to simplify:

H

-
&

28, k (K.a, + a.2 + K.K_ + K K ay 2)

cat'"a%n * %u ac T fzta ) o
v ‘ - )
= xch(kImS_ + kIm,2N+ (ghk xz + x (K _+ & sa)}aH
- 2, . ¥
29, kcat ((an a‘“ +KK +Ka.)

1
0

*R(k, *k ))a

Im*s~ A "Im T ImSH '°H

gt C A z;?
"+ +
KK (ko ko) b (Kg



30 kc'u'“x * Rgay + ey fxx,; m&ﬁ ”"m*”‘w -

‘ * S
3 a ("hm*.- * Rﬁ + k ,

Koy ¢ “lra *REY ”’a“ “"‘
* Ry m’,"a‘

of k 2,k ak 8), (46=5:
Plots of k .. (&, -+ K,8y + K,K)) v8 &, for compounds (8), (46-52)
and (54-56) (Pigures 13, 14, 15 and 16) “gavﬁo straight linea for
] . ¢ . Y
wh%ch the slope is equal to (.xnklns“ + Kl(kxm + kmsn)) and the y

intertept is equal to K1K2('k ). There is some deviation.

s~ " Frpe

from linearity as a_, approaches _xz. This is piabnbly dua_to some

H
error in the determined values for the ucralcépic ionijation

congtants.

Benzimidazcles are known to have very weak catalytic activi,ty

(x_ .= -6,4-1,,-1)105960

cat Therefore, for compounds (8) and

(46-52), thc Y intercept is approximately equal to K szms,l.‘ For
compounds (54-56), howevex, the cntilylis due to the imidazole ring

is no longe.r neqli&}ale but ranges from 0-25 M~!l . min~l. 1f we

assume ‘k'Im = 25 M~! min~! then kIms"tor compounds (54 (55) and (56)

can be estimated. A summary of (intox‘cop't/l(,tz).. ‘and slope values

for these compounds is given -in QTablo 15.

-

" From Table 15 it can be seen that for 4(7')=-thiomethylbenz-

imidazole (8a), k _ - = 824 M} min"! and for I-methyl-4-thiomethyl-

benzimidazole (8b), kImS‘ = 490 M~! min"!. These values agree quite

well wit;.h the values obtained for kRs" (Tables 11 and 12) for these

compounds in the t,ugh pE range where only the anion and not the

zwitterion form is expectod to be active (k g- for (8a) ='850 M-1

.

min~l, k .- for (8b) = 477 M~lmin~l.
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3 »Flgure- : P]orts of a_ vs k o+ X; a, * XK for 4(7! -th:.o--
13 R cat( H. if : ) ( )' :

y i i ] : d,
methylbenznnldazole (_8__) y a_nd‘ -mgthyl 4- thlomethylbenzlmdazole

-v.-.{(eb).-"
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' Figure 14: Plots of a_vs k__, (a2

H ,cat‘aH;_.*'vxlaH Xl 2.)Tf<:~1‘_2~mer'ca.p.t:o~ v

ber&Zim‘id‘a"z‘lolé,. ‘v('_4_§),u.b- 2:—(.1-mg;c‘éptéethyl)-—_bénzimi_.d'azol.e“ ;_(5_2_)‘,‘ 2-(2- o

‘-v,me}:captééthyi)—bén‘z\iu‘:idaz'ole-b L (50) 'ar,id_, 2= 3-mercaptopropyl)-
: ."bgnzi'ip'idazolek (_5;1-_)‘. N
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Figu i . P : : X L : . for 2= -
;ggx;e_ 71 5. ,R;qt_s of‘ kcat (31-1- +JKV1-a_H v+,,K1,K2) »_vsk a’l‘H{:f"o:_r; 2 mergépto

méthYlbeni'imidaidle' - (ﬂ)’, ; 'vSémeﬁh§l—é-meréaptqmethy'_lbénziiniddzole]

o~

W

(48) ‘and S-bro’mb-‘-2"-mer:c«_"=_i"p‘tom‘evth_§ilbenzix'ﬁida,’

o
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‘fflg-ure 163 P;otg_ of ké‘aﬁ(éa

eth'ylimidazole (_21), 4-ﬁiez;captqeth§1iﬁii'dazolé (55) and 1-methyl-5-

mereanomethyli‘midaiole (56).

2 +“§(iaH + K1K2) vs.‘a:H for fl-me?c‘:apto-:’
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It is known that for ' penzimidazole compounds k, =0-6 M-l pni.irx""

10,59,60 CoL T, e
and kIm ? kImSH' Therefogs, if the zwitterion activity is
[

similar to that of a thiolate anion then

’

values imply that the zwitterion term can' contribute if KB/KA> 10~ 2,

Table 15
-Compougd ; intercept/K1K2‘ Slépe | (kImSH + KIm)épp
wlninl - W miat!

(8a)® - "  824 5.8 x 1075 1.66
(8b)” | 490 _ 6.3 x.1(')"'6_'v. 0.9
(48 s o (: C
(47)P 734 o 70x 107 | 62
(ig)b - 876 o 4.7 x 1074 60
(ié_)bf | 909 - : 4.0 x 1073 | e“’ij
(50> 1327 0 ) 0

’N (51)° o 1899 | o o
(Ez)b L \ 13é  _.; f 0 . : .0
(i&_l_.)c A S 980 - ﬁ 2.2 x -.'10#6 w0 34.5°
(5_5_)0 o 1104 . 6..'2‘x 10-6 ' 25
_(29_)“? I k- T 3.0 x 1076 75

’

{a) ‘Determined.in 31.6% Eth/H2O(v/v),:25t0.1°c.
(b) Determined in 9.5% ELOH/H,O0 (v/Vv), 30+0.1°C.
(¢) Determined in Hy0, 25%0.1°C.

not an'unreasonable pdssibility if one looks at available values

L L 64 . : . . ’
found in the literature ¢ for thiol-amine pairs. If one omits the

]

zwitterion as a viable catalytic species  then kIm*S‘ = 0. Assuming

el . . ‘ - x; o .
Fhat_KA K1, the‘slopé Fhen equals <1(kImSH kIm) If we leldg the

il

. . 3 .
pe;haps kIm+S' =10°. These
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G

slope by K1 we obtain th arent values of (kI + kIm) for these

mSH

compounds. If these are larger than expected from monofunétional

‘ systems, this also would be an indication of zwitteripn‘hctivity.

»

4

\

The values obtained are summarized in Table 15.
= 0 for 1-methylbenzimidazole (10b), 1-

In our studies k
: “Im

methyl—4-hya:oxymgthy1bénziﬁidazolé (12b), .ahd" 4(7')—hydrox§—
methylbénzimidazole (12a). Benzimidazole (10a),'itsel£,lexhibited a

a small amount of catalytic activity (kim'= 0.39 M~} min~l) andg

since there are no known examples of general base assisted catalysis

'by thiols on PNPA/it would seem that the values of 1.66 and 279 M1
: : %
V_min'l are slightly high to represent only the catalysis due to the

;midazolé ;ing in'Compognds (Eé) and (EE). Therefofe) the z&itterion
is‘probably taking an active part in the cétal&s}s é£¥the bféakdOWn
of PNPA even‘ﬁhough it is present op;y.ihfsméii amounts. To obtain a
true eéf%gate °f~kIm+S;'
Ky wauid‘Be‘necessary- (.

Fof'cqmpounds (46), (EQ),”(él), and (52) values of‘73;,_i3é7,

1899, énd 136 M-l min»'l respectively are obtained for kImS

f k 2+ K + KK.) vs a ds give straigh
of cat(aH 13 T K 2) Vs a, for tﬁfsg compoun s’glvevstralg t

‘

lines of zero slope ihdicating that there is no catalysis‘'due to ;he

zZwitterion, 'free thiol or the imidazole ring. On the other hand,
v K (a2 + K.a + K.K.) spounds (47 48’
plots of kcat(aH ‘ ,a 2) vs a,. for compounds (3_),»(__) an

1T H 1 H

L(ﬁg) yield straight lines of non-zero slope. Values of 734, 876, and

909 M‘lmin'lvrespectively are obtained for Kypg-° If one ignores the
s Iy ) ’ + : t ’ . .

zwitterion, values for (kIm~ kImSH)apparent ﬁor h?se compounds of

62, 60 and 80 M~ lmin-! respectiveiy are obtained. These values are

much higher than would be expected from monofunctional systems and

determination of the microconstants KB and

-« Plots™
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therefore indicate zwitterion actiJlty in ‘the catalysis. For

’

' compounds (§i§} (Eg)'andA(gg) values of 980, 1104, and 773 M~! min-!

are obtained for k; .- and values of 34.5, 25 and 75 M=lmin~! are

ImSH)app' The va;ues for (kIﬁ + kImSH)app once

obtained for (k + k
S Im -
agéin‘ are larger than. would  be -expected from the study of

monofunctional systems; an indication of zwitterioen activity.

o i o _ v v _ 62
The microconstants for both Lochon's59 and‘Schnelder's6

compounds' are unavailable. However, in order to obtain Valid

estimates for the speéific ‘rate constants for the zwitterion

activity for compounds (8a) and jgg) attémpts were made to obtain

A

the microscopic equilibrium constants for these compounds.

There are a number of methods available for calgulating
microscbpic(pxa'sgin a syste@ such as this.64‘It'can be done
- . ° - E o _ L

analytically by’ NMR methods worked out by Rabenstein et al.643 which

observe the chemical shift positions of the varioﬁs C~-H fésonances

as a function of;pH. }Qr‘éxample, downfield shifts-of the C,-H of

" imidazole -are observed at low pH's, the peak positiof  being

, . 4 64
indicative of the equilibrium position between Im and HIm*, MC_

A similar plot of pH vs chemical shift  for the thiol methylene

group gives the'rglativé}qgncentrétion of RCHZSH and RCHZS' at a -

" given  pH. If one observes more;RCHZS' at a given pH -than can be

accounted for on the basis of the thermodynamic p of RCHZSH, then

this provides evidence for the existence of the ZwiXterion. However, -

.®

the NMR technique isvonly able to detect- species which makKe up 5%,

of the solution or more and therefore could be used only under

c}rqymstaﬁées_where there is a significant interaction of the thiol

with the imidazole. Due tokthe lérge differencevin the thermodynamic

i
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pKa's, our system did not lend itself to this type of analysis.

| ﬁamén spectroscopy \c‘o‘ul‘cl also be used to m‘o'asuro,
quantitaéively, the concentration of the ;:otonﬁted thiol, tRSH], at
different.pﬂ's. If one observes a lower [RSH]; at & given pH th%n
can be accoq'm;.ad for on _th “'ba’.;sis ,of the thdrmodynaxytic pKa V'ot
RCH2SH, then this p:;QidQE“ evidence for the exiq;éqce of the

S . . . ) I
zwitterion. Attempts to get quantitative %esults using Raman

i

spectroscopy to obtain the microconstants for (gg) and (gg) failed
due to the ihterference of the'fluoreséence spectrumi™—~__ L3

,Finally, the ﬁicroscopic pKa's can be determyned using UV=-VIS "

spectrophotometric techniques. Benesch ar_xd'Ben,esch6 pioneerqd this~ ’ j
,»’/// approach in\}their 1955 paper andf a siiéht modificaﬁion of their ‘-
methdds weie‘ appliea in an a;temptAlto' determine the mieroscoﬁic' v
eéuiiibriﬁmxconsﬁants for‘compound (§g) as;oﬁtlinéd below.
\\\ . 'Fibm Sch;mé 20, -the equilibrium and mass balance relationships

a
i

. - outlined previously and Beer's Law we cah, define the following

‘equations where A=absorbance, b?qell length: and ¢ is the molar

. »
‘extinction-coefficient.

= (Elxl[Im+SH] +'52x1tImSH}“+~€3x111m+s-] * gy ImSTE

t/KAX + ezkl[ImSHlt/X + 53K1KZ[ImSH]€/X +.‘ o

E“xlxc. ¢/2gX)b

- = + ¢ LY.
where X= (1 + KC/aH aH/KA' z)

o ] A \
S €h\laH/KA + ?2)\1*_53)\11{2 + Eu)\ch/_aH) (ImSH]

TE /R F A
T T Bg)




, : i )
38. “xlfb“%‘lxl‘a + clexha + ‘3k1xth‘ﬂ + c“)\lx } 4
X.a
A'H

<
Kooy + KoKy + ay + K Ka,

Kaly

%
v

. 2 '
AW ein T e K Katn T G NcMa

[ImSH]tb Ka (1 +K)+ KK +a

AH 4 ca CH

4

. L .‘ “ N .I ‘\\ )
but KAKC = K‘1K2' and Kz KB/KA therefore .
K.+ 1= (KB.+ KA)/KA - Kl/K

. z. A

with these substitutions p
. /'l .

. 2 4 (e, + e
AL L St Y ofeny ooy ReK0Ka vy KiK2

T
b[ImSH] Kja, + KjK; + a, o

. . 3

. - 2 . . - ! 5 .
38. A)\ BTV e (52}\ Ky * €3, (Ky K.A))aﬂ + gy, KKy
1 +__ 1 " 1 1 1

. ]
b[mSH]t ; Kl ;H

2
+ KIKZ + aH

. .

The mola r extinction éoefficients for [Im*sH] and [IxﬁS'] cax: be
detyern;ined. independehtly at pHn 1 and pH:I12 ‘respectively.‘
Rearrangement éf 38 allows us to isolate the termm t-:,21< + e3(K{=K;).
ThiS/L/erm contains the microconstant K but ndt in a fo:cm that can
be detemune? because €, and ‘g4.are also un.knowns. Studies of the
pH dependenge of the absorbapce maxima for benz:.nu.dazole (10a), 1-
methylbénzirpi&azole (10b) and their proé:onated analogueg show‘ that
there is a rapid increase in absorbance at 27 r' 275 .and 280 nm as we

QaSS through the pH range corresponding to pKIin > pKIm+ indicating

that the - protonatéd species have a. highe:f- molar extinction
. ; /
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coefficient than the neutral species in these ranges. However, there
is little change in the spectrum in the 260 nm region. Therefore, by

collecting the alsorbance vs pHivakdcl tor>(ggr;;t'zeo nm one can

-
”~

make the approximation that ¢; = ¢, and ¢y = ¢, where ¢, = 6.96 x
& -

10 and ¢, = 8.04 x 10% u=! em-l. -

Equation 3° was evaluated -to gtve €K, + €y(K = K,) at pH's
5.80, 6.96 and 7.91. The rc;glé;‘ar;iéiven in the 'following three
equgtions: |
39. 5.747 x 1073 = €,k * €;(K; - K,) pH = 5.80
40. 5.712 x 1073 = €, + €3(K} - K,) PH = 6.96
41. 5.728 x 1073 = £ 4 * 53(K -'KA) pH = 7.91
B subetituting the approximate values for iz and.e3 one obtains

values of 5.20, 5.23'an5“$.22 for pKA. However, the macroscopic

- A -

pKa's are known only to 2% precision and the values for g, and €4

are only approximations. It can be gbncluded on the basis of the

above that pK = 5.2:0.1 and ‘as K. = K, - K and pK, = 5.2%0.1 a
A - B 1 A 1

meaningful value for KB cannot be obtained other than it is probab

at least one order of magnitude smaller”than KA. The same types \of

]
problems arise when one tries Lo evaluate KB directly by

i ing X, - K .
substituting K, 5 for KA

Although a value for the rate constant expressing the catalysis
" .
due to the zwitterion cannot be obtained, the analysis of the

kinetic data would seem to indicate that the observed pH rate
profile for the decomposition of PNPA with all the thiol-imidazole
<pairs discussed, can be explained without postulating an

unprecedented general base role for the imidazole. . As previously

stated, the histidine -and cysteine in the active site of papain are

3
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o “30
o belleved to exlst 90% in thelr 1on pa1r fo and therefore the

zwltterlon explanat§kn does lndeed appear to be a-v1able alternatlvex
to the tradltlonal but unproven general base mechanlsm for the

< «achatlon.step»ln the.eqzyme»

g It wle -be ﬂrecalled vthat our' orfginal intedtion, 'before
r completlon of the- studles on (g)fwaS'tolstudy the catalysis of the -
hydrolysis' of PNPAI 41so }withl'(é)L ' However, afterA'completing ‘the
. . : . S ! - — ; R i e . R

Cp

G

”kineticfanaleisﬁon coﬁpoundsllg) andloniﬁochon'ssg and.
schﬁeiae£4562 coupounds-it'hecame:clear:that:if papain?is actlng viap
: : % 2 : . _ _ » !
"the zwmtterlon, a good. model should have the hlghest zw1tterlon
concentratlon pOSSlble at phy51ologlcal‘pH's.vThls 1mplles that thep
thermodynamlc pKa s should be as close together ‘as pOSSlble and‘as‘p” o

well, the thlol to thlolate anlon equlllbrlum constant should be as -

'possible;-a_survey ofﬁthepra's of'varlousemonofunctional1‘
v Aand’ ;hiéi“ compounds,'hin:»addltlon;;tol_a sdiveyf of~{the v517
'thermodjnami tpKa‘sldescribedtfor thloleimidazole'pairsfdiScussed
earller Jsug estb that 1t. ls not ObVLOUS hOW' one would labtaln ‘an"'
.padequately smgil/ﬁp\' for lmldazoles carrylng a thlomethyl group on
1an annulated sI; member rlng. Therefore, we conclude th;t hydroly51s.;v |

jistudies w1th compound‘(g) would in- fact not prov1de ‘a 31gnll1cant

*“rate enhancehent over'that achieVed by compounds (8). waever, we'

belleve that medazoles contalnlng*a sulfhydryl groups with sultable
,pKa s can ex13t. For example, Lochonsi-found'that pKIm = 4. 95 andqi

;pKSH,= 8. 5 for compound (57)



These values . ﬁd some’ trendgyﬁstabllshed ln the oresent work

'sugges;'that the unreported<compound (58) would have pK e 7.5

and.pKéH = 8.5, values whlch would lead to hlgh concentratlons of

~“the "S© »Speciee" ;at‘ neutral pH's.-*Ehe, study' of  the’ catalytlc o
properties'?:—of compound (58) _therefor‘e,  might = prove to_ ‘be ‘an

' 1nterest1ng future study' In addition[ its_ synthesie"should be7
\ ' : :

: ﬁ?elatlvely stralght forward as the‘ key step,' the hlgh pressure"‘"

' hydrogenatlon of C2= ben21m1dazolecarboxyllcv acid )(22) to {the

»

correspondlng tetrahydrooen21m1 azole compound (60) is ‘reported to

proceed ln 80% yleld._ »Transformation-OE the resulting acid to the
\xthlol should "be readlly accompllshed. With" this coﬁ?ouhd* rate
constants for the hydroly515 of PNPA m;gEEJapproach those found for

, papaln.



Results and Dlscussﬁon. Deacylatlon Step

Y

vIntroductlon to Research

v

: readlly hydrolyzed except ﬁnder hléblyhualkaline'bor ‘acidic.

-,condltlons- 3 s SRR T : ' R

L Actlvated thiol esters havxng electron w1thdraw1ng groups such

"*as-CFa, CCl3 “and CFZC 3 onvthehacyl'groﬁp“have been extensivelyq

, 66

,'studLed by Schmlr,6 ’mand'Jencks6 w1th respect to the unusual'

v v R T - I SRR Lo o
» Contrary tO'Lochon'S‘report ¢ 8imple thiol esters Aare not

rate depressxon observed at low pH. Metal ‘ions. have been observedvtO’

‘ ' 069
~catalyze hydrolys:.s._s‘8 Recent proton lnventory studles by Hogg

'

&
“have conflrmed Brulce and Fedor [ 6 observatlons that lmldazole can
act as - a - general base to oromotg) the hydrolysxs ofﬂ

- - o 69 .
ethyl trlfluorothlo1 acetate' (k /k 2 84 ) . However,vin

H20 D2O

’contrast to. tbe 51tuatlon Wlth actlvated thlol esters, n;trogen—iu

contalnlng spec;es have a strong propens;ty to attack non-actlvated_f"

157 71472 :
thlol esters nucleophlllcally _ 0 25# Brulce and Eedor

L 7he. ;. v
have observed that hydroxylﬁmlne, 2e_morphollne and hydrazxne

[ w , - L LR
'nucleophlllcally attack unactlvated thl—\
Jo

lactone..The rate expre551ons also lnclude terms whlch are‘second;'”
‘.,.order “in nltrogen vspec&es 1nd1catlng that general-baSe ‘and/orh
‘general;acid: catalysis _is; also ‘present ‘ImldaZOle ls> also'fan;
effectlve nucleophlle towards thlol esters and exblblts observed,
g second order.rate constants of kf 0. 01 M‘llm.n"l (pH 7 13) and 0 O4zf"

- _y 4 o :
M lmin,l.(pH 7. 7) for- attack on ethyl thloacetate Tand nvbutyl,

°

LT v 72_
ethioacetate,5 € respectively.

. L ' <
Bruice 5'observed that ‘the thiol ester n-propyl y-(4—

_,Lmldazoyl)thlobdtyrate (61) readlly decomposed to the correspondlng

i’ e

T 110,

ol esters and é thlolvalero-{



R

Lo lactan (62) w1th a’ first order rate constant of k = 1.5 mln L at pH
'a‘7.'However, lactam (62) decomposes only slowly around neutral;*y

_"(_Scl'}e.me 21).

Sty Gy

.* Scheme 21,

Sl Slmllarly, Plfe 70 observed that the thlol ester (_2) cycllzed

to the lactam f641 w1th a flrst order rate constant of k = 1.2_min‘l‘

’.-

}fat pH 7 Agaln the- lntermediate "N—acyl 'compound~decompo3ed‘-SlOWLy'g,'

'xaround neutrallty (Scheme 22,.

. :Scheme 22 .

-

o On the ba513 of the above it mlght be emptlng to postulate a

HUClerhlllc role for -the 1m1dazole ln the enzyme although such

postulatlons have been crltlclzed by Bender and Brubacherigé Wb on

N



i
¢

the basrs of solvent isotope eff%cts between 2 75 and"3;35“;

o observed‘ fo the enzyme‘ deacylation. Addltlonally, ,should Ta

o
e

;nucleophlllc role for the Hls-159 lmldazole actually e operatxve,l

L . \-

. the N-acyl lmldazole intermedlatee decomposxtlon ltself must be,‘_ ‘

et A

.catalyzed 81nce both Brulce15 and Fife 0- found these to decompose:
slowly around neutrallty- The problem of solvent isotope effect haS'7

.f;wbeen’ruled out by work done by Jencks et al. . They have shown that‘

".

._LN-acetyllmldazole hydrolyses éxhlblt a deuterlum 1sotope effect of .

I8¢

‘~“}%§5‘~ whlch l$ simllar ta that found for hydroly51s reactlons usxng

papaln. These same studies also showed that N-acetyl 1m1dazole,’when'

e : ",,-"

- protonated, ‘can’ rapldly deeompose- at rates whlch approach those”

‘.,..‘v'

'.observed for the dbacylatlon step ln the enzyme ,Becently, LOWe and»

Sl

y"Bendall have demonstrated that papaln actlon shows a pH dependence-

N ; . S

on two- qroups , whlch eXhlblt cooperatlve 'lonlzatlon when'

-1rrever31bly 1nh1b1ted. These two groups were conSLdered to be Asp-

. 158 and Hls~159 An Asp—158 Hls—159 1on palr would allow the Hl$-159>‘
"tod become .an’ effectlve nucleophlle or general base in enzymeV'-*M

'deacylatlon.'Dlmlnuatlon of the rate observed at low pH could then"

A

F'Abe accounted for by protonatlon of Asp-158 whlch would reduce bothx*‘
“the nucleoph111c1ty and basxc1ty of the Lm;dazole thus lnhlbltlng ;

'h;deacylatlon,- or by protonatlon ‘of ,Hlsf159 ~whlch quenches vitsf

‘_activity.

\

It is’ dlfficult to envxsxon how nucleophlllc attack by nltrogen

“r:could be thlblted 51nce neutral lmldazole ls known to be a powerful__

: nucleophlle toward thlol esters. It seems pOSSlble ~to us thats_

S

lmldazole attack @lght ‘be qulte fast and that lt is the . hjj;ﬁlySls.
. 4

4of the N-acyllmldazole whlch is rate-determlnlnq- To cla fy the

; TR ':» R » S .{fﬁ”

112



s B L ‘l f-,j&?/“\. 13
- catalytic role of fhe?;miﬁgzgiq‘;the'cgtalysiS[df/pHé_aéCOmPQQitionv ‘”

u<_A {éfbéthonndé;(§§) andngil:Qasﬁépudied..‘-;\L'///5_f' ;f‘~ ;”;ww;j ,

- ~SC

.

R TR PP

< (2. R=CH;,

&

.' zJéncks’ahd Garruiolo?sa;havé}SQOQn

‘hydrolyzes by acid, neutral and base pathways according.:to/equation
. (scheme 23), . . . .o Iy Cn A gy

| 42.7-4(86)/dt = 2.8({86)H*] + 0.005 [(86)] + 19000 [(86)](OH"]

N ko . HN SN + CHs,ﬁO* D

s R 0

Séﬁéﬁxé,ﬁ~ RN - e



/ ‘

' &At low pH, the rate lS controlled by reaotlon ‘of (oG)H+ (pKa a

‘3;6);aé and the oH rate oroflle is level at pH's where the lmldazole
.-is completely orotonated (kobs
/ 7

‘ Jencks and %arburq3 < sho#ed that (66)H+ and ltS‘L-methYl analogue

e

(o7) decomposed rapldly '1n water and exhlblted solvent vlsotooe

2

) effects greater than -Z.OE' Thus protonated V-acyl lmldazole vian
decompose at rates dhlch approach those found for the deacylatlon

step in the enzyme.»ﬂ‘ L

CHCN SNH Cl‘*:,CN/\\N‘"'e
iij.\'-—'—‘/ | \__/
. "fftéé)p;» '¥7'v13~‘/[.:j~(§zl}; S

= Z'B’min lﬁf'« 1In -a later study

'"Therefore}~ in the case"of compouhdsi‘(GS) and'5(22j':iff tﬁe.

y

V-acetyllmldazole rntermedlate ls belhq Eormed (Scheme 24) de would 5_’

'r'._: '”\/

llkely be able to observe -{58a) spectrophotometrlcal y at. SOme pH as

e dodld be expected o nyd-olyze only slowly at neutral oH s. The‘

~

hydrolysis of (65) ltself, however, is not llxely to,be a. good model

-

for the oroposed ﬂ-acyl lntermedlate ln the enzyme sxnce /we nave"

:j'proposed that ”tne~ Lntermed;ate,'ex;sts -lny"its ,protonated ,form, N

stablllze& by the’ adjacent Asp-COO anionf Thus, overal1 the study

of the rmethyl‘;thlol ester (27) nlght be a. better model for ,the

/a

‘jenzyme since it le&ds to the V-methyl N'-acetyllmldazollum speciesﬂu

(68b) whlch approx1mates more closely the proposed cde*ged enzymlc

B analoque. It was hoped that compar*son of *He rates of‘nydrolzsxs of

’

(oS) and (27) would'glve some concrete evrdence as to~whether.thlsi‘

S RN

nucleophlllﬁ mechanlsm can lead to, hydrolysxs rates’tpat.are'cloeel

. P . . . . GO\ .

\,1-—-- o
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 Slow’

S fast?

e HIGERAE "~ Scheme 24

. to those foqnd‘ﬁcr’the enzyme. .. o e . ]’ P . T
The anéloqouS"oxyqen -syi%ems (Eg)' were . also studied ‘for

~—

.bpmparisodlpurposes.fTheﬁdeqomPQSitiqn>6f benzyl thioacétate»(zgl

aﬁﬁfﬁeﬁz&i\icetate “(71). had to:be studied under the .same conditions
o -

 (69a) R=H
(315) .R=¢H,'

B R 41

‘.

to determine ‘the déacylation.ratés~without a:.proximally positioned

" 'imidazole ring.

\
}



Synthesis

Bénzyl‘alcohci (72) .and benzyl thiol (6) were gcylated with

aéefib anhydride as‘wefe 1-methyl-4ihydrbxyméthylbenzimidazole (12b) .

and l4(7'f;hydroxymethylbgnZimidazole (12a) (Scheme '25). It is
'interegting-vto note ' that .the’ treatment of  the l;tier two with

benzoyl or acetyl chloride gave the corresponding chlorides as the

‘only products.

(12a) , (69a) R=
- (12b) R=CH, _ (690). R=CH,
‘ Scheme 25

\

Anitrogen or oxygen atoms. Therefore, the hitrbgen was protected by

- formation of the hydrochloridé salt before reaction Qith acetié
anhydride. The structure wés. véri}iéd.'by' comparison of the .NMR

‘-

In the case of (12a), acylation ,h could occur on either the

116



" spectrum of the producp (4(7')-acetoxymethylbenzimidazole (éga))

with the spectra of the ‘doubly . acylated compound (73) and

N-aoetylbenzimidazole (74) (Table 16). In general, . acylation on

nltrogen for all these lmldazole compounds results uma smgnal due to

the N~acetyl methyl between 5 2. 6. and 8§ 3.0. Achation on nitrogen

alsowdisperses the - signals in the aromatic‘region.

Both ,4(7')-thioacetoxybenzimidazole~' (65) . and | V-methyl 4~

. !
thloacetoxyben21mfdazole {27) ‘were prepared by dlsplacement of the

halogen from the correspondlng chlorides (21) and _(zi) using

“v

o
e _r .
,-"/ct SH,
o | v |N\> HCI
N R
(21) R=H (65) R=H
(28) R=CH, (7)) R=ch,

potassium thioacetate in room temperature THF. If this.displacement-
. was carrled out in refluxlng THF or ethanol large quantltles of the

thlonester were produced The thlonester is easxly 1dent1f1ed bv ity

~

N

characterlstlc bright red colour. In prlnc1ple it is possible that

" ‘once the thloacetates had &been forhed ‘the acetyl group was

. \ A\

immediately. transferred to the nltroqen “id the _reaction mixture. On

the basis of the earller dlscu551on (p ll4 115 ). we had antlclpatedu

\this would occur but it was pOSSlble ‘to show that in thls

experlment,Lt.had in fact not taken place. The products from the

T

displacement 'reactions were tltrated w1th 12' No free thlol. was

 found and therefore the acetyl group must be on sulphur.

117
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OCCH,;

N ]

~
Table 16

2.07 . oaAc
5.36 ' CH,
7.14=—7.20 ArH
7.46—7.60 ArH
8.22 " N=C(H)-N
[}
2.07 OAc
2.77 " NAc
5.46 CH,

7.3~7.4 ArH
8.05—8.2 ArH

9.0 N=C (H) =N
2.78 NAc
7.38—8.26 ArH

9.0 N=C (H) =N
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Catalytic Studies

. T 4‘ -'. .

The measurements monitoring the - decomposition of
behzyl thioacetate (70) were followed spectrophotometriCAlly at 251
nm. Thehreaction was checked for buffer catalysis by using'O-Bi M,
0.21 M, 0.16 M and 0.02 M beffers which were obtained by dilution of = -
the original 0.3 M buffeés with sz.' The final rate constants,
therefore, were obtained by extrapolaton to [buffer] =0 . Data'were'
.f;t tO’a,non-lihea¥ least squares program (Appehcix II) and each

. o \ .

rate constaht was average of .at least three reproducible experiments-
at each [bufferi; It was found that the total di%ference between the *
- UV-VIS. spectra of the thloacetate and product became smaller and
smaller as one descended Ih pH. This Awasu probably due to the
decreASinq amounts of thiolate anidh*present. Therefore, below pH 16

F Y

the decomposition' rates could not be \ﬁq}lowed by this method.
RN

'Attempts'were-made to titrate the liberated?acfﬁtatvlower pH's with

.- 0.1000 N NaOH but: due tg the quantltles of benzyl thloacetate (70)

requlred and lts low- solublllty in the aqueous ethanol mlxtu:e this
. . \

could not be done.-The results are- glven in Ta le 17 (E&gure 17)

y ~

The prcducts_ were analyzed using the NMR ctec niques described .’\\\\
earlier for‘the\ac?latioh studies. The peaks due'to the methylene o
group (5 4. 04) and the S-acetyl methyl group (6 2. 26) of (70) slowly
dlmlnlshed as the SLnglet due to the methylen‘ group (8 3.66) oﬁ

benzyl mercaptan (6) and the SLnglets represen 1ng ethyl acetate (6

>2.0&) and the acetate anion (6 1.88). appeared; The_final spectrum

was identical to that obtalned by dlssolving (6) in the same solvent

sy:iem except for the peak at § 1.88 due to the acetate\anlcn. In

the case of benzyl acetate‘(ZJ) there was no difference between the

]

o S Lt .""
. s



TABLE 17

PSEUDO-FIRST ORDER AND SECOND QRDER RATE CONSTANTS FOR THE

DECOMPOSITION OF BENZYL THIOACETATE®

5. -1 -1 -1 —_
pH*0.02 kobs nin Kog- M min (CH ]
L ‘ "
10.8 7.£1.5x 10 12 5.62 x 10
10.5 41 x 1073 11 3.55 x 1074
. 10.4 L+ 2.4x107° poy 2.24 x 107
’ - Av. = 11.3 £ 0.7
a. Determined in 31.6% ELOH/H,0 (v/v). (Buffer] = 0.21, 0.16, 0.13

“and 0.02 M.

?. kOH' = kobs;/[OH }.



Figure 17: Plot of kobs vs pH for the dec;amposition’of benzyll
thiocacetate ,,(19)" benzyl acetate (71), 4(7')—acet¢;xymethyl~
bengfmidazole (69a), 1-methyl—d-acetoxymethylbénzimidazole (69b),
(7 )-thi::acetoxymetvhylbenzimidaz,ole‘ (65) and 1-methyl-4-thio~-

' aceﬁoxymethylbenzim.idazole (27).

4
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. 3
lﬁg
Uv=-viS. spectnum of the acetate and the product Thls meant that all
‘ "fh ".‘ : :
'klnetlcs hadoto be done us;ng "pH stat" technlques (tltratlng the
ey
/’ T . /,

fllherated ac1d with 0 1000 N NaOH) The 4wdroly515 was followed to
completlon and the data flt to a non-llnear least squares program to‘
.-deterulne the rate constant (Appendlx 2) Plots of ln(C‘-é D) were:'T'
» made to lnsureuthewreactlon‘was follov;ngvflrst order klnetlcs. Por r
‘each pH the rate constants shown 'in Table 18 are the result or at

.

Hlleast three reproduc1ble runs (Flgure 17) Agaln below pH 10 the low ;"‘

.

solublllty ln the aqueous ethanol solvent prevented the acquls;tlon

<of the klnetlc data.-NMR product analysms showed the dlsappearance"
i Wof the 51nglets at . 6 5. 06 (CH ) and 6 2 02 (OAc) and the growth ‘of
L - ca e
sxnglets at 6 4. 59 (CH OH) and 6 1, 90’ (OAc ) The flnal Spectrum was
.ldentlcal to that obtalned from_bengyl alcohol (72)'in thevsame' 5
fsolvent1systemawith-theﬂexceptlon of the 31nqlet due to, a;etate
aniaﬁ; | | DO | '

Plots of k /[OH ] vs pH for both benzyl thloacetate (70) and7'

'benzyl acetate‘(71) glve %tralght llnes of zero slope lndlcatlng '

% R Coa

’that ‘in thlS pH reglon lt lS hydrox1de 1on whlch LS the actlve
3 74 ey s
‘ specles ln cataly515. Tarbell examlned the hydroly51s rates of a

-

serles of thlol esters and thelr correspondlng oxygen esters at

; elevated temperaturns 'ln 'order ‘to’ accelerate ’thelr slow"
decom9051tlon rates. From hls results,:in combinationnﬁith the,ones
"given in Tables 17 and 18 it can be assumed that the decomp051tlon

of (70) and (71) w111 contlnﬁe to have a flrst order dependence ln:'

- basé untll neutral pf s are reached.

. B
K

The decomeSLtlon of 4(7 )-thloacetoxymethylbenz1m1dazole(65) and - 1.

: —methyl-4-thloacetoxymethylbenzxmldazole "(27) could be monltored

b
o
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o IABLE118 o
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PSEUDO—FIRST ORDER AND SECOND ORDER RATE CONSTANTS FOR THE

DECOMPOSITION OF BENZYL ACETATE. : ﬂﬁ;}

[~

f‘k‘th'o_.Oz" k., mint ke M

. 1 - i'; o -.b ’d«‘
oba. - . .. OH~ mdn. R [on ‘]’

,0.3'x'lo‘2v. 2.6 d e 5.37;3,10’3‘

o

12,0 L
0.2 x 1073 26 _ :‘2.24 x”lOfQ'

/

11.5 5.5

H

0.3x 107> . 2.5 o 794 x 107

H

11.0 ., -+ 2.0

'A\\\VV ‘ S o

§enerally lO mg of benzyl acetate were dissolved in l ml of ethanol and
then added to a cell thermostatted at 25 * 0 l (o along w1th 3 O ml of

0.5 N KCl. An additional l ml of ethanol was added so that eXperimental
’ \

cdhditions approx1mated those used for the spectrophotometric measurements -

‘aS_Closéiy_as'possible, . .
. R . ‘ﬁf”:{ ‘.
Coby ;:
Koy = Obs./[on ]

o
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.

spectrfophotometrlcally at 250 nm and at 273 nm respectlvely 1n the "

h:Lgh pH range. Data were analyzed as described for (70). To check o

T

.that' the results we‘were obtalnlng spectrophotometrlcally were

agreemg w1th those obtalned by "'pH stat".m'easurements, . we also

followed the decomposltlon of (65) by tltratlng the llberated ac:Ld

A‘at pH' : 11 5,' 11 0 and 10 4. The value- *obtalned at pH 10.4 by both

_methods was 1dent1cal w1th1n the experlmental error - and a plot of

kohs vs' pH w1th values obtalned from both methods gave a stralght )

B . -

line whi‘ch .showed‘ a ~first “order dependence on [OH 1 '(Table 19,

: Flgur.e‘1‘7,).‘ The results for - (27) are shown J.n Table :20. Again for

both compounds the total dlfference 1n the UV—VIS spectra of the

N

thloacetate and the resultlng thlols decreased w1th descendlng pH.

'Ther'e'fore, ‘in an attempt to obtaln rate constants 1n the/pH 7-8

A

; N
‘-reglon large. amounts of thése cempounds were tltrated w1th NaOH as

»

' the ac1d produced from hydroly51s -was released It was hoped that 1f
the reactlon could,be followed-even to 15- 20% c0mplet10n the rate

v , «
: constants could be obtalned from plots of ln(C - C )‘ vs tlme,'

Ct is the [OH'] added at tlme t and Cp xs the calcu'lated amount of '
- : o ’?ﬁf
OH needed to completely hydrolyze “the thloacetate plus the amount

needed to approprlately 1onlze) the resultlng thlol. 'J;‘he extent of

the latter s Ionlzatlon was calculated from 1ts known pKa. However,

: ; .
the reaction at thes_e‘ pH's " (at 25°€) - was so slow ‘that accurate’

v

“results for the rate »constants could not: be obt,ained'and therefor‘e'

the numbers were re]ected.

An exactly analogous s:.tuat:.on exlsted for 4(7!,)-acetoxymethyl- ,

"vben21m1dazole (69a) and 1-methyl 4-acetoxymethylbenz1m1dazole (69b).7_'»

'Both of these compounds showed no change in thelr UvV-VIS spectrum
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e /AR 19

IDSEUDO FIRS“ O&DER AND SECOVD ORDEQ RAT’ LONSLANTS FOR THE .

"/ -
*DECOMPOSI;ION OF 4(”_'-THLOAC OXYME:HYLBENZIMIDAZOL;,
| S ST S
A B -1C
va;nf.‘ T = kQHf‘g. §1n1 ERRTEE ]
1x10° ¢ 49 2.24 % 1077
c _;. . =2 o
Tof 3.5 = 0.2 x 10°° 45 7.9¢ x 107
/- =
10,0% 4.6:03x10° s - . 1x107
| T AV, =46.7 2.3 S

aGEnef;llvv{; wg of (7 ) chloace'oxymethyloenZLmlqazole wer= dlésolved..n

1 ml of ethanol and then !dded c; a cell thermostatted at 25 % O 1°c

”‘ along w1tb 3 0 ml or 0 3 V KCl | An addltlonaL 1 ml,or ethanb%iwas added‘
gao that expermmencal condltlons approxlmacéd chose used for che anectro— j;
photometrlc neasurements as closely as p0551ble ‘

’ Decermined in 31.6% EEOH/HZO‘(v/vf;V "'fsufferj g on;,qu%e,_o.lé and

0.02 M.

B N



":?SEUDO-FIRSTfORﬁﬁifAND,SEcoND\pRpER'R;IE'EQNS:AN:Sf;QgirHEE“_'ifv

-

_ DECOMPOSITION OF L-YETHYL-4-THIOACETOXYMETUYLBENZIMIDAZOLE.S
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N

b when hydrolyzed but rate constaZts could be obtalned at hlgh pH's by<

titratlng the llberated acrd as descrlbed earller and the datam;

'fwere analyzed as descrlbed for (71) (Tabies 21 22, Flgure 17) CA

plot of k /[OH ] vs oH glves a- s.ralght llne of zero slope~
findlcatlng that lt is OH whlch lS the actlve spec;es. Again, when.n
-jattempts were made to obtaln rate constants in the pH 7-8*reglon(

'the rates were found to be so slow that accurate rate constants

e

fcould .not be obtalned. R yf."‘

Hydrolysxs, rates for 4(7)‘—acetoxymethyltetrahydrobenz1m1dazole'

o o

(75) have aﬂso been measured % and found to be 3 X lO 3
(75)
. A

‘l.(50°cy ét pH 16, Therefore; lncrea31ng the ba31c1ty of the

lmldazole by formally saturathg the benzene rlng system does notﬂ

yappear to have 51gn1ficantly anreased the hydroly51s rate.

In summary for the compounds we' have studled (Ez, 65, 89, 70.‘

‘and 71), there does not appear to be any 51gn1f1cant dlfference in
. the hydrolys;s rates between compounds.with adjaoent_imidazoles and

‘ those.without.[This means .that either. there is no significantfrate

'aenhancement due to the proxlmally p051tloned lmldazole .at the pH'

studied or that the acetyl ,group. has lndeed transferred to the

3

-nltrogen and the decomp051tlon of the resultlng N—acetyl compound is

‘very slow and - Ls fortultously comparable to the hydrOlYSlS rates of

128
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) TABLE 21 .
\ . ‘
PSEUDO—EIRST ORDER AND' SECOND ORDER RATE CONSTANTS FOR THE
] |
DECOMPOSITION OF 4(7° )-ACETOXXMETHYLBENZIMIDAZOLE. o
. ; ’
pir0.02 L k. min ool o
P B ~ . Tobs.. -1 OH™ °° . T
1.5 . 2.5%0.1x100° 110 24 x 107
o O R Lk
11.0 9.4 %0.2x10°. . 118 - 7.94 % 10
. R T _ : . I o
) b e S
10.0 - 9.0+ 0.3x 10 9 .. 1x10

aGenesaily 15 mg.of‘4(7')-écefoxfnethylbennimidazole were dissoivedbinv

1. ml of ethanol and then added to a cell: thermostatted at 25 £ 13C
along with 3. 0 ‘ml of 0. 5 N KCl\ An additional l nl of ethanol was added
so that experimental conditions approx1mated those used for the spectro- ’

.photometric measurements as’ closely as possible.

= gqbs./ﬂzo
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TABLE 22

" PSEUDO-FIRST ORDER AND SECOND ORDER RATE CONSTANTS FOR THE

DECOMPOSITION QF l—METHYL—4—ACETOXYMETHYLBENZIMIDAZOLE.a'

1y

pH0.02 . kLb;;fﬁié.‘l | "kon; M.-l.min.ffs .‘[Oﬂf1<
1i.p o la2toix10? | 1 7.9 xrld_é
0.5 43to0.2x 10'3’ﬂ o 15 o 2.8 x 107
10.0 ,{ | 1!2? 3 ' | “

I+

0.2 x 10° S, 12 - 1 x 107

aGeﬁerally 15 mg of‘l—ﬁethyl-acétoxyme#hylﬁénzimidazﬁie'Were dissolvéd in-

_ vlbml.eﬁhazei aﬁd'then-addéd to a cell thermostattéd at 25 + 0.1°C along

/ with 3.0 ml of 0.5 N KCL. An 2dditional L ml of ethanol &gs-addéd so
gthatmexpetimental éonditiohs agproximated those uéed for the‘spectro—'
pﬁqtbmetrié‘meaéurements aé‘%%bsely as possibié.

b

kOH‘-= kobs./[OH 1.
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ordinary sulphur and oxyge;i acetates. ' In {he studies of Jenclcs' et
,;1.383"“" . on the decompositlon of N-acetyllmldazole (66) and N-ac-
etyl-N'-methle.midazolium chlorlde (67) the released 1m1dazoles ‘have
a pKa of apﬁroxlmately 7.5. In our systems the pKa ‘of the 1midazole
ring after hydrolysis are at least two units s.ma\ll_er. ,Therefo_re,‘ if

the 'rates of hydrolysis are relatedv to the inhe_rent bagicity of the

imidazole rings our systems tould be hydrolyzmg at substantlally

dlfferent rates than those systems studied by Jencks et a1.3‘8a b’cI :

75 .

fact ‘Staab reported in 1957 that N-acetylbenz:.mldazole (74) had a-.

.,
half 11fe of 21 hours in water at room: temperature.‘ In order to

1nvest1gate the effect of basicity on the hydrolys15 of N-acetyl—
1m1dazole compounds, N-acetylbenzimidazole (E), 1:-acety1-3,-/methyl-

benzimidazolium acetate (76) and 1-acetyl-3-methyltetraliydrobenz-

imidazoliyum acetate _(77) were synth-esized, .Compound (74) was

-~ ".7‘

' syntheslzed from the reactlon of acetyl chlorlde w1th benzxmldazole,

o

- (10a) while both (76) and (77) were made »b‘y reactlng the

correspondlng N-methyl compounds w1th acetlc anhydrlde (Scheme 26).

14

The hydrolysxs of (7\4) and (76) was followed spectrophoto—.

T

metrically. at 290 nm while the decomposn:lon of (77) was momtored

A

at 265 nm. The measurements were done at O 2 M O 13 M and 0.02 M ‘

[buffer] and the flnal rate constants obtalned by extrapolatlon ‘to

[buffer]V O Data were analyzed as descrlbed for the acylatlonﬁ‘

N
studles. Product analysxs . for the decompos:.tlon of these N«-acetyl

o ' - N \

L

' compounds was’ followed spectrophotometrlcally by contlnuous scaﬁs ln

\ B

the UV-VIS and the product 1dent1f1ed by comparlson of the flnal'

spectr.um to that of the correspo_ndxng au_thentxcally ’mad‘eu\ non—

acylated compound in -the _sam‘e” ‘medium. . In- all three cas‘ésy,ﬁ“;;as‘n*

1

.‘ N

° R " ; : , K : - N
: RO
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Scheme 26

¥

‘depicted ‘for the decompositior_; ‘of (u) J.n Figure 18, the final

.sﬁéctra ,we‘r:e identicdl to"ythose of the correspondihg non-acylated

- compounds. Alsoc by adding D,0 to dan NMR tube containing the N-acetyl

compound "in DMSb-_dS the. NMR 'spectrﬁm of the N-acetyl compound'

$58

132
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Figure 18: A plot of the continuous Scans of the UV-VIS spectrum of

N-acetylbenzlmldazole (74) as it is hydrolyzed to benzimiduole

L
(10a) 1n formlc ac1d/sodium formate buffer at 25°C. E

s

/

-

-
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.collapsed ﬁo that of the corresponding “NH" o‘r "NMe" compound. The
results of th’q__h;'(drolyli.s 'studi.gs carried out on N-acetylbenzimida-
gole (74) are s;own in Table 23 (Figure 19). AQ Jthkl‘38‘ found for
N-acdtylimiduoli (_§_6_) (Figure 19), the rate of hydrolysis of (74)
incroase:s" qharﬁly above and below neutrality. "Ifhe \on.ly .diff.erence
between acetyiimidazole (_§_6_)" and (74) lies in the fact that for the !
former, below pH 4, the rate approaches a plateau and remains
cénst’ant up to a hydrochloric acid concentrafion of 1 M. In this QH
‘range coméour'xd (§§_) | bec':omes‘ comgleteiy converted to its conjﬁgate
acid so that a further increase in acid 'concent'“ration. does not w
increase . the_‘ concentratioﬁ _of the  reactive acetyl imidazolium

cation. From these data the pKa of acetyl azole was estimated by

-

3 G _
Jenc}is~ to be 3.6 and the t‘t} law for imidazole hydrolysis

formulated As-: i
43. v»x-- z.a[Ac;m+] + 0.005 [AcIm]‘; 19000 {AcIm] [OH™] o ’ .
' : 8o ) : B

. For = (74) this plat@;‘ﬁ‘ region has n;)'f: been reached at pH 2.8 ¢

i;xdicati‘ng a lower pKa fc;r this compound.-:"lfhe rate law .fbr this .

c§mpound can be fomulateg as: o

44. v =53(HY]) [AcIm] + 0.00037 [AcIm]' + 28000 {AcIm] [OHT)
The rates of .ﬁy»drolysis of . 1-acetyl-3-methylimidazolium

chloride (67), ,_1-aceﬂtyl-3-methylbénzixﬁida€oiium acetate . (76) and

1—acetf1-3—me,thyl.tet‘rahydrobenz:iiniaézol.ium acetate (77) all ‘remain

73

constant from pH 1 -+to pH 6 and increase as neutrality is approached

(Tables 24 and 25). In Figure 19 the observed PH-;ra:Eev profiles for

these compounds afe plotted. * The increasé in the 'rates near

neutrality is proportional' to [OH”]. The rate laws for compounds

(67), (16_) and (77) respectix.ély are:

J
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Figure 19: A plot ﬁbf k.

‘and’ (74) are reproauced from reference ‘38,

bé vs pH for N-acetyllmldazole (66), R

vlacetyl 3-methy11m1dazglium chlorlde (67), N-acetylbenZLmldazole’

(74), 1—acety1—3—methylbenzimldazollum acetate (76) and 1—acetyl 3—

fmethyltetrahydrobenz1m1dazollum acetate (77). ‘ The plots for (éﬁfij;"

1
\,

{
}

g
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 PSEUDO-FIRST ORDER AND SECOND ORDER RATE CONSTANTS FOR THE

DECOMPOSTTION OF  1-ACETYL~3-METHYLBENZIMIDAZOLIUM ACETATE.
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a

pH*0.02"

L . . : R o - ' S . ' _”b
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| TABLE 25

'PSEUDO-FIRST ORDER AND SECOND ORDER RATE CONSTANTS FOR THE AYDROLYSIS

.‘_,OF'l-ACETYL-B-METHYLIETRAHYDROBENZIMiDAZOLIUM»ACETATE.a e
SR I o -1 A -1 . -1b
- pHZ0.02 : - k. min. ‘ K- M. mid.
PH=0.0 : - Sobs. TR gg- - T min.
2.8 1.0 = 0.1
) 1
4.0 1.0 0.1
5.2 1.0 £ 0.1
6.4 1.15%0.2 - 5z 107
.{. .
S s 6
7.2 ‘1.9:02 6 x 10"
o . . 6 B
8.0 6.6 0.2 "= & x 10

abe;ermined in 31.6% ELOH/H,0 (v/v). ' [Buffer] = 0.21,:6.31 and5o.02 M

b1 = : _  ~r.'.'
“om= T ops azo)/LQH !



' R4 ]
" 45, v = 2.8[AcMeImt] + 9.0‘x 106[AcMeImf][OH7]
46.‘ v §'1.§[AcMeIm+] + 1.2 x‘107tAcMeIm+][OH'], '
47. J‘=”1.0[AcMeIm+] +6x Tos (AcMeIn*] [OH"]

1.

In summary it appeaks that’ changlnq the pKa of the Lmldazole,,il

»dchanges the pOSltlon of -the bottom of the well for the N—acetyl
‘?compounds.and has little effect ‘on the N-acetyl-N!-methyl compounds.
.In any case if the correspondlng N—acetyl compounds were belng
$formed from our O or S—acetyllmldazoles (Le (27), (65) and (69)) we
: vw0u1d expect their deeompOSLtlon to be extremely fast at the pH‘

studied.

NMR_studies‘confitmed'that there was indeed nofbuild up of N¥
acetyl compounds. Product analysis for 4(7')—thloacetoxymethyl-_

benzimidazole (65) showed the dlmlnuatlon qﬁ sxnglets ‘at 54 .48 '

N

(CH2) and 52 36 (S-Ac) and the growth of sxnglets at 63 96 (CH SH)‘

and &1 88 (Oac™ ), the latter belnq Ldentlcal to those obtalned for
4(7')—thiomethylhenZLmldazolev(§3) and the acatate anion. Similarly,

siqglets'at 6400 (cnzsa), §3.80 (N-Me) and ' 51.88 (OAc™) due to

1-methyl- 4—thlomethylbenz1m1dazole (8b)'fand" the. aeetate"anion-

appeared at the- expense of the peaks due to compound (27) at 64 46
'(Cﬂz),\ 63.96 (N-Me) and 62.32 (SAc)c For the oxygen compounds the:
‘spectra for. the hydrolysls of 4(7 )—acetoxymethylbenZLmldazole (69a)

showed the dlsappearance of the slnglets due “to the- methylene

-3 .
hydrogens (65.51) and the O—acetyl methyl group (62.12) of .

compound (69a) and the ‘appearance of singlets at 84,02, 62.02>andv*

51.88 due to the methylene group of (12a), ethYl acetate  and . the

'acetate'anion, respectively. Slmllarly for (69b
Q

o .

(CHp), 63.88 (N-Me) and 62.08 (0Rc) diminished and peaks at  §5.04°

142



(CH,0H), 53:86 (N-Me), $2.02 (E'tozxc") and  61.88 (OAc™) due to the

the formatlon of the correspondlng alcohol’ appear.

We-know that if’ the correspondlng Nracetyl compouuds were being
iy X - :

'formed from compounds. (27), (65) and" (69) that thelr hydrolysms‘

would be fast ‘at ‘the pH's. studled (as descrlbed on p 142) but the

observed hydrolysxs 'rates are 'slow. Tth' perm;ts certain

I

‘poss;bllltxes. The acetyl group may not . be transferring' ' and_'

~»hynglYSls may, be taklng place strlctly by attack of hydroxlde lon.

Our observed 'rates are ,ln _fact comparable to those observed for

resters lacklng an. Lmldazole unit. However, we-knpw nitrogen to be a

powerful nucleophlle and molecular models show lt to be sultably
orzented to” attack the carbonyl in compounds (27), (865) and,(ég). It
may actualiy\be attacking thelcarbbnyl»but,inoa ‘manner which is

‘,nonproductive: (a) the tetrahedral 'intetmediate' (78) could be
. T

formed, and lf so, it would have to eXLSt in equlllbrlum wlth S—acyl

startlng materlal rather than collapse " to the N-acetyl compound

! o B X ' . .
Cms : 4,¢ﬁ ‘

(Scheme 27)ﬂ; e

l»
e

. N ’ L .
. ’ } . _
| L v o .
U . : L v
A : , - - o ~

Scheme 27

143



144

. » ('V"z ) ) :
(b) the acetyl -&dﬁ%F_ be transferring to the nitrogen ‘but cthe
1‘1 ' ’ » I .

adjacent oxygen or. sulphur competes fawvourably with ‘external

.

nucleophile so that the équilibrium lies’ largely on the side of the

. S-acyl starting material (Scheme 28).

A}
: . .o

v _’ [
\ i &
. CH,(;_,,O' '
0
I + ¥
' - 9
Scheme 28
Intramolecular attack‘by é ngcleophile cah be nmuch faster

(up to 104 - 108 times!) than intermole@ulér nucleophilic attack by

the same nucleophile.

A fast reverse reaction would alsc explain the difference

' , : M o . 15 oi e 70 - ©
between ocur models and those stuydied by Bruice and Fife =~ in



’ B
ﬁhich the tlyiol portion was expelled in;o_solution after hydrolysis

effectively éutting off the reverse reaction.

Although our system appears to have failed to t:ansfgr'ﬁhg acyl

- \

group from sulphur to nitroéen we‘know that Bruice1? ‘énd'Fifejowere
able to do this (Schemes 21 and 22). ~They, however, did not
this-‘transfer would occur if the imidazole was

: e . : ‘ ‘ .
methylated ézfjg{;e, the corresponding charged imidazolium

investigaté whether

. . \
intermediate”
.coﬁéounds (67), (76) and+(77), should oceur répidli;_Futuré‘studigs

could be directed to fhe.study of the hydrolysis offbdmééund (22)

" N
Me

(79) [ ot

; : S S N ' ‘ ,
or (80). -If the intermediate N-acetylimidaégzgﬁm compound was formed .

.? |
’(L\\SPr.

Mé@» ‘

N

sy

and - found to dgcomposé rapidly, this route would be a viable

aite:native to the well-accepted but unproven proposal of a general-

base assisted hyd;dlysis of the S-acyl intermediate in thenqnzyﬁe.
,‘4’7"\; vk . » ‘ . -

°

hoseT'decomposition;_,acédiding to our. studies -on
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\ Experimental B - l /

/ . ' ¢

»All' ‘i‘nfraréd : spectra were run on a 7199 Nicolet. FT IR

»lﬂterferometer. \Mass spectra were taken on a AEI MS-SO spectrometer f

#

(E v, 70). All NMR spectra are . deslgnated as to whethet they were

' run on 90, 100 200 or 400 MHz J.nstruments -whlch wére: a Perkin Elmer

. R=32" spectrometer:; a Vanan HA-100-1S spectrometer wn.{ Fourier

! <

transform modlfications provided by a Dlgn.lab FTS NMR-3 System; a

Bruker WH 200 DS; and a Bruker WH 400, respectively. All Raman
spectra were measured on a Beckman 700 ‘spectfophotometer.

*

2-Acetamido-3-hi trotoluene (15).

(e (s
2-Acetamido-3-nitrotoluene ‘(_1_2) was vp,repa‘red accotdiné to the

me thod of James et al;4-o 2¥Me-thyl-6-nitroahiline (1 ); (50 g, 0.33

mol) vas dlssolved Ln acetic- anhydrlde (65 g) and conc sto“ (5 g).

' The solution was stlrred and the temperature J.ncreased rapxdly to 70"

cC. Immedlately, afterwards crystals began v'tp.\.fo\rm. When'

,/‘

crystallization was complete the mixture was diluted with Hzo' and

filtered; Re_cry'stalli'zation from 20% (v/v) aqueous acetic acid gave

V49.3'g (0.25 mol, 76% yield) of 2-acetamido-3-nitrotoluene: mp 163~

165°C (1it.%? mp 160-161°C)..

“IR (KBr) 3310, 1666, 1534, 1360 cm~!, .

. 146,
\
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&

NMR (DMSO-ds,IOO MHz) - 6 2.03(3H, s,CHa), 2. 16(3H,s CH4;Cm0), 7.5(3H,
m,AZH) and 9.81(1H,br s, ONH) . A “
Mass spectrum m/e (rel lntensity) 194(M*, 12, 2), 152(100), 134(22 5).

Exact mass 194 0699 (calcd for C9H1°N203. 194. 0692).

- ' Z-Acetamido-3-nittobenzoic acid (1_6_) .

CH, v , COOH
NAc NAc
| - |
NO, B NO,
-(15) -~ )

»2-Acetamide-3-,nitrobenzoi‘c'acid (16) was prepared accc;rding to
- the method of James et alfo xunok‘ (44 q), ugso,, '(32 g) and é-
' acetamido-—3-’nitrotoluene (15) (20 g, 0.10 mol) were dissolved in: HZO
l(‘l L) and heated at 100°C until no purple coio;r remalned., The hot
solutxon :was then filtered ~ through a sintered glass ' funnel
contalm.ng a layer of celzte. The pKa of the solution was adjusted .
to 1 with conc - HC1 whereupon 21.9 g (0.098 mol, 98 yield) o£~2/’////
acetamxdo—3-n1trobenzo:.c acid prec1p1tated. The crude product (5 g,
‘0.022 mol) was recrystalllzed from 95% ethanol to give 4.2 g (0.019
mol, "82% yield o&erall) of yellow crynstals:"mp ‘259—2'61°C (lit‘:.'?)9 mp
254-255°C) ., : . _ T )
: , - ' -/
IR (KBr) 3440, 1695, 1533, 1355 cm‘1
NMR knuso-d6,1oouﬂzf 62.06(s, 3H, caa), 4.10(br s,1K,NH) , 7.32(t,1H,

J=7Hz), 7.93(d of 4,14, I=7Hz, J=1Hz) and 8.19(d of q, 1H,J=7Hz,J=1Hz),



e

NMR (DMSO-d, 100 MH2)
"11.26(br s, 1KH).

‘Mass spectrum m/e (rel 1nten81ty) 182(M*,100), 164(73), 134(14)

148

' Mass spectrum m/e (rel intensity) 206(5), 182(1»00)?,' 164(6.9)._”

Exact Mass 206.03278 (calcd for CyHgN,Og-H,0, 206.0332).

Y | '
. ‘ >
2=-Amino-3-nitrobenzoic acid (_1_1). . g
1-. ’ . ) : . e
COOH COOH '
‘i:Ac i :NHz;
. O,
(16) (1 o

/

2-Am.no-v3-n1trobenzolc acid (17) was prepared accordlng to the

procedure publlshed by James et al. 0 -Acctmdo-3-n1trobenz01c_

acid (16) (51.8 g, 0.23 mol) was added to 10% (v/v) aqueous HCl (400;

s

nL) and refluxed for 3 h to give 38 g (0.21 mol, 91% crude yxeld)nof

40

orang® needles: mp 212-215°C (lit. mp 208.5-209°C).

r

IR (KBr) 3456, 3346, 1678, 1251 cm~l,

A\

Exact -mass 182 0328 (caled for C7H6N2d 182.03278),
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2;3-Diaminocbensoic acid (18).

OOH

s g

2,.3-Dianix_;xobenzoic acid (18) was prepared according \Ee the
Pr’oceddre published by‘ Jo'nes and Taylp,x.” Z-Amino-B-nitrobenzoic‘
acid (17) (10 g, 0.055 mol), SnCl,.2H,0 (38 g) and conc  HCL (62.5
mL) were mixed together in a 1 L Erlenmey;! flask and heatad to 50°c
on a steam bath to initiate tﬂb reaction. The flask was placed in
an ice bath to maintain the exothermic reaction at 100°C.. When the
exothermic reaction was complete the mixture was heated on a steam

bath for .an additional 15 min, cooled, and pouredgiato a solution of

. NaOH (46.25 g) in. H,0 (150 mL). Tﬁe mixture ohtained (gffa) was

2 Y

filtered and the pH of t.he filtrate adjusted t§ 1 with conc HCl, .

{ 2 3-diaminobenzoic acid-ZHCl was filtered and sublimed at 135¢
% < “ﬁ/h’,‘ﬂ,-@érr to give 11t.1 g (O 049 mol, 90% yield). of purified acid.
‘Q‘;f‘ﬁ% §96-197°c (1it.3% mp 196-198°C). o ’ .
i fR (RBr) 3420, 2880, 2585, 1675, 1631, 1465, 1220 cm -1,
. uun,(nuso-ds,xpounz), 5»6.68(t,1H,J-3.SEz),‘7.67(d of ABq,2H, | -
J=3.5Hz,1Hz) and 9.15(br s,NH,OH). |
Mass epectgum m/e (rel ihtensity) 152(M*,85), 13§(25), $134(’{8),
106(100) . o - -

Exact Mass 152.05864 (calcd for C758N202,,152.05864).’



e - - ) o

: Benz;m1dazole-4(7')-carboxylic acld,. H¢l (_2) '

crystals mp > 300°C (lit.r' mp > 360°C).

,oarboxyllc acid pre.c':ipit,ate_d:,_m;‘a)‘390°C.t - B |

PR

'COOH

v ' l\<NHchﬂ'.
- .‘ '?(131 R

Ehe hydrochlorlde salt of benzlmldazole-4(7')-carboxyllc acld

(19) was. prepared by . the method of Jones and Taylor.39 Freshly/

‘subllmed 2, 3~d1am1noben201c acld (18) (7 8 g, 0 035 mol), foymlc'
_'ac1d (6 25 mL) and 4 N HCl (100 mL) were heated at reflux for 1 h

'funder‘ Nzy The mlxture was cooled and’ the hydrochlorlde/ salt of“

< . : /'

/

'z"from 0 5N aqueous HCl to glve 5 4 g (0 027 mol, 78% y¥:>d) of whlte

39

IR exar)V3320,_poso, 1711,.1691;/1630, 1620, 1530 1475, 1430, 1345,
1230, 1210, 1160, 1145, 1120, 760 em~l. ", 4’

v

‘.NMR (DMSO-dS,1OOMHz) \5 7 71(t, ma J=3.5Hz), 8. 18(m,2H) and 9. 68(5, -

1H, N-C(n;-n). o Lo lﬂ .
3 . s . . ~ . et
Mass spectrum ‘m/e (rel lntenSLty) 162(M+ 99 5), 144(100), 116(86).

X o - o
.Egaét mass 162.04298 (calcd for C8H6N202, 162 0425). v

a

Benzlmldazole*4(7')—carboxyllc ac1d was obtalned by addlng

enough saturated aqueous Na2003 to adjust the pH . to 7 8 at whlch;

point 4 29 g (0. 026 mol, 98% ‘y;eld) of ‘benz;mldazole-4(7‘)-

¢
|

|

‘IR (KBr) 3380, 3220, 3150, 1688, 1624, 1600, 1535, 1492, 1390, 1365,

150

LYo

T RN /

ya
e

benzxm1dazole-4(7'T—carboxyllc ac1d ‘was letered angd recrystalllzed_"



S A 153 °

: - n
1345, 1255 ézzz,‘11ss, 1110, 772 cm‘l

(DMSO~d6,1OOMHz) 6 7 30(t 1H, J=3 SHz), 7. 92(m,2H) and 8 30(s,

Iy .

. . ’ ¢ . ?" B .I ‘Vl1 LT ‘ . - c -
Mass spectrumym/e 6relvintensity)-162(n+ 98.5), - 14;‘? 116(78) .

Exact mass 162. 04298 (calcd for caasuzoa,v1sz 046) . FH

v" . N “ . . D
; - LF

~

oer

N

Methyl benzimidazole-4(7')-carboxylate (20).

Methyl benzim.d ole-4(7')-carboxylate (20') . was p’r’epa.red ;by"'

‘F:.scher esterlficat"on“ of 4(7 )-benzlmldazole carboxyl:.c ac:.d

e N _
(19). The hydrochlo ide salt of the ac1d (1.3 g, v'0.0S? ._mpl)__ was

dissolved in fresh y dist:.lled dry methanol (400 mL)".'.Hydrogen_f

bubb ed through the so-lutlon for 2 h with vn.gorous
/

stlrrn.ng and at a rate which kept methanol below its bo:.llng po:Lnt. I
~ Sy

’The solution was stlrred at room temperature overm.ght. 'I‘he methanol' I

) chlorldc was -

‘was removed under reduced pressure to yleld the» hydrochlonde salt‘;‘

!

- of methyl benz1midazole—4(7')-carboxylate. The hydrochlor:.de salt

was dlssolved J.n Hzo (50 mL) ‘and - the ‘pH was adjusted‘ t’g 9-10 w:Lth?
X ‘d' R
carbona,te' at’ th.Ch poiht methyl" j

Cae L & ‘* “ . . T .
. , N, EET X
i - RS N A
.

saturated aqueous ‘potasslum :

T
PR S



C/J

7

‘vN-C(H)-N). '

\117(47).

- " K : . ) - ) e
A : . .

'benz:.m1dazole-4(7')-carboxylate' preclp:.tated. Th'e‘ p:’:'bculuctz was’,

»recrystalllzed from THF to give 9. 5 g,,(O 054" mol “34 S% y:.eld) of

Y . AT
whlte,.crys.tals. mp 219-7220°C (lit. «214—2159(;). : A
CspagT -

IR (KBr) 3440, 1713, 1703, 1273, 735 em 1.j ’  AR : f ,[
R (DMso-ds,momiz) 5 3. 94‘5 3H, cn3), 7.30(¢, 1H, J-3 5Hz), 7 as(d

of d 1H,J=3 SHz J-1HZ), Te 97(d of d 18, J=3 SH2¢J=1H2) and .8. 34(5 1H,'

L3

Mass spectrum m/e (rel mtensxty) 176(M"‘ 100), 145(57 S), 144g0)"

-y N i&

Exact mass 176 0583 (calcd for C9H8N202,~176 05864).

Anal. Calcd for C9H8N202' C, 61 36; H 4 ,58; N, 15, 90. Found Cf§1 06;

H 4¢55, N, 15, 72. ¥
4(7')-Hydroxymethylbenzimidazole (12a). -
. oy
U

»4(7')-Hydrbxyméthylbenz'imidazole (12a) - v;;as prepared by thg_

'.reductlon of. methyl ben21m1dazole-4(7')-carboxylate (20). Methyl

ben21mdazo¥e-4(7 )-carboxylate (20). (2 g, o._o11 mol) was vdn.ssolved -

J.n refluxi g THF (150-200 *mL) and added dropw1se to a st:.rred

suspens:.on of LlAlH“ (0 44 g) in THF (20 mL) under Nz. Once. the.

addltlon h a4 been completed the react:.on m:.xture was heated at”



: 'reflux for 30<mih. After‘cooling‘the‘exceSS LiAlHu'was”decomposed,'

' “Pa
wzth Fa mlnlmum]amount of Hzo (~0 5 mL). The solutxon was flltered,

 vdr1ed w1th Mgsok and the THF removed under reduced pressure to glven‘z

-t
»

Q(12a). The produc§ was recrystalllzed by dlssolv1ng it in THP: (5 mL)

|

- at room temperature and »addlng pentane until the flrst szqns of

o cloudlnpss appeared Thls afforded 1.27 q (0 0086 mol, 78% yleld) of-

"

the final product- mp 166~167°C. - o o 'u o

B IR,(nujol) 3100, 1010, 743 cm"l | RN . e

-

NMR, (Duso;d6;100uaz) 5 3.88(br s,1H, on), 4.88(s,2H,CH,), 7.1-7.6
;ivc

(m.3H) and- 8. 20(s 1H Q(H)-N).

'(Mass spectrum m/e (rel i tenSLty) 148(M+,80), 147(54), 131(25),

- . . T - -

7¢k§9(1oo).

Exact mass 148 0635 (calcd for CBHBNzo' 148‘06374) . : .

. Anal, Calcd for c8 suzo- C,64.85; H,5.44; N,18.91. Found c, 64 49;

‘,‘H'5037, N 18 99.
. ‘@

4(7')~Chloromethylbenzjimidazole*HCL (21).

*®

D

4(7{)nydroxymethyibengimidazole (12a) - {iégg, ”0.0135 mol). was’

~ dissolved in_dry THF (100 mL) and ‘added very slowly (over ~3 hj to

7 : ~
B

- w

153.
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| . N . . 3 .
foo ) - :
[ e . s . o

L S [, - ; . . . .“

a‘thionyl'/chloride‘ﬁ(1o equiv.) in Tgf (S0 -mL) with stirring. Once

additi7n was complete the reaction mixture was stirred overnight.‘

The nydrochloride salt of 4(7 )-chloromegﬁylbenzimidazole, -which

[

'prec;pitated out of solution, was filtered and washed w1th THF to

‘ {
give %;73 g (0.0085 mol, 63& yield) of microanalytically pure

- .

produotﬂi mp 247-249°C. When- the addition was not done slowly,»

mixture ‘§f the hydrochloride csalts of 4(7')-hydroxymethylbenz-

4 k >

imidazole and 4(7')-chloromethylbenzimidazole was obtained.

y

IR (nujol) 2800, 1450, 1330, 1235, 1180, 1030 /cm™1,

NMR (DMSO-d6,1OOMHz) 6 5&22(5,2H CHz), 7 46-7. 90(m 3H) and 9 06(5,

1H, N=C(H)-N)L__ | R

, ﬁﬂi% -
'Mass spectrum m/e (relﬁig,enSity) 166(M+,40),‘131(100), 77(14)

£

fzxact mass 166 0297 Pealca for C H7C1N2, 166. 02991).

Anal Calcd for C H7C1N2.HC1 c, 47 32, H,3. 97 N,13. 79 Cl 34. 92,

]Found c, 47 29,}3 4.09; N, 13, 76, €1, 35. 09.-

i -

»

Ethyl-S-4(7')-behzimidazolmethyl xanthate (22).

.“'The'nydrochloride salt of 4(77)-chloromethylbenzimida?olew(O.8

o



_IR (cac13 cast) 1230, 1020, 775 cm~l..

g, O. 004 mol) and potassium ethyl xanthate (4 equiv, ) were glaced in -

‘a round-bottomed flask (500 mL) contalninq 300 mL of dried; freshly

v

dlstilled THF and stirred overnight at room temperature. The THF was“

A

removed under reduced pressure and the solld resudue was washed

severa-l times with ether. The e"ther ‘was. removed under 'r'educed

“pr"'e‘ssurle"l-ea‘vingf 0.8 g“(O.OF(-)S"Z mol, 79 4% crude yield) of ethyl-S-
.4(7')-benzimid‘azoimethyi‘ xax’ate. The crude product, a gr‘eenlsh
"oii, .was crystalllzed from ether by addlmg an exeess (20 *mL) and
allow:.ng the resultant solutlon to stand in the atmosphere for 6-7
‘vh Thls afforded 0 66 g (0. 026 mol, 66%)y1e1d) of whlte crystals- mp

q132= 133°c._ v : i;tr

- : J

I

NM&*(DMSO—d6,100 MHzZ) & 1.33(t,3H,CHy,J=4Hz)y:'4.42(q, 2H,CH,,3=aHz),

4.5(5;2H;CH2), 7.04-7.6(m,3H), 8.22(s,1H,N=C(H)-N) and 12.55(brs, lH,

©

NH). -

Mass spectrum m/e (rel intensity) 252(M*,12), 163(17), 131(100).

Exact mass 252.0397.(calcd for C)H),N,08,, 252, 03926).

Anal. Calcd for C11H12N205 C, 52 36; H, 4 79, S 25.41; 0,6 34

N, 11 10 Found .C.52. 17; H,4. 93, S, 25 61, ,6.22; N,11.18,

155

e



i

4(7')-Thiomethylbenzimidazole‘HCl (ga).

by e '

Ethyl-s-4(7')-benzimidazolmethyl xanthate (0.8 g, o0. 0032 mol)
was dissolved in dry THF (10 mL) and added dropw1se to . a stlrred

suspenslon of LlAlH“ (0 15 g) in THF (30 mL) under a nxtrogen

atmosphere. Once the’ addltlon had, been completed the reactlon "

»

mlxture was heated at reflux for 15-20 min. After coollng, the

excess LiAlHk was decomposed with. a. mlnlmum amount of Hzo (~0 5 mL)
and the solution flltered. The res1due was washed several times w1th

THF and the combined flltrates drled w1th MgSO“. ‘The THF was renoved

under reduced pressure }and- thev solid ‘residue 'was dyssolved

immediately’infﬁzo (5 mL) ‘containing Hc;.(1’equiv.\based on the
) S ' R4
number of moles of°xanthate used)J ThlS solutlon was ev‘porated to

dryness under hlgh vacuum to glve O 50 g (0. 0025 mol, 78% yleld) of

>

' mlcroanalytlgally pure product' mp 216-218°C. !he ‘free thiol was

found to be - oxldzZed rapldly Ln solutlons -above pH 7 or in organlc

‘- . <

solvents wh;ch had not been degassed., The percentage of free thiol

T

was determined by tltiatlop ‘with 1odlne in ethanolzc solution as

PN

_descrlbed bf%gsrnlsh and Tarbell. ﬁﬁ*?teshly maae solutlons were

found to have 100% free thiol which would oxzdlze completely to the

Y . A B

R

dlsulflde in a day. . . : o

156




/

4>/ S - as7
(IR CgigN,.HCL (MeOH cast) 1495, 1435, 794, i4p»cm-%. | -

: () : A
(NMR CgHgN,S*HCL (DMSO—dg, 100 MHz) 6§ 3.39(Y,5H,J=8Hz), 4.15(d,CH,,
J=8Hz), 7.48-7,78(m,ArH) and 9.64(s,1H,N=C(H)-N).

NMR CgHgN,S (DMSO-dg,100MHz) & 2.84(t,5H,J=8Hz), 4.05(d,CH,,J=8Hz),

-2

7.0-7.3(m,ArH) and 8.20(s,1H,N=C(H)-N).
Mass spectrum m/;g:'(rel intensity)_ 164(M"’,v57). 131(100), 119(27).
Anal. Calcd for&égé%uz;ac1; ¢g4?.89;_3,4.49; N,13.96: C1,17.67;
5,15.98. Foundzc,47.a3} 3}4.42;}n,13;;xjéc1,17.79; S,15.81.

Raman (solid): 2600, 2580 (SH) cm-l. e

7 NMR (c8u§N252 ‘xouso-d6,1oounz) 8 4.ﬁé(s,cn2), 6.9-7.2, 7.4-7.5(m

-ArH) and 8.24(s,1H,N=C(H)=N).

" i

BN

1~-Methyl-4-carboxymethylbenzimidazole (23).

COéMe
o .
. 7y ——
i H
20 . . (23

4(7")-Carboxymethylbenzimidazole (20) (2 g, 0.01.1 mol), dr‘y.THF '
(300 mL), NaH (‘1.1v equiv.) and Mel (1.1 e'qt'xiv.)‘w_ere, p;acgd'i;x a
,ng’ground;bottdmed flasl; (5'00 mL) and. stirred :_ for 6-7 h at réom
temperature. After filtration, the THF was removed under reduced’
‘préssure and the-r‘esidue dissolved iﬁ 5% agqueous sodium‘thi'bosulfate

' (40 mL) _'and extracted three times with CHCl3. The combined CflC;la_

extracts were dried with 'MgSO, and the solvent was removed under
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. ' &
.reduéed pre;sureﬁ The residue was reérystallizéd from CHC13/'héxa;§
to give 1.57 g (0.008 mol, 75.2% yield) of product: mp 118-120°C. E
IR (CHCl; cast) 1720, 1700,,1265,‘1{2q; 770 cm™l, | .
NMR (Acetoﬂe—d6, 100MHz ) 5‘3.92(5,3H,NCH ), 3:94(s,3H,0CH ), 7.33
(t, VH,J=8Hz), 7. ;:}d of 4, JSBHZ J=1Hz), 7.84(4 of 4, J-8Hz J=1Hz)

and 8.14(s,1H, NtC(H)-N). ) ) . o
‘( N " Bl *

<y

Mass spectrum m/e‘(rel intenéity) 190(M*,é1.5),‘176(27), 159(94f, .
'432(100). '
Exagt mass 190.0744 (calcd fot 0103105202' 190.0743).
NMR/(CDC13,400MHZ) 5 3.90(s, 3H,NCH;), 4.08(5,3a,ocn3), 7.36(t,in,
Je8Hz), 7.57(d of d,J=8Hz,J=1Hz), 8.0(d of d,1H,j=8Hz,J=1Hz) and |

’ L ] .

8.0(s,1H,N=C(H)-N). \
° . L \

NOE of NMe led to enhancement of d of.d centered at 7.57 & (6%), and
the singlet at 8.0 §& (5%).

NOE of OMe led to no enhancement of any of the signals.

4 _ L
4-Hydroxymethyl—1—methylbenzimidaque (12b). A .
- OH
Dy — <E[>
' ' | ' Me’
(23 B & )

3 -
i
. \(a .

! ’

: . &
The N-methyl derlvatlve of 4(7" )-carbomethoxybenz1m1dazole (23)1&%@?
(0.9 g, 0.0042 mol) was dissolved in dry THF (50 nL) and addedﬁ

dropw1se to a suspen31on of LlAlH“ (0,15 g) in THF (10 mL). agce
g

¢

o
B
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o : S

the addition had been.completed~the reaction mixture was stirred for

and\additlonal half hour and then the excess LzAlH was decomposed
»Wlth Hft (0.5. mL). The solutlon wes-flltered and the solid resxdue L
washed several times with THF. The combzned filtrate and washlngs,

were dried (MgSOk) and the THF removed undefxreduced pressure. The
v b Tl
re31due was recrystallized from ether to give 0,48 g (0.003 mol, 70%

_yield) of 4éhydromeethyl-1-methylbenzimidazaie mp 90-100°C. After
removal of the THF the hydrochloride: salt of the alcohol can be madef

.dlrectly by dlssolv1ng the residue in dry ether ‘and bubbling HCl gas
§

throﬂgh the rapidly stirred solutlon to glve 0. 49 g (O 0025 mor 60&
£ .

yzeld) of the hydrochlorlde salt 1m1dazole mp 241-243°C.
IR (CHClavcast): 3230, 1500, 1270, 1070, 1045, 750 cm'l

NMR CngoNzo (CDC13,1OOMHZ) & 3.30(br s,14,0H), 3. 84(5 3H, NMe) 5 14

(s, 2H CHy), 7.17-7. 24(m 3H) and 7. 84(s TH,N=C(H)~N) .

NMR cgalonzo-nc1 (Dnso:d6,1oounz) § 4.06(s, 3H,NMe) . 4.90(s, 2H,CHy),
7.52-7.90(m,3H) and‘9 63(3 1H)‘
Mass spectrum m/e (rel lntenSLty) 162(M+ 82), 161(100), 133(87)

- Exact mass 162 0781 (calcd for C9H10N20, 162.0794).

z:}iziiteogicd for CoMtygNz0.HCL: C,54.42; H,5.58; N,14.10; C1,17.85.

| Péund: c\§4 07; H,5. 51; N,14.01; C1,17. 47,

{
f

|

4-Chloro-1-methylbenzimidazole +HCl (24).

N

~ Me . " .
: (139) . . (25\ :
The N-methyl derivative of 4(7')-hydroxymethylben21m1dazole
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(12b) (0.8 g, 0.005 mol) was dissolved in THF (50 mL) and added

_ dropwise to 10 equivalents: of"thio‘nyl chloride i:n THF (20 'mL).. Ohce

the addition i\éd‘ been completed the re‘ja'»::tion x:xixture was allowed t§ ‘
stir ov‘er‘ﬁigh'i:} and: 6.99 g (0.0045 mol,\ 90% yi;ld(ﬁqf 'th.é

hydroch‘lor.ide salt of the chlo“ri'*de preci—pitate;:l out of solution.as
the mivcroanalyti.ca.lly pure pquduct: mp 252°c (decomp) . |
IR (KBr &isc):/3ooo, 1562, 1440, 1145, 990, 760 cm=l.

NMR (DMSO—dé,1OOMHz) o) 4.06(3,3H,NCH3), 4.26(bt.s,NH), 5.21(5,2H),
7.52-7.72(m, 2H), 7.89-8.Q<m,1é) and 9.57(s,11). | //A'///

| Mass spectrum m/e (rel intensity 1?2, 180(!4"*‘, 13,43//)/,145(100).

() , . © :
Exact mass 180.0451, 182.0425 (calcd for: C9H9C1N2,, 180.0456,

/
/

182.0436). . - /
Anal. Caled for CgHgCIN,.HCl: C,49.79; H, 4.64; N,12.90; Cl, 32.66.
Found: ¢,49.92; H,4.65; §,12.61; Cl,32.51.

Potassium Ethyl Xanthate (8_1).

———

L4

EtOH + KOH + CS, == KSGOEt |
“ ‘ — *5§

4

Potassium ethyl xanthate ’(ﬂ) was .made agcordir;g to the method of
Vogel‘t1 ln ::1)60% yield: ‘mp 225—22§_°C.' }

IR, (MeOH cast): {150, 1120; 1100, 1050 em~l. | S

NMR (DMSO-dg,100MHz) & 1.17(t,CH3,J;7Hz), 4.22(q,CH,,J=7Hz). «

Mass spectrum m/e (rel intensity) 89(M* -KS,5).



Found! . C'47.463 H.S.OS; N,9013.

161

1-Metgz;-cthy;-s-4-benzimid§zolmethyl Xanthate (25).

i
t

.  .IC1 \ | | | Sngt
N, S N | :
‘;§> CHClL g | N\ “HCI .
Me ‘ - ' -

‘Me

&

(24) \ S (25)
The hydrochloride salt of the chloride (0.8 g, 0.0037 moi) and

[] ) - - . ‘ o,
a three fold excess of potassiﬁm ethyl xanthate were placed in 300

mL dry PHF and stirred overnight at room temperature. The THF was

removed under reduced pressure and thgusolid‘residué.washed several

-

- times with éther, bry HC1 'gas wés-bubbled through the ethereal

solution and 0.6 g (0.002 mol, 548 yi&ld) of the hydrochloride salt

' of the xanthate precipitated.out of solution. Thé'yellovacwdgr was

recrystallized from methanol/ether to give 0.4 g ' (0.0013 ' mol, 66%
r' 5 .

yield) of éale yellow crystals: mp 129-130°C.

‘IR (MeOH cast): 2980, 2940, 1500, 1440, 1420, 1335, 1270, 1220,

1150, \110r 1050, 750 cm l. - L

NMR (CDC13,1OOMHZ): o 141(t Cﬂa,J=7Hz), 3. 82é§/NC33), 4 66(QrCHz, )

Mass_spectrum m/e (rel intensxty) 266(M+,28), 178(14), 177(87),
146(24), 145(100).

Exact mass 266.0550 (calcd for C;,H,,N,08, 266.0549).

Anal. Calcd for C),H;,N,0S.HCl: C,47.59; H,4.99; N,9.24.




1-Methyl-4-thiomethylbenzimidazole (8b).

s@ca,

en | (8b)

‘The hydrochloride salt ofv 1-methyl—4-thioacetoxmethyl-
'benzimidazole (27) (1 g, 0.0039 mol)'wés dissolved in 1 N NaOH (V5
mL) and shaken for approxlmately S min. The'solution was adjusted

3 ’

to pH 7 as qulckly as possmble with dilute HCl and extracted several

*

times with chloroform.’ The combined chloroform extractsAwere dried
and the &hloroform romoved ‘under (;teSBore. The fesidUe was
dlssolved in dry ether and HCl gas was bubbled through the’ solutlon-
to prec1p1tate 0.5 g (0 0023 mol,,SQ.O%»yleld) Qf the hydrochlorlde
salt of 1-methyl- 4—th1omethylbenzlmldazole.‘ ' he slightly yellow
powder>wos recrystallized from methanol/ether'to giVe 0.3 gvﬂ0.0014
_ool; 61% yiold)‘Offwhite orystals:jmp 225;226°C- - |
fIRy(pOWdet)r 1525,"1566, 1490, 1440, 1145, 860, 756 em-1,
NMR cgalonzs¢ﬁc1 (90Miiz, DMSO-dg) § 3.5(t,1H,J=8Hz), 4.15l(s,NCH3),
4. 4(d ca2,4usnz), 1;5-8 O(m 3H), 9. 51(s,1a). o , ‘
' Mass spectrum m/e (rel 1ntens1ty) 178(M 66), 177(25), 145(100).
Exact mass 178 0562 (caled for CSHIONZS' 178.0566).

Anal. Calcd_forfcgﬂlqnzs:‘C,60.64; H,5.65; 'N,15.72. Found: C, 60.24;

H,§.68?'N,15.é1.




Lt

Bonzimidazolc (10&). "
' e : ' i
. iy * . L
T e . Hy -HCI ; o
H, W' G ) ﬂ
W (28)“ o L (ea)

" The hydrochloride salt of phcnylcnodiamino (5. 25 g, 0. o'
mol), 4 N HCl (25 mL) and formic acid (3.6 mL) wero conbined under

. a Ny atnouphoro and holtcd at reflux for 1 h. 'rhe agueous solution

crystals ptocipxtated which were filtered and recrystallized from

" ather to give 3,28 gQ“(O .028 mol, 96\ yield) of benzimidazole. mp

. 'ﬁ b
176=177 °C (11:.42,

IR (KBr): 3500, »1478, 1459,.,:409, 1245, 748 em=l,
L 2

e ﬁgmsows,wouaz) 89,189, 3(m,ZH), 7.5-7.7(m,2m), 8. 2(s,18) and

B
>

© . SiSter s.ua)ﬁ?

@
L .«

. Mass spectmm “m/'e (rel intensity) 113(:4*,100), "91(67), 90(36).
. A o ~

. Exact massv ne,oszs ccalcd f?r c,asuz, 118 0532).

. - < B .o A ? ~y 7
. 7%‘5':» S t' R (“ iz S.,*:\ -~
“ s ST e Yo% . 'p : » ’
. o s L 2 [ R . : .-
-Mothylbonz.lmaazol’ (10b) . " . > , ‘ -

b

5

Benzimdazole (2 g, 0.017 mol) was dissolved in dry THF (100
R .‘*w /
mL) and 1. eqm.\ralents of NaH followed by 1.1 equ:.valents‘ of MeI

wez*e added. The reaction mixture was stirred for 7-8 h .at room

A '

pe_mporature,' _filtered a.nd the ,‘rHF removgd under reduced pPressure,
. : - . . ] - t )

i . R
o A

was adj'usted to pH 9 with saturated agueous potasl.{um carbonate uxd |

3 1‘fb-172°C). A
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;\ evaporated to dryness under high vacuum._ The sola.d reSJ.due v‘.ra"s’ .

wgshed several t.unes with bo:LlJ,mg THF to y:.eld R 3 g (0 0098 molrv

.‘)’v

s

. Jl‘he res:.due was dmssolved ih 5& aqueous sod:.um thiosulfate (40 mL){-:' '

» ;vand extracted three times with chloroform. _ The chlorofornr was e

Ly

) ~

58% yield) oﬁ the hydrochloride salt of N-methyl benzlmldazole‘ mp
/

22‘40-225°C (l.l.t:."7 mp 225-'-226°C).

“iw ceaenz-scl (HeOH cast) 3120, 3010, 2600, 1460, 1445, $750 cm™ -1,

washed tw:.ce w:.th 10!\ HCl (10 mL) %ﬁ‘{ the aqueous layer ‘was

"-NMR canf,n,2 HCL- (DMSO-d5,1OOMHz) 5 4. os(s 3a NCHa), 7. 55-7 70(m, 23),,n‘ |

S s-a oz(m,za) and 9 64(s 1n)._,;‘§';_’yt};{i_3ft : 'rwj;,*‘“’
"'*NMR (CDCl3,1oonnz) a 3 70(5 3H, Ncaa), 7. 13_7 34(m 1) and 7.68-7. 84
S S ’ . : S I

: (m,ZH).‘ .4' N i ‘; — ;Zv_.' .“4 L

-‘_Mass spectrum m/e (rel :.ntensity) 132(M+ 100), 131(47), 104@,16),

77(")'*¢, ;f

'”jE¥a¢tfmas;,13z,osa7 (caled for CgHgNy; 132.0688). = . . -

- Tetrahydrobenzimidazole (11a):. ! '
4,‘; .\ ) E L
S . . ’ A
. % -
‘ . )VY"‘.,
- 7 = ’

_ Tetrahydrobenzlmidazolk (1‘1a) was prepared by the me\thod of

J

"‘-"Butula.43 Benzlmldazole (10a) (1 9 0 0085 mol), S% palladlum‘on

. charcoal (1 g), perchloric* acid (o 7 mL of° 70%) and glaclal acetic », C

",‘facid (20 mL) were combined J.n a hydroggnatlon bomb and heated at

S N
. T . - "_fx‘ - _'\'.:e..

\’ _‘- B _',7“‘ .

164

bk



der 900 pSl 1-12 pressure overnn.qh . After coollnq, the‘

-mixture was flltered and thev qlaclal acetlc ac:.d removed
_.under reduced pressure » (rotoevaporator at 60°C) The ‘reSJ.due was

LN
<

dlssolved 1n Hzo and adjusted eo pH 9_—'10 wi-thwaqueOus potass-ium

ot

‘carbonate. 'I'he aqueous layer was extracted several tlmes wJ.th B

[

. -chloroform. 'I‘he comblned chloroform extracts were drn.ed wlth MqSB
:and\ the solvent removed under reduced pressure. The resxdue was'

';recrystalllzed from THF/pentane to glve O 63 ‘g (O 0052 mol, 61%”'

yleld) of tetrahydrobenz:.mdazole. mp 138 S 139°C (l.\.t."',3 mp 150°C)'..¢_

‘ ! .
IR (CHC13 cast) 3200, 3020, 2930, 2850, 1610, 1490, 1460 960 cm“l ¢

i

J-

,ai

Yy

NMR (CDCl3,1OOMHg) 5 1.7 2 O(m 4!{), 2.4~ 2 8(m 4H) and 7 46(3 1H)

»

Mass spec’trum m/e (rel :.ntensz.ty) 122(M"‘ 50), 94(100)

.Exact mass 12«2 0845 - (calcd for C7H10N2, 122 0845)."_‘ A : g

L8

<

" I-Methyltetrahydrobenzimidazole (11b). i@ .

. W

}-Métﬂylbenéimidazole (10b) a QQ76 mol),'SS»rhodiun dn
‘, : carbon. .( 1 "g-)., glacial acetic ac:.d (20 mL) and 1 -1 equ:.valents of v

: conc HCl w\ere placed J.n a hydroqenatlon bomb and heat.ed overm.ght at "\.

1

B B
120°C under 1000 psi hydroqen pressure.43 After coollnq, the

j /,- SRl S L e s : . _' .o' IR
R

165



@

reac on mixture pas filtered off and the acetic acid removed under

" redu ed pressure (rotoevaporator at 60°C) . The residue was - di.ssolved‘

in H 0 (20 mL) and adjusted to ,pH 9«»10 with saturated aqueou#"“t

L‘{

e ) potassium carbonate and the, aqueous layer extracted several times
“»_wawith chloroform., The combined chloroform extracts were dried With

ugsok ‘gd the solvent removed under reduced pressure. The gummy

- \' residue ‘was dissolved?;,'in dry EtzO (20' :
§ -

bubbled through the soi’ution.'k A white powder precipitated wzich was‘

i recrystallized from 98s. EtOH/ether to: give’ 0. s g (0. 0029 mol, ETT R

y'ield) of . 1-methyltetrahydrobenzimidazole~ mp 194-195°C.

. IR (cac13 cast) 1670, 1500, 1450,,800 eml.

NMR csuqznz(coc13,9ounz) 6 1-1 9(m,4H), 2 35»2 7(m,4n), 3. 44(s 38,

e

[ )

-mmﬁ mm 72us1HL._x' |
.3 70(s,3H NCH3) and‘s 90(5,15).
Mass spectrum m/e (rel ;Lntensity) 136(M+ 96), 135(80), 108(100).‘ ,
. Exact mass 136 0998 (calcd for csﬂxzne' 136 1000). .

o Anal. Caled for C8H12N2'HC1. c, 55 ss, ,7.59; N, 16 22 Found.l,\

: 4 ‘ A e LY L
- C,55, 38; 7 49; W, 16. 28. S s ." S ;,f SR
¥ e . .v Ry ‘ v A ) E : s » Y ) /,
~ Cyclohexylmethyltosylate (}2)', TR S \

me) and dry Hcl gas was‘.

R C8512N2°HC1(DMSO-d5,100MHz) 5 i.segrga4(h,4a),,2;§s4zr65(a,43);
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Y om .

The tosylate of cyclohexylmethanol (30) ‘was prepared according
‘ .to a general procedure of Fieser and Fieser.4.5 Cyclohexylmethanol
(29) (25 g, O 22 mol) was dissolved in methylene chloride (1(50 mL),"

and slightly more than 1 equivalent of pyridine was added. ’I‘he ‘ ‘

“'
cw

reaction mixture was. cooled in an ice bath and 1.1 equ:.valents of

‘TsCl was added. The solution was stJ.rred for 2 h in the. ice bath \and

8

yr1d1he~ﬂC1 precipitated ‘out of solution. The mixture was dissolved e

'in Hzo, acidified and extracted w1th ether. 'rhe et.her extracts were. ‘

-“dried wa.th ugso,, and the ether removed under reduced pressure. The

».

‘crude product was recrystallized from Skelly B, (250 mL) at —78°C to"

vgivej_ 52.5_ g (0‘._019‘ ‘mol, 89% . yield) of the togylate of cyclohexyl"‘"
. A - s T e S S S
' methanoli’ mp 25°C. Ll 1”«.? f. e e T
Lo . R ’ T Tal A . :
y 956, 840, 820, '670,:560 = .,
: HEERCRN SO ' '

S

IR (liquid £ilm) 1360, 1195, 1190 &M
-1 ' | l : —
'_NMR (coc1§;1oounz)"6 0.62-1 .80(m, ), 2.23(s,3K,CH;), 3.81(d,2H,

f'Jssaz) and 7 32, 7. 72(Aaq%4a J=4a“

 Exact ‘mass ess 1133 (calcd for,cl“nzooas, 268. 1134). ,"1 ¥
Anal Calcd for C“H2003S C 62,65 H, 7 51 S 11 95. Found C 624 43.,

H,7.41;:S,11.82.:

' A

: Cyc lohexylmethyliodlde { 31 )e

-

OTos

8




IR (liquid £4

E:xact mass 96. 0939 (calcd fqr C751311% .@'6 09596). STl -

. ‘l’.

;‘Cxclohex}'lmethyiiodide (31') was preparﬂgd by the method of

-

. Finklestein. 46 'rhe tosylate of cyclohexylmethanol (30) (10 q, 0 037

mol) and a four-fold excess of sodium Lodide were dissolved ink

acetone and held at reflux for three days. The wlnte solJ.d was ;

L I

,filtered and the acetone removed in vacuo. ,The residue was dissolvedf-'

in CHC13. (30 mL) and extracted with H,0 (20 mL), 5% sodium

’,dried and removed in vacuo. "The residue ‘was distllled (bp 90°C/14

~~f~‘torr) to g:.ve 4.1 g (0.01851 moL~, r‘SO\ vield) of cyclohexylmethyl

<

m) 2950, 1714, ,1449 en-1.

: . . . 5 ;‘ ’ . .
ne (CDC14 Pz & 0. 7,2-2 02(m, 11H) and 3. 10(4, 28, Jasuz)._f

v

Mess spectrum m/e (rel J.nténsz.tir{g?ﬁﬂoo), 81(66). L

;

AT

. Ethyl-S-cyclohexylmethyl . xanthate (32). R
A \ ‘_) g .
e, B @

E ithlosulfate (20 mL) and saturated NaCl (20 mL). ’rhe chloroform was',

' Anal. Calcd for C7H131 c, 37 5; H.XS}SO. Found. C337 50% 5 ‘72. ‘ ';f‘f‘ﬁ,"\'

168"

0 g

. Cyclohexylmethyliodide (31) (7 KL ‘oj-,p—zir--ipol~.) ‘was dissolved in .

‘Cn L
A



IR- (cnc13 cast) 1448, 1215, 1110, 10553 cm-l .

-J=7Hz,).” B ? -

169
dry THF (7S mL)jand‘132 equiyalents'of'potassium ethyl xanthate were '

~added. The reaction mixture was heldxat.reflux for 3 ?‘.cooled %nde

the THF removed'under‘reduced pressure. The seml—solid re51due was'

washed several tlmes with diethyl ether whlch dlssolved the product

; ,but not the remaimnq Weacted potassxum ethyl xanthate. The ether

extracts were drled w1th quoh and the ether removed under reduced o -

pressure. Tne resldue was dlStllled $§0°C/O 05 torr) to qlve 5 3 g dré

(0.024 mol, 78% yleld) of the ethylpxanthate of‘cyclohexylmethanol.V

NMR (CDC13,1OOMH2) 6 0. 8-2. O(m,11H), 2 98(d, CHZ,J—6HZ),

. ¥
v"\

Mass spectrum m/e (rdb lntgﬁsmty) 218(y4f i QdQ)KVQé(Gzﬂ,,f

';§; o :

The - xanthate (32) (1.03g, 3.0046 mol) -

asidissolved in.drY“THFd

(10 mL) and added dropwlse to%ﬁfstbrred sus'en51on of LlAlH (6.25';,~

s ' : RI

g) 1n dry mHF (10 mL)
r-f

'r as statig\nxtrogen atmosph:fe. Oﬁce thef
additlon had been comple ed the reactlon mlxture was heated at‘,rs




&

‘with 820 (~0.5 mL) ‘and the Solution filtered. Qhe resulting. solid

L f{}_\d cnz,.rsaaz .Jaeuz Yo

. ‘ , . '@ - G
A‘n - ) . L , eda
. , By

reflux for . 15 min. After cooling, the . excess LiAlH“ was decomposed

9

o

 was weshed severalvtimes with THF and the qpmbined filtrates dtied

,- ’,d" b3
With quo“. The THF 'was removed under reduced pressure ‘and” the

3 ‘pzoduct (0.42 g 0. ooa; mol, 79\ yield) was found to be analytically

DU e

pure. Distillation can leed to .the format&on of the~.disulf°de. ’

'

(cac13 cast) 2920, 2850, 1448 cm-l.

. e (coc13,1oouaz) § 0,'6—2.0(111,1—1!-!),‘1.'24(t’5H,J=-8Hz) and 2.38(d of

.

; .';'Hass spectrum m/e (rel intensity)"130(u* 6), 95(100).

“Ekact mqss 130 0815 (calea for CyH;,S, 130. 0817). N

\‘_Dimetgyl piuelate (34y. ‘ . 9 ;M

Anal. Calcd for c,a“s €,64.55; H, 10: 83, 5,24.62. Fooﬁu?ﬁc 64.30;

810,86 s.ae_'i..ssr N S : 3

e -

B S 4

/ . : {Av

Pimelic acid (25 g, O.16mol) was dissolved in dry MeOH (300 mL)_‘
- and cooled in an ice~water beth. Gaseous HCl wasg pessed through the

‘stirred solution for ~3 h. The reection mixture L was stirred‘,

2

’ 'overnight and the methanol rqmoved under reduced pressure.‘ The

LI N

"y resgdue was distilled (bp 82°C/0 05 torr) lit. bp 120°C/1O torrr;

S : "_.

“v:.'

- 170
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IR (CHCl; cast) 1738, 1438, 1200, 1170 om= -1,

| Exact mass 157.0857 (calcd for .CoH, 40,-OCH;, 157.086).

' 2-Carbomethoxycyclohexanone (36a).

' to give 24.4 g (0.13 mol, 82% yield) of the dimethylester.

-\.

U NMR (CDGL3,1OOMH2) 8 1.2-1 -9 (m, GH),.1 2 -1.4(m, 4H) and 3.7(s,3H,

T4
{

L

Mass'specfrui‘m/e'(rel ;ptensiéy)i157(M*—OCH3,50).115(133?E%Q§fr:;j.‘»
’ . L . S e

[} d
[

-
+

2
»
1]

!

2—CarbomethochyclohexanonéE k1was prepared in 55% yleld

a Dleckmann condensatxon of dlmethyl plmelate as descrlbed

49 )

P:Lnkney48 (bp 72°C/0 5 totr) (llt. bp 68°C/0 8 torr).

PmR ‘(quuidyﬁilm) 1747 1716, 1650, 1&35, 1480 1360, 1300, 1260,‘

W
+

-1, .

"

1220, 1oao.ci

NMR (CDC13,1OO‘MHZ) ©6:1.50=1.80(m), 2:14-2.36(m) and 3.74(s,3H).

O

. Mass spectrum;m?eﬁ(rel‘i?tensity) 156 (M*, 38) ,» 124(55), 111(40),
% * R H—- ) S .

by

-

. - 1‘ 7..
7 85(100). < LT - S ,
o . ; " . T e K.
. . - . - . s e
Exact mass 156.0778 (calcd for Ce“12°3'~156'0i?66):wl‘f R



- neated to reflux and f.{'ishly distilled cyclohexanone (7. 8 g, 0 08’

+

A £

" The mixture was poured into a. NaCl solution (100 mL) and extracted'

NMR (.Cm-la,,eonnz) § 1. 3‘7(t 3H J=7Hz), 1 62(m), 2 23(m) and 4. 2(q,

¥

' ‘2-ca'rbe*thoxycyclohe _‘ "ne.

——

2—Carbethoxﬂ:yclohexanone (36b).

L4

OEt ~

£ (380)

<

Marbethoxycyclohexanone (36b) was pr-pared acccrdinq to the

procedu-re of Deslongchamps et al, 49 Dry diethylcarbonate (23 65 q,

0.20 mol), sodium miﬁeu(o 25 mol) and anhydrous THF (So mL) &ere

placed in a 500 mL, 3~§ne&z<ed~round-bottomed flask equipped with a :

¢

mechanlcal stirrer, %Qdenser, dry n'itrogen inlet tube .and a

H

preeﬁ}gragequaliq,inq droppin%&funnel. The stirred suspension was»

mol) in dry THF (20 mE : added dropwise. After 2 min of addition,.

306 mg (0 0076 mo].) of.gotassmm hydr:.de was added to init:.ate the

reacta.on% 'rhe addzt:.on of the cyclohexanone was continued over a

)

o

period of 1'h and the m.xture refluxed and stirred for an a.ddi.é.ional' :

oY

1 h after the comple%e add ipn of the cyclohexanone. The reaction' :

t

,x/ P - vt

K

. N mixture was cooled in an iqejbath and the &xture hydrolyzed by the '

' slow aaa.tion of 3 M acetic acid .nnt.xl all the solJ.d disappeared.

with' CHCl . The orqanic layer was dried with u_gsoh and the’

chloroform removed. The residual _liquid wes_ distilled (bp 7S°C/1

torr) (1lit.48 bp 75‘°_1 “

Y

IR {thin film) 1700, 1530, 1sod 1280, 1240, 1195 ém-t,

R R

SmaeTEE. R

? orr) to give 6.7 g r(,0.04\1mol,f.:5_'o$:y:.eld) of

‘. ’ -

y %
‘‘‘‘‘‘
<




: . ) '
Mass spectrim m/e (rel intensity)’ 170(M*,51), 124(100), 114(19).

Exact mass 170.0942 (caléd for CgqH,,D;, 170.09432).

S—Bromo-2-etgpxycarbonylcyclohexanone (37b) .

" Bra v
' OEt

; - (36b) . P 0 (37b)
' 6-Bromo-2-ethoxycarbonylcyciohexanone (37b)v was' prepared

accordinqugo*fhe method of“Ueaka, Koyama and 'I'akeda.47 Bromine (54.5 -

g, 0,34 mol) was added dropwis% to 2-ethoxycarbonylcyclohexanone

.e,(36b) (4f;4'g, 0.25'mol) w1th stxrran at, oe°cC, After the addltlon
T ~
was Comp;ete, the mlxture was” stlrred-for a further 1 h in the .ice

g

t vbath.e The mixture «was dissolved ,1n ether and' washed *twice with -

3 ’

. o . + '

"Water, several tlmes wlth saturated aqerus sodlum carhonate am&
o P

agaln w1th water. all ,traces of HBr must be removed .or ‘the.

3 \. - e ) ' ‘ ) Y
distillation does not ‘3525333\7je11. . The etheg was drled over a

mixture of MgSO, and Nazcoa. "The solutlon was removed and - tﬁe
re51due dlstllled under reduced pressure to qlve a‘ slxghtly yellou

oll.‘A second dlstlllatlon afforded‘34 8 g (O 14'mol, 56 5% yiuld)

. 2 \

, _of a- colorless 011 bp 92°C/0.1 torr (llt. bp 80— 2°C/O 09 torrl.
4 ﬂ '_ 5 [

IR (thln £ilm) 1735, 1710,_1650,»1610 cm,¥,

s, T b

:NMR (cnc13,souuz) :5 1.3(¢t, CH3,J=7Hz), 1.6-2.5(m), L

4. 23(q,CH2,J=7Hz), 4 58(m), 12, OSQ§) and 12 5(5, enol OH). s

. Mass spectrum m/e (rel xntensity) 248, 250(M ,13; 13),‘123(100).

v

.-
44

173

hal



Gy

>

2

S Pl ‘ » : 174

C - .

Exact mass 248,0042, 250.0025 (calcd for CgyH,;E¥0,, 248.00479,

Y

250.00279) .

”

o

o nﬁ;{*\ e R o t@.,', : .

Method I : ~_ . ' .

mg,5[1'(4')»Ethoxycarbonyltetramethylene]zmldazole (38b) wasg

prepared accordinq to the method of Utaka, Koyama .and Take

Bromo-z—ethoxycarhonylcyclohexanone (37b) (15.0 g, 0. 06 moy

freshly dlstllled formamlde (38 q, O 78 mol)ﬁﬁﬁre placed in a 3-’

Ay

necked round-bottomed flask equipped w1th a condenser and a nltroqen e,

~.inlet tube. The solutlon ‘was heated at 150-160°C for 1.5 h'with

stirringa The excess formamide ,was removed by dlst;llatlon— at

o

reduced pressure (bp 50*60°C/0 2 torr) 4 The re51due was dlssolved in

SV T
Hy0 and washed sSeveral times w1th ether. The Pl of the aqueous layer/
was ad]usted to 8- 9 w1th saturated sodlum carbonate and the solutlon
was then extracted several tlmes Wlth chlofqgorm. After dryln? with

G

Mgsqh the chloroform wasg removed under reduced: pressure to yield a

- ‘ «

» qlassy yellow solzd.o Thds was purlfled by column chromaggqraphy

employing a Jacketed column (1 1/2"’x 30") and Grade 3 alumlna. The~"

column wae«packed W1th a hexane suspen51on of alumlna. Elution was

-



y

initiated with CHClazhexane (1:1). After each litre of eluate hgd

been collected,the CHC1, content of the sclvent was incrhased by 10%

-

until 100%- CHCl, was uaed. 'I‘he desired’ coxépound (0.35 g, 0.0018
] )

mol) was . removed from the column after 3 days 1th 3% yield. The

pi‘oduct was recrystallized from THF/pentane to give 0.30 g (0 01"5

mol, 2. 6‘ yield) of a whl.te golid: mp 102-103°c (lit‘.4710,1.5-

102 6° €) .«

.

. IR\(KBr) 3600-2200, 1715, 1445, 1270, 1205, 1165, 1138 cn™ .
NMR, (CDC13,60 sz) 8 .23(E 3H,9=6.5Hz) ; 2.02(m, 4H,CH,),

2.61(m, 2H,=C-CH,), 3.75(m, 1H, CHC=0) and 4. 13(q,ZH J=6.5Hz) + o/ ] I

Mass spectnfin m/e ‘(rel intensity) 194(M+ 20), "121(100). ,
Exact mass 194. 1051 (calcd for CQH“ 202, 194.10562) | ‘ /

\ ; o
Anal. Calcd‘for C9Hll+N20.2‘ C,61. 843\ H, 7 43, N 14 42; O 16 47. ’

Found: C,61.85; H,7.21; N,14.43; O, 16 40.; A . \’. .
. : R B !
' : . : , b .
Method 24 . - IR

. ~ . . voa W . . \ .
!
3

- 4, 5[1‘(4‘ '-Ethoxycarbonyltetramethylene]imdazole (38b) ‘\‘(K was.
6

) ;;a,lso prepared by - the method of Tanaka, Shimodaura and’ Fuga. 0»‘ [

Py
i

: B'romo-2-ethoxy‘carbonylcyclohexanone % (25 4 g, -0-10~ mol) ‘and

] formamidine acetate (20 8 g, 0. 2 n\o'l) were dissolved in form.c acid -

e 1

"'.-(/30 mL) and heated to- 12°°C for 6 h. tl‘he solut:.on ‘was dissolvdd i
| 4 BN
Hzo a.nd the pH adjusted to. 9-10 with aqueous sodium carbonate.v The - <

v 4

solvent remove der reduced pre sure-\fb&re_)s,idne was purlf:.ed &:y - -"',;/N'"' -

aq,ueous layer was: extracted witz CBC13, dr:.ed with MgSOL+ and the |

'chromatography as. in Method
- \
re_cry‘s_tall;\.zed f_rom THF/pentane ‘to. glve 1.21° g (0 006 mol, 6.%-yie_.ld)_j

1 . . A B

The product\ from the column wa$ \

L ’ e o .



§ A Y . - v
3 j»1-62;’|,64°C). .

REVRL N | . R YA

“Qin 1% ? . ! ' 176

K4 |

X & /: ’

« % '%\ ‘Q th %
ot 4 5[1'(4')-ethoxycarbonyltetramothylonn]imidazoloz mp 102-1o3°c PR
(11e.47101.5-102,600). ~ ) .

)

4 5[1'(4 )—Methoxycarbonyltattamethylene]imidazole (38&) can be
made us:.ng the same procedures but starting with 6-btomo-2-methoxys "\

carbonylcyclohexanone. : S

at

IR (CHCL, cast) 2900, 2853, 1'73'8,.14519,‘“125'3., 1225, 1198, 1170 em=l, *7-

. o " -
NMR (CDC13,1OOMHZ) 5 1. 60-2 18(m,4ﬂ), 2 44-2, 6& N, 2H), . i
[ i
3. sais,sa /OCHy), 3. 66(m,1H) and 7.45(s 11-1) N i
/o y
' Mass spectrum m/e Qrel intensity) 180(M*;774), 121(10 56). - | S W
Exact mass 180'.0896 (calcd for C9312N202‘, 180.08996). .
v B} NP .
 Formamidine Acetate (8_2).'. ) o Y .
. ' ’ ey 8 Y - . o u " . »
s 4 ‘ o : . L . - ' L _' ,
N s ;-$' ‘ ’ . C /
. .. : AR r
! }‘ @ ’ h L ) , OEtl N - . -~
. ) l ‘ _ H N (o g &
H_c.....dEt — - Z/E NH; OAC” ’ ,
. M_‘\- ' ' o e | h ‘ ~H; . - % .
LT 0BEC e gy T ,.
A y » | ‘ ' ! . > » | » S
B | N >
' Formamldine acetate (82) was ma(le accordlnqrto the method of

4

‘ Taylor, Ehrhart and Kawanlsis in §Ojk yield: vmp 163—1-55°C (li.t'..s‘ mp

; . L ; ‘ - A . v ) - -




R

' washlngs were evap0tated under reduced pressure. The

- was recrystallizad from THF/pe tane to qive 0 42 q (0 0028 mol,GE Ij”f

o ]

4y 5—[1'(4')dﬂydroxymethyltetramethylenellmidazole wasg pteparoqh_

accordlng ta the ptocedure of Utaka, Koyama and Takeda.47'4 5_.

[1'(4 )—Ethoxycarbonyltetramethylene]imidazoie (38b) (0 87 q, 0. 00&6 o

/mol) in THF (5 mL) .was added dropwise to a\suspen51on of LiAlH“ QO 4‘V'y~¥ o

g) in THF (10 mL) under nitrpqen. Aftér 'e addltlon was completedjf;e'f‘t;

! / ST T

. the reaction mixture was stlxred for 30 min and the excess hydride<

g

11‘.»

© was stzawm&-by additlon of the minimum amount of 15%. (v/v) NaOH" ; j -

‘x, P \ s e

(~0 5 mL) ahd then HZO (~0 5 mL). The mlxdure was” adJuStea to" pH 9-f*ff3

10 with 1. M HCl and filtered. The white precxpxtate was washed

i

repeatedly with THF and, after drylng . the comblned jltrate‘and{f ,1,"

rude pro quet L
s £

'_aqole: mp ‘14 ~J§

146°c'(lit.4zmp 145-147°C).A'1 ""'“'*‘f - ;

¥

IR (xqr) 3150 2910, 28205 1595. f4so, 1GZJ cm~

.
NMR (Me2c0-d5,1oounz) 5 it 84(m,4H CHZCHZ); 2 s_(m ZH.=CCH ). :

2 80(m,1H =cu-c(n)), 3 60 (ABq 2H, ocs/é

’7,42(3 1H, N-CH:N),.E? "/ \

7

TR 3 ] . ) KOS K IR ’ . ’ ;i - i 8 . . . e ;
i : . [ . .



. Exact 'ma'ss‘ 53

B Anal. Calcd for canlanzo c 63 13. H, 7 95, n 1a 41,'f_ ;¥i.f:* ; fﬁ*;i*j

| ”'Found c 53 37 ‘H, 85 04, N, 18 os._ ;“Tof,.*_}‘ff>“§fff T

[}

1:Methyl -4-carboxymethyl-4,7-dihydrobenzinidazole (43),

» e T

—Methyl 4-carboxymethylbenz1m1dazole i‘ (:1' g, : 0 0053 mol) ,ari’d"

"'i.sopropanol (O 18 mL, O 01 mol) were dlssolved ln dry THF (75 mL)"

and added to a’ 3—necked round-bottomed flask (250 mL) equlpped w1th

'a mecham.cal stlrrer, dry-lce condenser and nltroqen lnlet tube. 'I‘he -

-~-react10n vessel ‘was <:ooled to -78°C w1th ‘a dry 1ce/acetone bath and -

>~1OO mL; of 11qu.1.d ammonla were dlstll’led 1n. Sodlum (G 5 g, 2

b s *

-

- .“mol») was added J.n small quantltles w:Lth rapld stlrrlng at . -78°C‘.,,

W
v

After the addltlon had been'completed the reactlon mlxture, was,

i
r

vstlrred for an addltlonal 20 mln and ammom.um chlorlde (~1.0 1;) was

ca

added until the deep blue: colour dlsappeared After warmlng t? room»'

temperature the solutlon was flltered and - the ’I‘HF removed under.'

re,duced ) pressure. Thls y:.elded 0.7 g of a yellow o:Ll whlch was a
. RS

m'ix‘t‘uvre of 'the- blsvopropyl» and methyl esters “of -methyl 4 7_ 

. .dihYdrobe'nzimidazol-e-A-an,rboxylic"_ acid, Due to the easev w_it,h ’wh‘ichd



-

th:.s, was aJ.rq ox:.dlzed back to“ start:.nq matenal, the compound was "_

- A

I

' hsed w1th ut further purlflcatlon 1n the next step.:,

= : . ! P : : S A

IR (t5013 cast) 1717 R _o, 1265 1105 em” 1

\.el RN

OMe), 5 ;;\EKBTm;zn C(H)=C(H)) and 7 4(5 H=C HL—N)

; _ L
Mass spectrum m/e (rel lnten81ty) 220<M+ 7),-192(M*,8), 133(100).#_

Exact mass. 22041208, 192.0894 (calcd for‘élz g 229 1212,,¥£_7

joo

‘.’

C10H12N202, 192 0899-

TN

'.,—Methyl-4-methoxzcarb;;§ite§fahydrobénZihidazole=(44).

el e

~ . -

'A'mixtﬁte ofb -methyl 4~carboxymethyl -4, 7-d1hydrobenzlm1dazole .

e tpartial, CDC13,1OOMHz) & 3. 2 3, 32(m caz) 3 54(5 Nue),.3;72(§;¥;9”

Lo
R

~and l-methyl 4-carboxylsopropyl-4 7-d1hydroben21m1dazole (0-7 g) wasv‘

dlssolved in methanol (50 mL) and a catalytlc amount oﬁ Pt02 was

&

\\addqd.‘ The flask ‘was shaken overnlght under 40 951 H2 pressure.'c,‘

-\ . : : r? LT
becolourlZlng car was added,; the reactlon mlxture, flltered

gkrough a layer of cellte in an Q’frlt sxntered glass funnel and the"’

v .

R

P N . .
J . » . . o

. methanol'remcved inder reduced/pressure.,The,resxduefwaSgdlssolvcd,

5 in\etherwand'anyiihsoldblef?é:erial‘filtered'off, Dry Hgl‘géégwas

'- i\c'l ':, "chJ, v':{ }¥;g'

3




*

_' "‘bubbled through the ethereal solut:.on and a gummy residue formed‘_

S 1 o Ll
‘met.hyl and J.sopropyl esters df 1—methyltetrahy(_i;;l;e\nﬁ.mldazolewl-‘.” B

: frn (cuc13 cast) 1730, 1200 1105 cm-l

NMR cloalgu,cz.nc1 and Clzﬂstgoz-HCl (cnc13,1oouaz) 8 -21(4, cn3,;f;,~f" -

. L. . . . N i B . K . . ) .J . , . : . '
: q' .‘ i " P g I B ke . . - ‘ “ : L T o ot T '

1. AR Y

Tl wh:.ch dould be tnturat.ed :.n THF t'.o gJ.ve O ﬁg of. a mixture of the

carboxyl:.c acld as a: wh:,te sol.l.d.

Cel

180 5

>'<J—6Hz), 1.7-2. 1o(m), 2.5-2. 7(m),f3 34-3 46(m), 3. 68(5 OMe), ER 74(5,,_"'

‘V.Nue). 4 94(septet 1a J=6Hz) and 9 o<s N=C(H)-N) ‘ f,;f/.

‘//‘

'S i

,;Mass spectrum m/e (rel J.n;ensa.\::y) 222(M+ 54), 194(1!“‘,28),, 135(100).

*‘CloHLuNzoz 194 1055) ;;ff.ﬁ,

. e /<_

L

o ...Exact mass 222 1369," 194 1052 (¢alcd/for C12518"2°2' 222 1369

T

/(/”/T/ .t - ' . W

JV_/-JA‘-'MethYl,-A -hydroxyme._thylt‘etra_hydrpbenz;m};dazole (33b) .. T

——

,benz:.nu.dazole 4-carboxyl.1.c acid (0 5 -g) was dlssolved ln THF" ,

a

(20 mL) a\d added dropwlse to a suspenslon of LJ.AJ,H,* (0 2 g) ln THF

w

.under a statlc nii{)gen atmosphere.j After the addltlon had been

P

R\ : : L

completed the reactlon mlxture was: heated at reflux for 20 min.

SN
. .

After cool:.ng, the excess L.).AlH“ was decomposed w1th HZQ (~O 5 mL)

25

A\
b id

e



. 'rhe TH.F waS‘ removed under ‘reduced

P presaure and the res:.due recrystallized frcm CHC13/ethe

er

'i_o 25 q (0 0015 ;nol) -methyl 4-hydroxymeththetrahydrobenzimL—
o .'~'1'dazole g mp 141-142°C N |

;":n (MeOH cast) 3300; 1545, 1265, 1105 cm‘l

‘\
v ‘,“'\'"

[,Nun (CDC13,200MHz) 6 1 672 1(m.4a), 2. 44-2 56?m,2x), 2. 84-3 o<m,':,”
. ol ‘

Y [T <y

1~MethYl-4 -c‘hioroi‘nethyit"ét‘raﬁydrdb‘éﬁ?inf;_.’.dazoLe @ N ; <

a2
L1

-Methyl 4 hydroxymethyltetrahydrobenz:.mldazole g 3b)_
(0 3 q, 0 0018 mol) ‘was dlssolved J.n dry THF (20 mL) and aéded
" dropwxse to a’ ten fold excess of t.hn.onyl chlorz.de ln THF (20 mL) and ~

stlrred overm.ght. 'rhe THF’and excess tmonyl chlotlde w&re removed

1 vunder reduced pressure and the res:.due dlssolved J.n Hzo, basxfn.ed

B2

: ! w5
. w1th saturated pot:ass:.um carbonate and extracted w1th chloroform.'v



uAder raduced pressura anﬂ che residue
Ut

L

Tbs'chloroform was rnmdbed'

B

d@ssolved in dry ethd:. ryﬂﬁcl gas was hubbled through the solution

and 0. 3 g (0 0013 mol, 75% yield) of 1~methyl 4-chloromathylcetra-"7**

.-o\

ﬁﬂ\fhydrébenzimidaf°1° hydrechloride pracipitated aut of soluuianf“ﬂ ;?
B I B TR S
R T SRR ; ‘ oSy e

IR (KBr) 1640, nsso, 1305, aao-cﬁ*‘ ,f”ﬁ\.fﬁ ‘I""' LT e

=1 MR c95l3uzcl +HC1. (Dnso-ds,ﬂoomnz) iR 1.o0-2 10(m,4H), 2;50-2.76.11

, \- (m,zn), 3 2-3, 3(m,1as 3 5-4 1(m,ZH), 3. 71(s 3, VMe),,and 3. 02(5«13"‘1, SN
ﬂdc(ﬂ)-N) 'ﬂ{hf > : 1'i‘-1,' , s }  , - ,‘ﬂ“l: o Ko   : >-\\.
: SRR ‘ Sl Sy e ’
R Z<40-2.60 (m,2H),

. HMR c9 13N2Cl (c9c13,1oounz) ) 1 oO 2 10(m.‘

-1 .

3 o 3 2(m,1H7, 3 55-4 15(m,2H),_3 70(s qu;“ “and
Uy T X

: “'C<H)'N) L f{~ L ';fﬁ~’f D“;’»‘~ NN
186 134(1+ e 19), 135(100);i‘

L

. Mass spectrum m/e (rel LntenSLty)
. . L

Exact mass 186 0737, 184 0763 (calcd for “§H13N2C1, ‘186. 0738,,-

194 0768)
= Anal Calcd for cgal3 2c1 .HCL: C, 43 89,: ,5,35;’&;12,54.~souhd:

C 48 78, H 6 22, N 12 61'..

Benzg} acetate (71)' ? : . .Q','v /\!'j s

"
P

Benzyl alcohol (72) ..0 9, £ 093 mol) and 3 equlv._of acetic’



'-‘“r.‘;"{ancther 15 "tnin. 't'he aquecﬁ‘s

anhydxide were qombined i?n an u.rlenzueyer Elask end 2 drop of conc" :

.‘ "~~:-f,ﬂzs°u wag’ a‘ded ,The reaction waﬁ sti.rred at rcom tzamperature Eor 2 .

‘,ether. The combined ether extracts we:e dr'*ed 'dlth \agso“ and -the

'bether removed under reduced oressure. The residue\was distilled bp

”40-42°c/o 1 torr) (lit. bp 93-94°c/1o torr) ~ under hlgh vacﬁgm,to-
x‘fifgive 12 3 3. (0. oaz mol,.se% yleld) of the flnal aroduct. S
IR (thln film) 1742,‘1230, 1oza, 750, ‘598 am~t. e -
"'cwnn (coc13,1oounz) ‘5 2. oe(s,cn ), 5.09(5~CH'), 7‘32(s,ArH)’
VeMass spectrum m/e (rel Lnten51ty) 150@M* 69), 108(100) |
';cExact mass  150. 0678 (caLcd for c9 1602+ “150. 0681)

Anal. Calcd for c9 1903+ Ci 71.98; H€,6.31; 0,53.34 round-*c,7z.oz; |

v CH, 6. 7i‘~o 2rﬁnf~\;;g -,'* O T SR . .
Benzyithioacetate (70). A SRS S R | oy
e
v e
. LT

. “

v ’ i

(8) (70)

'Benzyl mercaptan (o) (103,, 0 081 mol) and a three—fold excess'

of ‘acetdc anhydrlde were comb:.ned :Ln an E:rlen.meyer flask and a drop‘

~.

of ‘conc . azso,; was added. The react;on mixture was Stirred for 3-4 h :

[

a'_t_.v;roorm. t_empe_retur_e ‘and” the solution was dissolved in Hzo and

S e

S eyt
o .

: aye:: was extracted t:hree t.fmes uit:h' R



184 -
55-57°C/0 1 torr) to gzve 11. 7 aq (0. 07 mol, 87% yxeld) of the fxnal
groduct. T L T : Co

. V ‘\; * .A ) ) - fF /
- IR (thih,film) 1691, 1552,,1495, 1132, 955, 700, 62 i“

NMR, (cuc13,1oouuz) '5.2.34(s,CHy), 4. 12(s,cna?*.

Mass spectrum m/e (rel‘lntenSLty) 166(M4,62); ?

u91(100).-", . _7 S0 L

Exact mass 166. 0450 (calcd for, ¢t} 408, 166, 0453).

s L
Anal. Caltcd forecgﬂloos ‘t,64 90; H,6. 07; %0,9. 92; 5,19.30.
Pound: C,65.03; H;6.06; _0,9.62, §,19.29.» N o ’

CN

- ——

'4(7')-~Acetoxymethylbenzimidazole (69a)..

®

A . - 4 .
oL 4(7i}QHyesa§ymethylbenzlmldazole (123) (1 q,,O 0067 mol) was

‘dlssolved Ln Hzo (5 mL) conta;nlng 1.1 equ1vaIents of conc HCi. The

'sclutlon was evaporated to drynqgs“undet hiqh vacuum.' The

2

hydrochloride salt of the alcohol, acetic anhydride (10 mL) and 2
\d;ops bf'conc stch were'hgatedtat ;eflux until al; the alcoth went -

into solution. The reaction mixture'qu cooled and an!equal_vélume
of Héo added. The aqueous layer was adjusted to pH 9-10 with
- o ¢ - _ ~



e

/

-
-
e S v

I ' | \\ . ' "
|
saturated agqueous potassgium carbonete and extracted three tlmes with

v

chloroform. The comblned chloroform extfhcts were drxed w1th MqSO“

, S
and the chloroform removed_under reduced pressure’ ‘The residue was

' &
K3

recrystallxzed from THF/pentane to qxve 0 78 9 (0.0041 mol,v_éfm

vleld) of the acetate of g7 )-hydroxymethylben21m1dazole mp.1 8;
"169°C. o |
IR (MeOH cast): l720, 1246 cmfl.b 'i f ‘ "/
hMR‘(DMSO-dS',iooM’_Hz") s 2.07(s,zu,cé'3), 5.38(s, 2H,CH,), 7.15-7.20(m,
ZH), 7.48-7.60(m, 1H) and 8 22(5,1H). ) . |

Mass spectrum m/e (rel lnten51ty) 190(M+ 90), 148(100), 130(921).
Exact mass 190 0740 (calcd for CLOHLONZOZ' 190 0743).

Anal. Calca for CLOHLONZOZ' c,63. 15, 'H,5.30; N,14.60; O,16. eé\\\

Foupd: c,63.14;-u,$,30; N,12.6o, 0, 16.53.

T

" L

4-Acetoxymethyl41QmethYIbenzimddazole (69b) .

(120)

\

The hydrochlorlde salt of 4-hydroxy-1-methylbenzrmldazole (iZb)>

-(1 g, 0.005 mol), 10 equlv.‘of acetic anhydrlde and a few drops of

‘conceﬂzsok were combined and stirred at room temperature for 2 h.

. o . A
The reaction'mixture was. dissolved in H,0 and adjusted to pH 9-10

with saturated potassxum carbonate and extracted three tlmes with
chloroform. The comblned chloroform extracts were drled with quo

o

185




oo ~ R 186
. : .

" and the c_:_hlorpform remo\'red under rpduced g;jessure. ‘."I‘hc residue was . .

,_dissoléed in 'Ha0 (10 mL) containinq 1.1  cquivAlents ‘o: HCl and,

e\}gporated tol dryness under h‘igh vacuum to qivelo.vs q A(b.0029 mol, '. -
58.8% yield) of the hydrochloride salt of d-aépcogy-mccny1~1a'

methyl?gnzimid&;ole whigh wﬁs recrvstalLizad from methﬁ:ﬁl/rether:

. mp 204-2079C. - . ' : _

IR "(MeOH cast) 1725, 1546,‘1620 em~l,

| NMR éllﬂlzuzoz (CDCLy, 100MHz) 6 2.10(3,3§,cu3),,3.81(5;33,NCH3)," -

5.59(s, 2H,CH,y), 7.2-7.4(m,3H) ‘and 7.88(s,1H). )

NMR cllézguzozfﬂc1 (DQSQ:dG,ioounz) 8 2.oa(s,jg;cna>g 4.06(s, 3H,

NCHyf, 5.43(s,2H,CHp), 7.56-7.64(m,2H), 7.87-7.98(m, 1H)

and 9.gé(s,4H). | - i oA . o

. Mass specérum ;/e‘(t;i intensity)l204(ﬂ+}27), 161(100), 145(32).

Exact mass 204.0899 (calcd §of C, H),N,0,, 204.0890). | I
Anal. Caled for C| H|,N,0,: C;54.89; H,5.44; C1,14.73; N,11.64 4 ¢

- Found: C,54.49; H,5.53; C1,14.83; M,11.84.

[

_ 4(7')—Thioacetoxymethvlbenzimidazble (65).

The. hydrochloride salt of 4(7')-chlorcméthylbenzimiéazole (El)

(1 g, 0.0048 mol) ‘and 3 equivalents of potassium thioacetaté were



' N : | ~ 187
* ! i \
placed in dry 'rm' (100 mL) and\snrrod’at toom camgcratun for 6-7

h. The THF was ramovcd under \xaducdd pressure and the residue washed

deveral times with ether. Dr‘y HCl gas was bubbled through the

rapxdly ~st4.rrad combmod ether \wuhmqs -and thc hydvchloridc salt,.

\ N
of the thioacetate pracsztathd out of solutxon. This was

\

yield) of the flnal pro}uct. mp 223- 225°C. )

tecrystallized Erom methanol/ether to q:.ve O 6 q (0 0029 mol, 61%

B

4
NHR C|gH|gN2OS (DMSO-dg,200MHz) & 2.14(s,3K,CH;), 3.96(s, 2H,CH,),

"L \

7.32(8,1H) ;+ 7, 86(d of d,1H, J=2Hz J=8Hz), 7\@7(d of d,1H,J=2Hz,

" IR (KBr) 1690, 1140, 740 cm™ Lo

A\\

J=gHz), and 8.34(s,1H). N
“ e y : ‘
{NMR C|H| N,0S.HCl (DMSO-dg,100MHz) & 2.36(s,3H,CH;), 4.32(s,1H, .

CHy), 6.46-6.80(m,3H), and 9.62(s,1H).

Mass spectrum m/e (rel intensity) 206 (M*,37), 164"(13).,_ 132(11
131(100) . ‘ ' ' - g S

4

" Exact mass 206.0513 (caled for CjqH,oN,0S, 206.0512).,
Anal. Calcd for C) H,oN,0S+HCl: C,49.48; H,4.57; N,11.54. Found:

. C,49.59; H,4.49; N,11.66.

. . \

‘ ?
{ .
' Potassium thiocacetate ?(33_) . \ "
P CH3ﬁS'H + KOH — CH,CSK N

| - (83)

Thioaéé'tic acid (6.3 g, 0.089 mol) was. added. to a solution of

4

KOH (5 g} in Hy0 (50 mL) and stirred at rodm temperature for 2. h.

{



!

The aquecus layer ha- oxttaoteﬂ with ether to remove any upreactad

thiocacetic acid. Tho water was rtmovnu under reduced pressure

(rotoevaporation at 70°C) and the crystals washed with 98v ethanol’

rz;:o«g&vn 4um'q (qggaa-mom; 40.4% yie}d) of white nesdles: mp 248«

250°cC.
IR (KBE) 1532, 1140 em~i.

NMR (DMSO-dg,100MHz) 8 2.10 (s,CHy). - o

1-Methyl-4~-thiocacetoxymethylbenzimidazole (gj).

. (24) B (27)

- The hydrochloride salt of 4-chloromethyl-1-methylbenzimidazole

(24) (0.6 g, 0.0028 mol) and 3 equi&alents ef potassium thiocacetate

were placed in THF (100 mL) and stzrred et room temperature for 7 h.
The THF was removed under reduced pressute and the residue washed
seueral times with ether. Dry HCl was bubbled through theaethereal
solutlon and the hydrochlorlde salt of 1-me£hyl 4—thloacetoxymethyl-

ben21m1dazele preclp;tated out of solution. This was recryetallized

from methanol/ether to yield 0.4 g (.00155 mol, 56% yield) of

product: mp 214-215°C.

0

IR (CHCly cast) 1690, 1500, 1135, 755, 630 cm~l.

188



£

i i t ) ‘ § . rs ' . ) . ) .w l.’ ; .
e c’ﬁ‘zuid““ébCII"°°““" 5‘?-53<i.3u.cu3)..a.ao«i.sﬂ;”??:>.4.siﬁ

(I,RR,CHQ), Te 22"7-30(‘03“’ ‘M 70‘6"0‘“)0

»

R Cy M) 08, HCL (DWSO-dg;100MNE) '8 zv34¢-.:u;cn,), 4.02(s,38,

NCHy ), 4:30(8,3H,Clpls 7:48-7.08(n, 3K) and 9.47(..1&1., . ,f,sf “f S
Mass spectrum m/e (rel intcnuty) 220(M*,113), 177(100), 14%(71), vy 7
Exact mass 220.0668 (calcd for C) H,,N,08, 220.0672)- R

Anll. Calcd fot leh gN408°HCl: C, 51.46: H,5.10; 3,10 91; C1,13.81;

$,12.49.

 Found: C,$1.40; H,5.38; N,11.13; C1,14.09; §,12.87,

J ' T ’
- 1-Acetylbenzimidazole (74).

- k]
a-

(10) | (< -

Benzimidazole (10a) (1 - .40.6085 mol) and 1.1 equivalents of
—_— o L. \

’ o . ) S
. acetyl chloride were combined in dry THF (100 mL), and stirred for 1

R ; W -
h. The hydroctiloride salt of benzimidazole precipitated .and was~
filtered off. The THF was removed and the residue washed with
ether.>Anyvpfecipitate which formed was filtereg off and the ether

R )

removed urMder reduced pressure. The product was .recrystallized from

/benzehe/pentane: mp 112=114°C (lit.76,113ﬁC). The hydrochloride salt

- of 1-acetyl-benzimidazole could be made directly by bubblinq‘dry HC1



5 : R ® : : e el
S \ g :

[ . ¢

qu eh:owh the ethereal -omzm’ :o pr-alpﬂ.uet 6.3 q w 06%3 nio ‘
AN yield) of ‘product ap 198-1960C. et o ® '

0, 1543, 1490, r.m,. 1248, 1215, 1170, 760 c-'l v

oy N30 HeL wm-a‘,toonug) 8 2] 78(8,30, cn,). 7,38-8.26(n,4H)

and 9.00(8. 1H), R A
Mass smtm n/o (rel inunsity) 160(!4"' 77). 110(100)- ;
B . : \ s
© Exact mass ‘160.0635 -(calecd for q,u,nzo. 160.0632). ‘
'  ; vt , L v B
- '
1=Acetyl-3-methylbenzimidagolium acetate (76).
| C _ CH,
‘ o . + .
[‘  — ogcHy
s
‘CH, ‘ . /k (o]
' p .
. O NCH,
(10b) ' (76)

&

The hydrochloride palt of 1-methylbenzimidazole (10b) (1 g,
0.0059 mol) was added to acetic anhydride (10 mL) and stirred at

n

room temperdture until all of the solid had dissolved. Dry ethef was

"added until. the solution became clo&dy and 0.7‘ ‘g of a mixture of the

chloride and acetate’ salts of 1-acetyl-3-methylbenzimidazole and 1~
4 R :

€

methylbenzimidazole precipitated.

Due to the extgemely labile nature of this salt, separation

S

from the unreacted starting material could not be effected. The

7

mixture was used in the pseudo-first order decomposition kinetic’

v

studies. Spe?tral analyses of (the kinetic mixtures after reaction



. were  idehtical with those made up from N-methylbenzimidazole in. the
'V:Samevbuffet;;;j,’ A

"IR (KBr) 1765, 1752,_157dﬂ‘14§F,31375, 1330 1230, 1130, 77o‘¢m%1.

':fwMR (DMSO—d6,1OOMHz)’ 541.92(5, 3H,08¢), 2‘9°(s 34, NAc), 4.22%s;3a;

- 1 » ‘:
NMe), 7 70 8 44(m 4H) and 9 68(5 1H) "
DthydrolySLS ylelded 1-methyloen21m1dazole
: MaSS spectrum mﬂa (rel Lntensxty) 160(M+3Me,T,85),;T33(23), -,‘: s

3131(100)..‘

fguxact nass 160.0639 (caled for Clo - 2o Me, 150, 0637)

'_f1—Acetyl 3-methvltetrahvdrobenZLmldazollum acetate (77)

L

..-

d The hydrocnlorlde salt of 1-methvltetrahydrobenZLmldazole'(11b)]
(1 g, 0.0058»mol) was added to acetlc anhydrlde (10 mL); and'stirreda

at- room temperature untll all of the sol;d had dlssolved 'Dry ether d_,

'“Wasﬁ added untll“the 'solution became cloudy and O 65 g of a mixture:

vcof the chloride and.acetate ealts 55 1facetyl—3fmethy;tetrahyd:c— S
benzimida;ole?aadg1Qﬁethy1te::agydfobehzimidazciebprecipita;ed; dﬁué

|  to” tﬁé'veXtreme%y v;ac}ie,dnacure ofé cﬁis ‘salt isegacacioaiwfro;, thed

'un;eacteddetartinq{mate;ial could’not be effecced. _The migﬁure;Qas

T R e



LN T es
.'us'ed for pseudo-flrst. order .cie‘coinposii‘:ibn ) kj‘.nevt";i'c‘s. i Spectral':f
anélys:.s of the k].netlc mlxtures after reactlor; were ldeﬁtlcal wlth”," e
‘i‘t;hose made‘ . up' _f%él_n N(—xr;ethyltetrafz-'-h'ydro};erymz:‘Lm:L‘dvaz_ole » _1n ’the'_’same,
_buffer. | | | - | :
‘ié:(xsf)“1641; 1543; 1445, 746}.628 cm?¥.”

NMR (DMSO-d6,1OOMHz) 5 1 61 9(m,4H), 1.92}5»6#&*), 1.4;2§o(m,4H)}f 
E;z 74(s;NAc), 3. 86(s,NMe), 8 94(5 1a). Addltlon of D o ylelds |
' "-meth‘yltetrahydrobenz1m1dazole.\/ ' | A
. Mass spectrum /e’ (rel 1nten51ty) 164(M+-Me 0. 1), 108(100).

”»anct mass 164 0022 (calcd for CIOHISN O—Me,»- 164. 0095). L

A



.

monltOred u51ng a’ Cary 210 UV—VIS spectrophotometer equlpped w1th a'

9- S
? : ' : i

cell;rprogrammeri_'wavelength programmer Qand tlmer accessory 'A.;ii

/ 4
i sl

Roékwell Alm 65 mlcroprocessor‘ was lnterfaced to the Cary 210 to'h‘.

/gld 1n data collectlon (Append;x 1. The cell compartments werej-

’, \
M

¢hermostatted at 25+O 1 °C by means of a (:olora Ultra Thermostat S

constant temperature bath All experlments ‘were carrled out uSlng 1M,

cm path length, 3 mL capac1ty, matchlng quartz cuvettes.

Sgdlum formate/formlc acxd buffer ‘was used from pH 2 8 to 4 0,‘

.'SOdium. acetate/acetlc ac1d from ‘4;4“fto »5.27: MES (Z[N--’

‘%,' .

morphollno]ethanei sulfonlc 'ac1d) from 5 6" to' 6 4, HEPES (N#Z—'
hydroxyethylplpera21ne-N'-2-ethanesulfon1c ac1d) from 6 8. to 7 2,_.

TRICINE (N—trls [hydroxymethyl]methy glyclne) from ,.6 to 8. 8, CHESY S

(2 N-cyclohexylamlno]ethanesulfonlc ac1d) from pH 9. 2 to 10 0 and

CAPS (cyclohexylamlnopropane sulphonlc acxd) from pH 10 4 to 10 8. yf

. » NV
Buffer reagents were used as supplled from.Slgma ' .

Water was purlfled by dlstllllng flrst from ‘a solutionf of -

pota551um permanganate followed by three further dlstlllatlons.~ The

'['ethanol (95%) was purlfled by dlstillatlon., The tetrahydrofuran 'TL

(THF) was drled over sodlum and dlstllled meedlately hefore ltS_

:uSes

Unless otherwrse stated,vall reactlon rates were mOnltored ln,"'

31 6% ethanol/H O (v/v) w1th an. lonlc strength equal to 0. 345 M by

addltlon of ar calculated amount of KCl (after correctlon for the

amount of~ionized tpfferXfand‘a [buffer] =0.21 M,‘in largelexcessf‘

o

“, over LcatalySti.u S -

193
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. “.
'The, pH of all ‘reaction 'mikt-tures "was ,rev‘corded'_'beforef’ and -after?v
. every klnetlo‘ measurement? dsing.”af Radlometer' SKZAOZB :oomhinedl
. e : L ‘ :
;electrode in conjunction w1th a TTT2 tltrator to ensu‘p that the pH.i .
:yremazned .constant throoghout the ‘course fof the 'reactlont ,fnej ; -

"electrode was standardlzed and checked for linearity by ,using’

,‘Y,VCanlab‘ t_v4~.‘o (Potass:.um Ac1d Phthalate 10. 21 ’g/l ), 7.0 | (SodJ.um N |
tfPhosohate} dlba51c 5. 77 g/l, 6Potass:.um Phosphate, monobaslc‘ d;5h#v‘

B G/l) and. 10. 0‘(Borate) buffers-. ?%f‘“d‘ﬁ~/._‘j BRI R .3“‘4
\.v'ellv reactlons “were‘-cheokedifby‘;reoetltive’}soanning"lln_'the

~1ultraviolet/yiSible‘andjwere'fQUnd'tofshowbtioht'isosbestic points. .
' I'AMeriments_ were followed to completion. and the pdeudo-
e A SRR TS OTRIEAoN, Ene mhe peen
'first'order-rate_oonstants were'obtained fromyainon;linear‘least'

1squares analysisiof the data (Appendlx II) In order to-determine’

.9

' that the reactlons were 1ndeed flrst order, plots of ln(A - A ) Vs
':‘}time were.checked for.linearity-over at least;three half“lives.ﬁhu

Acylatlon 'rates were followed under pseudo flrst order‘

= COnditions'.where'f[catalyst]—10 20 30 [PNPA{H by,‘monltoringv the.7~

appearance of p—nltrophenox1de at 400 nm Stock solutlons of PNPA aS“’

? ~!

‘syntheSLZed by the method of ChattawaySQ (mp 79 80°C llt-8079 5 80°'

hC) were made every few days lh 95% ethanol (1- 2 x 1Q'“ M) All‘rate
3 .a . )
constants were determlned_from atvleast three:reproduc1ble»results_
for each of three different’catalyst‘to PNPA concentrations.'

The measurements anolVLng the acylatlon of cyclohexylmethyl—fl

_thiol ‘(Z)f w1th PNPA were .monltored ‘in H O/EtOH ‘ (95%)/THF g
'(64 4/29/6 6) (v/v) w1th an 1on1c strength of 0 32 M- and ‘a [bufger]
= 0.19 M due to the lnsolublllty of cyclohexylmethylthlol in the7l' 2 ?;t

aqueous ethanol mlxture. Otherwzse the measurements were executed Ln



-wthe same manner as dlscussed above.‘-‘.'l L S ‘f"jx ER

-
- for
mtﬁejcurve was extrapolated from the known pKa of the compound (Table}:~'

'Acylatlon rates w1th 4(7 )-hydrokymethylbenzimidazole (125),'1—me-5

'~J"The k

-z’Appendlx I "j': : ,and_,~{:~g i

“a Radlometer SBR3 tltrlgraph.‘In a typlcal run 10 mg of 4(7" )—acet—""

s

.h The klnetic measurements for the acylatlon of 4(7 )-thio-uf

A

"QmethylbenZLmldazole (Ba) and 1—methyl*4-thlomethylbenzimidazole (Sb)‘
.I: T

W

'wlth PNPA were fmonltored Ln a sxmllar .manner exc t that all,?t““'

‘fsolutlons-‘were 7degassed by bubblinq argon through\ the 1stock‘

/

solutiohs_fon;30 min before the klnetlc run was executed. Thrs.was

"done ‘to éreﬁent *air.gakldatlon of the thlol to the corresPGndlngﬂy

E dlsulflde..Even with th1$ precautlon cons;stent experlmental values-;

obs

\

"Z)Jas shown ln Flgure 6. The results from the klnetlc experlments "‘

¥

e

———
.\\'

:,thylbenzlmldazole :(11 ) and 4—hydroxy'dthyl 1-methylben21m1d-azole1f

(12b) showad ‘no. enhancement over the buffeﬁ\\nd hydrox1de terms"'

obs Vs pH values for all the acylatlon st.'

. " ‘ ~
The measurements monltorlng the decomp051tion of 4(7‘ -ag

'7'oxymethylbenZLmldazole (69a), 4-acetoxymethyl 1-methylben21mld-azole¥

"A(69b) and benzyl acetate (71) were followed by tltratlng the -

llberated ac1d w1th a tltratlon assembly conslstlng of a Radlometer

TTT2 titrator and PHA943B”t1tration module‘ln conjunctlonfw1th a”:m‘r

fakit

iRadlometer 6K2402B comblned electrode and recorded as -a functlon oft;*;

: _added o 1qpo N NaOH'(dellvered by a Radlometer ABU12 autoburette) on;‘f

» 4oxymethylben21m1dazole (69a) we;\\dlssolved in -1 mL of ethanol and.

: added to a cell thermostatted at 25 C*0v 1 along w1th 3 0 mL of 0 5 N

EIA
] Y.

}v v . L ‘.0;'“ -Y:F

at pH > 9.2 were lmeSSlble to obtaln. From pH 9 6 to 10 8

for the acylatlon of PNPA are $hown in Tables '3 to 8,11’,and 12.“3

1es are glven ln'

531§§7;
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KKCl additlonal -1 _mb'fof’ ethanol ‘was added/\gb vthatfithe

196

:'experlmental cohdltions approximated those ‘used ‘for the |

pectrophotometric measurements sf closely as’; possible.' Au"slow.fi“

\

. (d"" )

g

\

- and the rate constant was obtalned from a plot‘of ln(C C ) vs timek‘

5 i

': where C "ls the total amount of OHT whlch had té be- added to

v

- completely hydrolyze (69a) and Ct lS the [OH ] added at tlme t. All'

;vrate c0nstants were derlved from at least 3 reproduc1ble runs-‘3

T.ztream of nltrogen was bubbled through the' stlrred solutlon as~¢he“’;

000 N NaOH was added. The reactions were followed to complet’/n},iTVST"ﬁ

The decompos;tlon of benzylthloacetate ’(70) 'and 1fmethYl~44"’

Y

‘ thloace oxymethylben21’ (27) W

metrlcally at 251 nm and 573 nm r
ichecked for buffer catalysxs by us1n Q. 21 M,‘0.16M, 0. 13M and 0 02M

fhfbuffers whlch were obtalned by dllutaon of the orlglnal 0. 3 ‘M

“buffers .wrth‘ water.. The final rate"constants; therefore, were_ﬁ'
‘obtalned by extrapolatlon of k b to zero [buffer] Data were‘fit'tO-

'ha nonbllnear least- squares' program (Appendlx 2) and each rate‘7.

S constant was. the result of at, least three reproduc1ble results.,j

<‘.

'e. followed sPectrophoto-f

pectlvely. The reactlons were»

"

: The decompOsition of-4(7')-thioaCetoxymethylbenZLmidaZOle'(65),'?

- was followed tltrlmetrlcally at pH s 11 5 and 11 G as per the method

'used for compounds t69) aeg (71) and spectrophotometrically at 250 i

nm for pH's 10.4 and 10.0 as.per the methodv:sed.for compounds (27)7

~and (12)3,

'The_decomoosition of'1¥acet§lv3~methylbenzimidazolium,acetate

(76) -and' 1—acetylbenz1m1dazole _(74) was . monitored at~.290 nm"in"'

/,4;

-

'buffered solutlons. The reactlon was. checked for buffer catalySLS byl}

uslng O 21 M and 0.02 M Duffers and theﬁ flnal rate:'constants



3;;Amod1f1cataons provided by a Digllab FTS NMR-3 8ystem- or analysrs of

197

L
: . . . i

7monitoring the reaction at 265 nm.

P

Product analysls for the klnetlc experlments l

w“ o

‘fNMR. studies (Varlan HA-100 15 spectometer thh ] ourler' Transform

‘1ﬁUV—VIS _spectra (Cary 210 -spectrometer) “For - the ‘second order rh
reactlons the catalyst and p—nitrophenylatetate_we e dlSSOlVEd lnl
vethanol d6 and D O/NaOD was added to lnltlate the reaction.: Spectra
5were taken lntermlttantly tc monltor the changes occurrlnq.'

The decomp051tion of the O and S-acetates were done ine the same
‘";way 'w1thout PNPA.- The decompoeltlon of the lmldazole N-acetyl

.compounds was followed spectrophotometrlcally by contlnuous scans Ln o

"'.the UV-VIS ‘and the product analyzed by comparlson of the flnal

. spectrum w1th the UV-VIS spectrum of the correspondlng VH compoundj

kj(Flgure 18) 1ﬁ/the same medlum R SRR R ’tlv . ..

pKa Determinatlons

The pKa determlnatlons were performed ln a Jacketed cell kept,t
at 25+0 1°C wrth a Colora Ultra Thermostat constant temperature

_bath.-Carbon dlox1de was excluded from the cell by paSSLng ‘a gentlewvn

-

'streanx of nltrogen through the cell. The ‘pH ‘was' recorded as a

}functlon of added 0 1000 N. NaOH by tﬂb method descrlbed earller for f

*

’{4(7')-acetoxymethylbenzlmldazole (69a) ’
i A typlcal run was performed by addlng 3 0 mL of 0. 5 N KCl, 1 mL_h

0. 1051 N HNO3,'1 mL 95% ethanol and 0. 025 mmol of the substance to -

Ay

Jbe tltrated ln 1 -mL ethanol to the thermostatted cell (25 C) and

‘titratlng w:.th 0. 1000 N NaOH.

Each pKa was the average of at least three reproducrble runs.
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“APPENDIX‘lE-_"v-f4V . - ";_ - hx.;‘_t

‘“Instrumentatlor

All -the spectrophotometrlc klnetlc measuremepts were run: on “a’

",Varlan Cary 210; spectrometer equlpped Wlth - cell programmer,

o vwavelength programmer and tlmer accessory The spectrophotometer was,d’

i lnteriaced to a Robkwell Alm 65 mlcroprocessor-

A

e
Y

h\‘* It was: necessary to c011ect and store the numbers' representiné.
the. absorbance' of the molecule under study vs tlme. The' Digital

Interface Port of the Cary 210 spectrometer contalns a 72- blt outputA‘

» h_‘reqiSter arranged in an 18-word deep,‘ 4- blt w1de shift reglsﬂer

1;conflguratlonﬁ Upon command from" the perlpheral ceptroller thls data,
:ils clocked out: of the shl‘t regrster and lnto_ the D. I E. output“'i
i.1:>uf:'fers‘ ln.l8 serlal pords composed of 4 parallel blts or nybbles.f,
‘r:The 4- hlt word or "nybble" is then avallable on; llnes iBCD1" throughdi
"{"BCDB"‘ All.numerlc data 1s ln blnary coded.dec1mal"BCD) format.

Only the nybbles whlch contalned the cell—programmer .samplegf
‘pbsition, thev51gn and positlon oﬁ the decrmal place and the dlglts
of the.ahsorbance were of 1nterest;o:-” . -

The‘D I. P.' operates ‘in a handshake mode in whlch the D I. P.‘ls"

the slave and the data stream is under the co&%\pl of the perlpheral

RS

. =
g contrdller-

The lnterfacing was-done in‘the’follomingbmanner.v~The cﬁeppe;'~
mlthlnhdthe spectrometer produces a "SfNCH" pulse every 61 ms- whlchd
is; 5 ms ln.duratlon. The data must be ‘colleoted beforeh anotherh"
.FS¥NCh"(,pulse causes a "RESET" whlch starts the»lcollection voﬁer‘
a'gain"w"ith.the first 4-bit 'word. | Therefore, ‘thev handshak,e operation

rd

200 .
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for a particulargtranSfer~0f information began with a search for -the

. "SYNCH" pulse.- L _
R e ~."1‘! L . o
:¢‘ The other status and anut/output llnes lncluded E

. 1)~:PRINT:. "PRINT"'comes from the t1mer accessory after every‘

”,:recordt'interval and synchronlzes the taklng of data w1th the..pen

drop on the str1p chart recorder.

4, .

-‘KYZ)ECNTL: A tran51tlon from hlqh to low starts an; input/outpﬁt"

.

o0 . ., .

3). FLAG1 A .transition frOm_high to low tells the- peripheral ..

o 4

controller thaﬁ the‘ D.I. P.“ has 'completed. its'»half ‘of'j_the'A

ﬂlnput/ouiiiigzgransfer that was started by "CNTL"‘ becomlnq ‘actlve.

.

R

"vready for @nother I/O cycle.

4) FIRST-’When "FIRST"‘qoes 1ow the flrst 4—b1t word of the 18-h

‘2
v

: word block 1s,be1nq-transferred from thefD.I.P. 'on lrnes \ﬁBCDh“l-. g

throuqh "BCDB" durlnq thls partlcular I/O cycle.'

I/O; When "I/O" is.; low the ‘data 1s belng 1nputted lnto the

.

C perlpheral controller.

The tlmlng dlaqram 1s 1llustrated ln quure 20.'

' Electronlcally, 'all 1nput llnes were passed through a. TTL 7404_ _

o

1nverter equlpped w1th a 5 volt re51stor. The output llnes-"I/O" andi-

"CNTL"_were buffered throuqh 7404 lnverters. e

Port ,B on the 6522 I/O ch1p was . used as- control and Port A - as -

f'the data collector. In Port‘B;bits O.and‘1 wereeused‘as’output for

:

By ?CNTﬁ“l.and WI/0" respectively'andfbitsw4f7 were used as input f¢¥'

" "SYNCH", "PRINT", “FIRST" and "FLAG". ' "BCD1" throuqh;“BCD8"~_were_'

.

hooked up. to PAD to PA3.

woe changes state from low to h1 h to’ 51qn1fy that thelD I P. bisv,
\ q o

- 208
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" The data collectiOn sequence was controlled by the: machlne

-flahquege pfogram. - Step ?l checked for a V"PRINT”.,pulse, whlchg .

a i . ¢ -

Vcoordlnated the collectlon of our data w1th the pen drop ‘on thef

v

cstrlp chart recorder. Step z checked for the tran51tlon of a “SYNCH"

pulse £rom h1gh to low whlch meant we were at the beQLnnlng of a 61.
Q_ms perlod 1n which the data was valld. Step 3 checked for "FIRST" to
tell us when the flrst 4-b1t word was on llne;‘ Step}4lpushesn“QNTth
';low and " ualts for "FLAG“'to go low..‘Once "FLAG“ is:louuthe deta Qae;
: collected;.Step 5.pushesl"CNTL" hlgh and walts for "FLAGﬁhto qo hlqh
‘wh;ch s;ghlfles that the D I. P.«.ls ready to undergo anotherv I/Otk
l:cycle;d lhe""l/o" llne is kept low as’ the'DgI.?.. yae usedhohly'to»:
Sihput lnto»the;perlpheral'dev1ce.'mThls.c§c1etleffeoeated'uhtillsall

>_18‘i4¢bit- Vords:have‘been-collectedl' The machine .lanquage - program

iaiscade’any,ofﬁthezanbles.which are;unWanted‘and transférs control

o s . o B g : L .

to BASIC whete;the mathehatical:manipulations»arevperformed,

: Lo T L0 : . o . - . . AN ) . J
o . ' ) - : . R “ o . “

210
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L | KINETIC' DATA Acouxsrrzon oo
‘BASIC'\L‘ i:“t<  ST commewts T

S DIM.M(250) - - T A S o Jv"~ o
-6 DIM:§(5)" .0 1‘7"“‘I" F A L
7 DIM/H(150) , = - - . Lo S
‘10" DIM B(5) SR
20 PRINT"INPUT 4 RUNS" o S
~+30.INPUT R = Lo : N R
31 W=R - s SR R ; T
40 PRINT" INPUT t CELLS"“' . \” " ' ‘ : 3
50 INPUT C , C
60 POKE 8961,R "~ '~ o 1 Number of runs in $2301
~ 70.POKE 8962,C " Number pf cells in $2302
.'BO‘PRINT”INPUT CONC OF CELLS" : . g
' 90 FOR-N=1 . TQ C
100 INPUT B(N) . A ’ ;
110 NEXT . . : ‘ v s
. 120 PRINT"INPUT scAN TIME IN MINUTES“ '
130 INPUT D1 S
140 POKE 8963,D1 ) o Scan tlme in $2303 . .
150 PRINT"INPUT SAMPLING‘INTERVAL"‘ M } ' v
160 INPUT D2 . - ‘ ' g ,
170  POKE 8964,D2 g C , Sampllng Lnterval ln 52304 . S
'18.0.D3=D1*D2 S . R . - : . {/“
190 POKE:8965,D3 . R : o e - I
200 PRINT"NUMBER OF RUNS '";
210 PRINT" NUMBER. OF CELL~ ="
220 FOR N=1 TO C. . '
221 PRINT"CELL" -”couc* B(N) B ,
. 222 .NEXT . ’ ey : R L
*223 PRINT"INTERVAL BETWEEN POINTS 18 ";D3 x R S
/224 PRINT"ENTER- L Fon MISTAKE ELSE 9" ./ ’ o :

R
ic :

225 INPUT M.

. 226 IF-M=)l THEN. 20 o : : S : :

227 POKE 04,00 . oo Lower byte of memory locatlon .of

. P LT s - ‘machine language proqram o .
3228_POKE‘05,32" O .. .» - . Upper byte of memory. locatlon of !

) e S e ‘machine language proqram ; ‘

229 X=USR(l) .. -~ S - Jumps -to machxne language program

230 IF R<51 THEN DS=l. B ' : i ¥ o

231 -IF R>50 THEN.DS5=R/50 - T s k ’ : ”‘

232‘Q-PEEK(8417)*256 e ‘ ,HLgh byte of 1ast memory locatlon

B © . .used  (20El)

‘233‘B=PEEK(8979)-' R L Low byte of: last memory locatlon
T R SRR (2313)a-‘ _ B

. 234 =1 . g
‘240 FOR E=l TO (C*S) STEP'S

7241 R=Q4+B+E-1. “

251 GmK+7 A ; .
252 S(U)-PEEK(G) B :

.« 255 Umy+l A~ oo S ' R N LTl .
260 L=K+6: . ' S T R

= 270 FOR N=K TO 24575 STEP (C*8*D5); 24175 = SFFF - R

. 7280 X=PEEK (N) .- - . LT o " Sy

1290 X=X+PEEK(N+L)*10 . - . . Cel

. 300 X=X+PEEK(N+2) *100 _ .~ - ) Combinés digits of absorbance
310 X=X+PEEK (N+3) *1000 BN R L Lo
320 x=x+PEEX(N+4)'lOOOO . . E



212

N T T
. BASIC - - Lo Y COMMENTS
330 y=PEER(L) . . . . .
340\IF 'Y=1 THEN X=X/100000 . . PR ‘
350 IF Y=2 THEN X=X/10000. - :
360 IF- Y=3 THEN X=X/1000 . . gi:g:s dec;mal poxnt in correct
370.IF ¥=4 THEN X=X/100 : ' : ’
380 IF Y=5 THEN X=X/10 :
390 M(J)=x T
" 410 L-L+(C*8'D5)
‘420 J'J+1 ‘

430 NEXT N

440 NEXT E

470 FOR F=] TO W STEP DS Sl e s

480 H(F)=DB'F T o o Time . iseclaculated

490 NEXT 3, - S R ..
501 K=W = - . o o

510 T-(W/D5)+I _ )

- 530 FOR x=1 TO (c- l) :

540 O=1 . e , S _ -
550 FOR JJ=1 TO K/DS : - o ' g . : DR
560 RR=M(Q+(W/D5))~M(JJ) The baseline is subtracted fnom the )

- , ' : o .cell absorbance

© 570 'M(T)=RR .

590 T=T+1" . o ST

© 610-NEXT - - . _ L : ' o L T
620. W=W+R R : : D o

630 NEXT" . R el : Coel T
' 631 PRINT™ " . ' . - . T, o R
632 PRINT" " - : C f / R SRS
640 AA=1+(R/DS) . R ST £
‘650 FOR -U=2 TO C - = S : ) T )

-660 PRINT”CELL#“,S(U) : :
670 PRINT"ABS. - ""TIME(MINS )" i . =

680 FOR F=R TO 1 STEP.=D5 = . . 'Data is printed out . < -
690 PRINT M(AA),H(F) o . . S

700 AR=AA+] [ : . -
710 NEXT = - R s et

© . 71L PRINT™ ™ Co w T
720 NEXT . T
“730 PRINT "ENTER l FOR PP ELSE 9"

740 INPUT H1 _ - R N
750 IF H1=9 THEN 800 o T : ' v
760 AA-1+(R/D5) FOR Um2 TO'C o :

770 _FOR F=R TO 1 STEP ~D5 N

. -780 PRINT M(AA),H(F)

790 AA=AA+1: NEXT NEXT
' 800 END L

&



ASSEMBLER

LANGUAGE PROGRAM

*=$2000

LDA 4500

STA $2314 »

LDA #500

STA §$23719 -

LDY %00

LDA #00 e
STA SA003

LDA #03

-STA SA002

LDA #$01. .
STA S$SA000

"JSR PRINT

F10 LDA $2304
STA.-$2310

"F9 DEC $2310
BEQ 21

LDA $2302
STA $2308

' K6 JISR SETP

JSR SYNCH

JSR FIRST

JSR SSTOR

DEC §2308

BNE K6

IMPF9

21.LDA $2302

STA '§2308

JSR SE9FO

JSR NUM o

C2 JSR. SETP

JSR SYNCH

JSR FIRST.

.- LDX #SFF

~LDA $A001
STA.$2900,X

DEX ' .. .

LDA #$11 -

STA 32307

27 ISR SETUP

LDA $A001

STA $2900,X .

DEX L °

JSR AGAIN

DEC $2307

BNE 27 ¢

JSR. TRANS

JSR CONV :

JSR RUN.

DEC $2308 "

BNE C2 -

‘DEC'$2301

BNE F10
STY.$2313

" RTS

Sets uplspacerfor the run counter

Sets up Spade,fof the run.counter

. ‘ /
Sets up Port A for'all input

“Sets up Port A so that Bits 0, l are output

Sets up I/O low and CNTL high

2304 contains the sampiinq iﬂterval ‘

: ' . . [
2302 contains the number of cells. ot

' Monitor subroutine which prints a black line.

’

" Loads data from Por: A

Stores the first 4-bit word

Stores "the next 17 4-bit wqrds.qf data

' 2301 contains the number of runs to be
_executed . ‘ :

Contains last memory location where data is
stored - S - -

-



SYNCH LDA $A000
AND ¥$10

BEQ SYNCH

QQ1l LDA $A000

© _AND #S10

‘BNE QQ1
RTS

SETUP LDA #00
STA $A000 ‘
28 LDA $A000Q,
BMI 28 ’
RTS - ,
AGAIN LDA #01 .
STA $A000

29 LDA $A000
BPL 29

RTS S
TRANS LDX #06
Cl LDA $29F6,X
STA $29A0,X
DEX

BNE C1l

LDA $29FF

STA $29A8

LDA §$29A6

STA $29A7
LDA $29A6
CLC . -~
"AND #$08

BEQ D1
. LDA #S2B

STA $29A6

JMP EE1 .
D1 LDA #$2D
STA $29A6

EEl1 LDA $29A7
AND #5507 N
STA $29A7

LDX #$08

F1 LDA $29A0.,X .
DEY IS
F2 STA $5F00,Y
BNE F3

DEC F2+2

F3 DEX

BNE F1

RTS .~ |

CONV LDX #S05
J1 LDA $29A0,X
CLC -

AND #SOF

ADC #$30

STA $29A0,X ..
DEX -

BNE J1

LDA $29A8,X

AND “§SOF

ADC #$130

Subroutine Synch waits for a Synch pulse

. Pushes control low - B

Waits for flag to go low

Pushes control high

Waits for flaqvpo go high

Selects 4-bit words of the 18 we want
29A6 contains sign plus decimal place

Loads 29A6 with "+"

Loads 29A6 with "-"

Clears bit 4 if set

Changesléage when ¥=0

Converts 4-bit words to ASCII for printout

2I4
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STA S$29A8

RTS : ‘
PRINT LDA #$52 )
JSR $E97A « ® _ o
LDA #555 " _Prints "“uy" _
JSR SE97A : R ‘ . : .-
_LDA #$4E Prints "N" ' C o :

JSR SE97A | _ . 1 , T
LDA #$23 Prints "#" - S : 2
JSR $E97A _ . o -

LDA #520 _ . .
JSR SE97A . C b

LDA #8520 :

JSR $E97A

LDA #$20

JSR SE97A o o , ,

- LDA® #$20 PN v -

- JSR $SE97A : . Co : .

Q:ints "R" ] -

JSR SE97A , . , =

LDA ¥#$20 ‘ ’ .

JSR SE97A o . L
LDA #520 - . : ) :
JSR $E97A

LDA #520 : : . : : .
JSR $E97A , o T Cmee—
LDA #$43 : o -Prints "C" ; . _ s
JSR S$E97A o - ’

LDA #545 o . .. Prints "E"

JSR SE97A , B o

LDA #S4C T Prints "L"

JSR SE97A ' o -

LDA #S4C ' : Prints "L" ) :

JSR SE97A o ’ . : ' ~
LDA #$23- . Prints "4" . :

JSR SE97A " L -

LDA #3520 P B .
JSR SE97A : :

LDA #$20
JSR-SE97A
LDA #520
JSR SE97A
LDA #$20
JSR $SE97A
LDA #$20° T .
JSR $E97A - ’ N

LDA #$20 . - : < : ‘
JSR SE97A o o : o .
JSR $SE97A- . _ . :

LDA #$20 °

JSR $ES7A A '

LDA #$41 : . ~ - 'Prints "A"

JSR SE97A : .

LDA #$42 ' : Prints "B" , : - ’

JER SE97A ’ : ) AR
LA -$#$53 ' T Prints. "S" . ) A




JSR SE97A
LDA #S2E
JSR $E97A

- RTS .
FIRST LDA $A000 -

AND .#S40
BEQ FIRST
RTS

- SETP,_LDA $A000
" 'AND #$20

BEQ SETP
RTS .

SSTOR LDA #S11
STA $2307
K4 JSR SETUP
LDA $A001

DEX

JSR AGAIN

DEC $2307

BNE K4

NUM SED
LDA $2314

ADC #01

" STA $2314

LDA $2314.
CMP #S500
BNE EE3
LDA #01
STA $2319
EE3 RTS -

o

* RUN LDA $2319

ADC #$30

< JSR $E97A

LDA $2314
AND.#$F0

Waits for "First® bit to be set -

\Subroutxne run counts ‘the runs

"v. ) v“' "' R | - ‘216

Prints "."

Waits for "Print" bit to be set

.

$kips storing the data if ihtqrval >1

Set§\dec. counter and stores run # in 2314

— . - . o ¢
~ -

If count >99 location\23l9 is loaded with #01-

P

/COntents'of 2319 are changed to ASCII

.

Prints ASCII number
Contents of 2314 are changed to 2 ASCII\{\S

e .
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LgA gszg v , Lo
JSR SE9TA e .
LDA #520 . ‘ g
JSR SE97A
LDA #$20. ' »
JSR SE9TA
+LDA #520 o
JSR SE97A S ' .
_LDA #¥820 ‘
' JSR $E97A
LDA -#$20°
JSR SE97A
LDA $29A8 R ' \
JSR $E97A
" LDA #$20 ‘ . .
JSR SE97A o
LDA #520 — :
JSR.SE97A .
- LDA #$20
JSR SE97A
LDA #S20

JSR SE97A ' ) c ‘
LDA #$20 . : . )
JSR SE97A . - : oL : ' o
LDA #$20 : :
- JSR SE97A .
LDA #$20 - - s
JSR,"SE97A .
LDA #$20--
JSR SE97A
¥ oA #s20
JSR SES7A
LDA #S$20
JSR SE97A
LDA -#$20 ‘
JSR SE97A . : ' .
LDA #$20 - . - .
JSR SE97A e ' :
LDA $29A6 Prints the cell #
JSR SE97A ‘ : ‘ o o
LDA $29A5 ' : : Prints first digit of absorbance
"JSR SE97A : : :
LDA #$2E = - o Prints decimal point -
JSR S$E97A . :
LDX #S04 : :
L1 LDA’'$29A0,X Lo Prints remaining digits of absorbance
JSR $E97A . '
DEX
BNE L1
JSR SE9FO . -
RTS ' ! o’
END ’ 4

. i

i



Appendix 11

Non-Linear Least Squares Analysis

.1). The numbers Ecpreuntlng the absorbance vs time are read from
the paper tapes generated by the Rockwell Aim 65 Microprocessor.

0

03 PHPA + 10 EQUIV. THIML 8.0
203.9 © 380 1 10 .001

206 .008 O -1 ‘ .

308 1.388 200

208 © 1.3487 198

207 1.3309 192

200 1.332¢° 108

200 1.3227 104

210 1.3181 190 C e
21 t.3089 178

212 1.3988 172 °

213 1.287¢ 168

214 1.277¢ 164 : .

218 1.2089 180 .-
218 1.2873 | 188 . oo :
217 1.2481 152

218 1.2346¢ 148

219 1.2242 144

220 1.2129 140

221 1.2 138

222 1.1888 132

23 1.1748 120

224 1. 1809 124

228 1.1478 120

228 . 1.1328 , 18 ' . o - \
227 1:1183 112 i '
228 1.1032 108

229 1.0878 104 :

230 1.071 100 .

231 1.0843 ”.. . :

232 . 1.0364 2 . y

23 1.0189 [ ] :

234 1.0004 0

238 .9802 ©

23¢ . 9808 1L

237 .9407 . T2 c

238 .9193 )

239 . 3968 .4

240 .8743 %0

241 .8%03 e .

242 L8281 s2 o

243 L8011 40

244 .T74 “ )

248 .7472 0 -

248 .T187 e :

247 .e918 22 * s
248 .6818 28 : y

249 .8299 24 : . ‘

230 . 9876 20

231 .5843 - 16

232 .9208 12

283 L4009 8

284 .da88 4 - : . .
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¥

',‘) ;A non-lmear' least squares f‘t Is_ executed on the data to

; determme the rate constant. L

3 €
" SRUN. ewATFTY scnos-q.so:nu(z.z‘oc,)#uxmsn 8ePLOTIP(LAST® 1) GanPRINTS
.5 SSOURCE *MSDURCE: e Mty D R . -
/COMPILE MOVARN WOEXT T S S

c pnoqnu yom 3 PARAMETER -uon. us('r)-:aS( )‘(AIS(O)-AIS(‘)),'E'XF(-K'T)
IMPLICIT. REAL=S(A<H,0+2) - .
.- REAL*S SETA(10),€(10}.0(10.10), DINV(10. 10),DER(10), .
RS v(zoo).ruvz(:oo) smzv(m) ozLuo) x(so zoo) ) o -
SR ) © L YIN(ZO), 'rx'ru('o) R T . : .
Yol U LOGICAL  DONE . L )
: WRITE(S, 4222) .
4222 FORMAT('S.0 .. 8.06°)
10 READ 2223, TITLE
2223 FORMAT( 10A8) - o
READ ,NPAR, ms NvaAR, nux zrs . . SR ' . . - :
READ, (BETA(L), et NPAR) o L e : R
L UREAD L (YIN(T), (X(U, x) =1 mn) =1, nns) o : . o o L
T D0 8 ey, NPYS . S S
s v(r) “YIN(D) JESR B : I

l M—T!l! FORMAT 1S - USID Hll! TO OUTWT THE TAILE OF o e
‘X. Y. YCALC, ’V VCALC AT LINE 81 - . :

X L T N Ty VR

&R

‘oana;

wmITE(S, 1@)1’!?!.! NPAR "TS NVAR, NMAX, EPS
L . WRITE(S8,2224)NPTS, TITLE : .

.3 2224 FORMAT(13/10A8) . o : P S : )

: L WRITE(E,1010) (BETA(K) ke nnn) T S A T
WRITE(S.1018) . co o S - . S Lo

J 00 18] = iy ”TS L - ) . o P

1% WRITE(S, 2222) (x{J,1), ey, NVA') LYELY. ORI N L -

2222 FORMAT(F 10.2. 3”0 5) R ST R
-ITER o . . . . . . Sl 3 . )

&

: st'rmtcvtc'rou ANO THE O-WATRIX TO ZERQ. . - : ; oy

S ‘noo

ZOOO:IOK-| Neag oo Ll . : B B SRR
c(x)-oooo_, . C S Lo e
DO 20 1S = K., NPAR . .

<. D(IS.X) « 0.00Q i . : P
30 CONTINUE . o T
oosox-|.mrs i :

QET VALU! 0' 'WC?!W AND D!H ATIVES ‘AT THE I~ TH PDINT
x-v(n-mu.cum xn n, pER) - B
‘USE ms: VAl.UlS 10 W! A”'O’I!AT! Tﬂls IN SMYXONS

AND' STORE TME RESULTS IN TME C-VECTOR AND THE LOWER HaLF oF: co
THE O-MATRIX. N - B . S e

- hnana oae

00 40 Kk = 'f. w‘n ;
C(K) = C(K) + DISOER(K) . . .~ )
00 40 1S = X, MPAR - \ I S ‘
D(1S,X)=0(1%,K) « on(x:)-ou(x) BT SRR T W L ; )

COPV LMI OFF-OXAML !L!I!NTS ACCIOSS o UP’!& O'F-OXAML

“—*88

- B nocox-v.nnn ) : S . : CL . . N
oocoxs-xm:a" ¢



O Sy s 220
A ¢
> &

B I D(X.13)%0(1S K) - : §
.1 (5 INVERT D. : TR : I SR, P
e caLy uxn\mpn 10.0.D1MV) L.

. e

e8¢ w: e rucanmrrs 10 e naurrus
‘68 €’
oo‘ox-'..u .

Bl'« 0,000 - o SRl : -

‘9. L PO 7018 e g 'll . R I : v
70 70 .01 = 05 « oxm(u u)-cus; : S : . .

o 80 DEL(KX)=01 o oo T
72 . CITER - ITER o 4 oo v
7 T wmITE(S, waou'ru (ou(x) Ket, nu v o :

74 . ‘DONE » . N

. ¢ ;

% ¢ " ADOD xnclt-tms TO nn-tnns »o Tl!‘l’ ron cauvtnc:ncz
77 c :
: 0090 K o 1 ;. NPAR -
) .un(-)-un(xmnun) s S R . .
<xr(onsutu(u)-t-s) LT, ous(ou(«)n DONE s |FALSE. : o

CONTLIMUE
S RITE(E 10:!0)(!!71(:) Kei, NPaR) .
< IF({ .NOT .DONE) . AND . (:'rn LT.NMAX)) @O TO 20
$IGY * 0.000
. WRITE(N, 9999) ltn(n ] : . ; : .
“FORMATCE IS, 8) I I « S ot
o 00,82 Te( /NeTS ‘ o
CWRITE(8.2323) X019, 1) V(x) :

ca'w! Yuc vnxmc! no svuono ozvunou IN. v.

. - ; ! o S .
88 U DOSS T e 1 NPTS ‘ (RS ' b
[ [0 FSAVE(1) = tcncutu X(1.1),DER) "
90 98 $SIGY * SIGY < (Y1) < FSAVE(1))em2
BEE 1 R, sxcv .. sxav/oupn(nﬂs nnn) '
.92 c.
I canvut! sfucno n:vunons tu ucu or m nnunus
84/ L@ ;
e8! - ".'--Doul-| L MDA, D o : . :
. R /88 STODEVI(K) .o Dson(srcnorm(l u)) oy 5
N 1 i . WRITE(S, 1040 )NPAR MPTS ITER . - e : . i i
08 weITE(S, 10:0)(“‘“(” s'rno!vut) Ko nan) ) ) RO, : :
0. T mIYELE, 10600 1 ‘ 5
B - - R :nn!(c 2222)° ((x(u 1y u-v wn; v(1) ‘?’snvul) v(l) rsnvt(z)
101 SRR 1. c 'OTS) 3
102 - oo 10 :o L : : .
© 102 1000 - FORMAT( mn// R ) i
104 : A m-u»nl LEAST nu mus:s usinG & -uou '
108 ' 1/ OABS(T)eaRS(*)+(ABS (D4 -405(%))rEXP(=xoT) /) . : o ; .
to8 . e nvn',x:. ~PARAMETERS *//° TWERE ARE'. 14, DATA. DOINY!' e L o
R - A 'z st AMDY (13, IMDEPEMDENT VARIASLES . //" ITERATIONS aRE’ . : . N .
108 - R A - CONTINUED ‘UNTIL ', 13. " 'ITERATIONS MaVE SEEN PERFORNED
108 nC apeon m( RELATIVE CORRECTIONS YO THE PARAMETERS. *, N
190 ¢ ‘FALL BELOV: ., 19D 12.4) "
RS © 1010 FONMAT{///' THE mnuo. vaLugs or ™E nn-t'rns nt '//
112, 1 (10(1PD13.4))) Lo oo .
113 1018 ve-n(///' DATA TO: BE £IT 0. THIS WODEL. BY LEAST sa.ua:s lnunnt ° o

1a o v/ ‘ usnp [ 34 cm.uus IN THE OROER r(x).usﬂ) W)



118,

- 116

117

118
119
120
121
122

123

" 124
129
126

J2r
128 )

129

" 130

131

1332

13

134

138
13¢
REL]

138
140.

BEPY
142

143 -
144 .

149

148
147"

148
149
.. 1%0

184
192

BEELE
L1584

138
156
157

188
189
160

.16

162

163
164
148

186

147

168
169

170
171
172
173

174

10

|0w

. 1020

!030
1040

1050

1080

'M

10
.jzo
a
20
. 40
80
80

N

0

100
110

romr(//' xnnnon » 12/ comncﬂons R ] nnnntns i

105 (10(19012.4)))
FORMAT( 12X, ‘NEW" nnmn!ns (10(1»01: 4))) 3 o . S
FORMAT (* 1RESULYTS . OF - ‘NON-LINEAR. LEAST-SQUARES nuusxs MITHY, - : S, i
1 ‘. A MODEL: CONTAINING' .13,‘ PARAMETERS ON A oATA SET OF - o o =
2 < .13,° POINTS’//18, ' ITERATIONS PERFORMED’ ) . : R -
romf(///nu.-nnnt‘r:n' T38,'STO. o:v 8 . s . T

1! RATE causnm ns 19013.%,020.5/ a o i '

20 A(*) - . riT18.D13.5.020.8/

30 A(0)-A(®), 715 D013.5.020.98) = . :
FORMAT(///* TASLE. OF OBSERVED AND cu.cuurn v-vnuzs.

1//% LISTED 8Y COLUMNS IN THE ORDER: - X(1.1), x(2,1), .

<2, ' - X(NVAR, 1), voas(n YCALG(T), (vo.sn)-‘vcuc,(x)'-/)‘ o
FORMAT (10A8). '~ : Tl LT :
~END . S
SUBROUT INE wxwm mm A.8)
IMPLICIT REAL*S(A=H,0-2)
DIMENSION A(NDIM, NOIN).B(NDIM, mxn)
- DIMENSION IPVOT(100). INDEX(2, 100) .
EQUIVALENCE (xm umow) . (1cOL, ucou P e
DET=1.000 ) IR ' : . v
0O .20 .Jys 1, N S : - .
00 10 = .1 N -
8(1.9) = AtI,U) - - -
1PVOT(Y)e0 - B . Con
.00 170 et N -
FOLLOWING 12 sn'r:ntm's ron suncn run P1voT mnm‘r N
‘PIVOT « 0.000 -, : B ] } : A . A
00 TO yet N - . ! : . : - -
TF(IPVOT(U) . Q. 1) co T0 70 : : . ) :
0O: 60 K=t N : .
IFCIPVET(X)-1). 46, so 470 N S .
1F (DABS(PLVOT) . GE. ousu(x J))) Go: 'ro oo : L : . =
IROWsy . A T . .
ICOLeK - . W B o ‘ o BRI
nvot-u(xu) ol s o Co : -
CONTINUE. . . SR o
‘CONTINUE . ° - : o - ! ) : :
rpvo'r(xan)-wvor(xan)u o . : Ce

IFLIPVOT(ICOL) LE. 1). - GOTO 8O . : : ’

- WRITE(€.1000) N o : Lo
FORMAT( 16H MATRIX "SINGULAR, 1ox m-mnensmu - x:)
Q@0TD .200°
.FOLLOWING 1% s*rnsuem's 0. puT. nvor ELEMENT -ON oucouu.
80 IF(IROVW,EQ. xcov.) ‘GO TQ 110 - ‘ i ) L )
DET=-DET - R L - L : 8 © DU
DO 100 -Le1;N.- L v R : : S
Te8(L,IROV) T ) TR : S
B(L.IROW)=8(L ICOL) ~ - . ¢ . o P
B(L.1C0L) =Y R s T : o
INGEX(1,1)=ROW
CINDEX(2.,1)=TlCOL : ) : i Co R :
O€T=0ET*P1VOT : T e

120
130

FOLLOWING 6 srn:nms TO DIVIDE PIVOT. ROW &Y PIVOT u.zu:m . _ AR
B(ICOL, ICOL)=1.000" : .
00, 120 Le1,N

B(L.1COL)=8(L, ICOL)/PIVOT

- ‘POLLOWING 10 STATEMENTS TO REDUCE NON-PIVOT ‘ROWS R J o

DO 180°LIS1 N ,
IF(LI.RQ. ‘fcoL) eo To 160




Cers

173
179 °

s

. va0 Tes(1coL.L1)

B(160L,L1)#0.000.

‘DO 190.1L°1,N ” -
130 B(L . LI)=@(L. L] )'l(L !CDL)'T
160 COMTINUE
170 - CONT-INUE

00190 1= .N
T LsNe1y '

T IF(INDER(1.L) .10, nqu(: .k)) ©oTO 180 '

QW e INDEX(1,L)

- JeoLe  INDER(2.L) |
0O 80 KW 1,N- - - DR
Taa(Ja0w.K) - R ¢
8(JROV . X ) e8(JCOL. :) :

- 180.8(JCOL K)aT

190 CONTINUL - L -
. 200 RETURN S S
oo - : S :

e Gl R

[ rcagc-ctrs(z)oCtTA(:)'!x-(-t:TA(1)-x)

<
c -
- FUNCTIOM 'CILC(IITA } 8 ntlxv)
CIMSLIGIT REALG(A~N, 0-2)
- MEAL®S BETA(3).0EMIV(3)
OERIV(I) = OEXP(-BETA(1)oX)
DERIV(2) '« 1.000
.DERIV(Y) o = anA(:)-:-o!lxv(:l
“FCALC = BETA(2) » llrn(:)-nenxv(:)
: ltTUln :

/lxtcuv!

THE FOLLOWING 11 snrmms Tﬂ "ﬂ’m( CDLMS.

" c weant seraCt)seate CONSTANT BETA(2)20(*) uun anA(:)-A(o)-A( )

2 22



i l223

/ sm-us( )o(us(o)-us( ))'!xv(-K'H -
-IITN 3 nnutnns w Co ’.

ma “‘ro\ zcu'xv THENE 8.0 . - , o : Sl
NOM-LINEAR LEAST SQUARES AnaLYSIS usmc A loou A "

.YH!I! ang sooAn POINTS AND' 1mun_mr vnuus. L I L C I S BT SRR

3 !7!!!1’10‘5 ARE CM!MJID WTIL 10 XT!IAT:ONS HAV( IEEN DGIFQIIID v
. OR TH! uuuvt leCTXNS TO THE PAIA“T!RS FALL IILOI 1.00000+0

. ) % N ) . X _’ . . Y : . } N .
. THE INITIAL: VALUES OF m: nnlt'rns Al! : ot e s - :
‘tooooo-o: oooooo-on—tooooooo,- ' o

DATA 10 ll FIT TQ mxs .”l' sy LEAST SQUARES IOUT!N!
CLISTED ‘8Y COLUMNS .IN THE: ;T(I) ABS(1)

200.00 - 1.38800 -

. 196.00 .. 1.34870 :

. 1s2.00 1.33880 . gé‘ '

188.00-  1.33240 . .

184,00 * : 1.32270. .. © . NN ~

190,00 " 1.31810 . u S

176.00 . 1.30880 B . : : c ]
©172.00 t.28880 ¢ ’ ) ) . o &
168.00 - 1.38710 B’ R

164.00 . 1.277680 R s . . .
160:00 - ' 1.26490 R o . .. o ‘ :
156.00- - "1.2%9730 W S s . . .
182.00 - 1.24810 . e :

148.00 .. 1.23460 - . o o O
144.00 1.22420 . - B o : e — = C : : : v
140,00 7 1.212104; " R S S : | .
136,00 1.:0003%- : L ‘ o ‘ e R
1132.00, :1..10880 - S . BRI o ‘ - PRI :
128.00° . 1.17480. - : ‘ __ Sl

‘124,00 1.16080 : _— ) - ‘

120.00 : .1, 147%0 . o L . |
©.1,13280 "
1.11830 .
10103200 . s - e L o )
. 1.08780 . i ) . S .
1.07100 - e . - ; ‘o )
*1.08430 ST . ) : FER .
(1.03840 0 - cnes S TP :
1.01830 : Ly o . S A S

1.00040 T T e @ C SRR

0.98020. - . B ‘ R T =

0.96080. | T _ - RN . )

0.94070 |- . . ) ‘ S

0.91930 .., L S AR . o IR
S Q.89€80 ' B - iy

‘0.87430 [ : : . o

0.88030 . : . O

082810 .t i Lc Ly T . =
- 0.80110° S : : C N - S e
0:77400 . . o Lo o S : i
0.74720. . . - g ; ‘ . ! R - < i
L0710 - s : . ot G s
0.689180 . . : T L = . ‘

0.8681%0 - Lo . . s L

gy

sr28283i;
8383388333

&

LeABRNERSIISESPESAS

8888888888888888883

0.62980 R ' o

o.887€0 v o, - ~ ; Sy

0.36430 . - SRR : ‘

0.52880

0. 48890 . T PR B
0.44480 - . . : e ; . .

ITERATION # 1 ' L
CORRECTIONT TO PARAMETERS: -6.30900-04 156330 00 i1.48880-01
" WEW PARAMETERS: 8.36910-03 1.56330 0O -1, 14600 OO

-

; - . & '
ITERATION # 2 = oo e :
.. CORRECTIONS TO PARAMETERS: €. 2.21110-03 -2.24180-03 - E :
: ot NEW PARAMETERS: . 8. 1.58880 00 -+. 14420 00 .~ - [ -, o

ITERATION # 3 . e o
CORRECTIONS TO PARAMETERS: 2. 3.48790-08 -1.40880-08
NEW nn_-:_'r_tns: ©8.43790-03. ' 1.58550 00 -1.14820 00




.!SULTS 0' rom.xuuu L’IAS‘I’- NA.IS AMLVSIS UXTN A mu. MAININO

o 3 XTIIA'I’IMI DII'OMD

’nr: CONSTANT . &, 43787D-03

A(e)
K(O)-&(*)

'TAILE 0' OISEIV!D AND ClLCULAT!D Y= VAI.UES.

$T0. DEv.

nunrru
4.078880-08
1.985810 00 2.588990-03
2.117290-03

~1.14824D 00

LXSTED IY Cﬂl.m IN N mll' X(!.l).

',390 00 -
"196.00 .-
192,00

| 188.00

7 184.00

- 180.00
178.00 .
$72.00;

: 168,00 -

5 164,00
160,00 -
156.00.
© 182,00 |
148,00 ¢
144,00
140.00
136,00
< 132,00
128.00
2.'124.00
'120.00

80833

asyssgstens

-
[ )
R

j88388338b88$8888888

1. 33'@

1.34870 -
' 1.33990 -
1.33240° .
1532270

1.31%10

1.20880 .
‘1.29880

1.28790

~1.277%0
1.26880
-1.29730°

1.24€10
1.23480

1.22420

1.21210
120000

1, 18680
117480

S 1.14780
‘1.13280
1.11830

1.10320

1.08780.

1.07100

KR -08430 .

-:0..74720
0.71970 .
0. 49180 .
0.68180

0.62980
0.59760
0.58430
0.52080

© 0.48990
:0. 44680

SR TITE “0.00188"

x(z n..

1.34583 ©.0.0028%.

1.33829. 0.00161
1.33049  0.00191

1.31408 ' 0:00102
1.30848 - 0,00048

1.29882 - -0.00072

1%.28729 . ..~0.00019
1727774 . -0 00014
1.2878€ -0.00096¢ -
?.1.25764 ' ~0.00034

- 1.23614 -0
1.22484 0. 000
1.,21314 0.00104-
1.20108 - -0

124707 -0:00097 "

~'1 14863 <0.00173 _ -

117988, <Q. 00109
.1.16221 . 50.0013Y

1.1483€ *.~0. 00086 - .

1.13404. Q.00124"

1.32243 70.00027T:

111923 +0.00083 -

4510391 . =0.00071 . .
1.08807  -0.00027

1.07168 ' -0.00068

"1,08473 -0.00043

“1.03719  -0.00079

1.01906 .. -0.0007¢

1:00030" " 0.00010 -
0.98080 | -0.00070
©.0.9€063 . -0.00003
0.84007 - 0.00083'
0.81860  0.00070
0.896€38  .0.00011
0.87343 ' 0.00087

- 0. 84067 . 0.0006€3 -

0.82508 . 0.00001
0.79968 . - 0.00142
0.77339 - 0.000€ 1
© 0.74620 . 0.00100
‘0:71807 . 0.00163
0.88888  0.00282
0.65889  0.0028%
0.62777 '0.00213
0.89888  0.00202

0.5€228. - 0.00201
. 9.32788 . 0.0007S -

-0.49223 +0.00233 .

0.48838 . -0.008s8

s

.
X(NVAR.I),

YOBS(1). YCALC(I), (YORS(I)-YCALC(T).

3 PARAMETERS ON 4 DATA SET OF 30 POINTS'

224




i

225

3) ‘The data is stored for plottmg Plots were made to check the

(STTY TN ',

crder ‘of the reactlon.

‘v

7’sloij %.0
"0

PNPA . !o Icuxv THII! [ B o

o. '|¢ls|oao a1

200.00
. /196.00

"178.00 .
172.00°

710000

«

888328828828

888833888888

- 1.24870
., 1.33890 ©.

1.33340
1.32270

1.31810

1.30880

1,298580°
1.20710.

1.27180

1.26680 .
“1.25730
'1,24810°

1.234€0

+:1.22420
11:21210

1. 20000
1. 18680

1.17480
..1.16090
~1147%0

1.13280
1.11830
1.10320

1.08780

1.07100

1.08430.
1.03640 .
. 1:01830

1..00040

0.98020
0.96080
0.94070 . -
0.91930

0.89650 .

< 0,87430
-1 0,88030

0.82510
0:80110
0.77400

L0.74720
9.71970
Q. 60180
. 0.881%0
0.63980. .
- 0.%58780

0.56430
0.528¢0
0.48990
0.44680

N . iy



N

) ‘tim':e

ozooooo:

0. 'WIW’
Q. u:ooovoa_

0.'172000€+03
Q.:168000E+03

-'0. 164000£+03
0. 180000E +03.
0.,158000E+03.

0.182000€+03

' 0. 148000403
. 0.144000€+03

0. 1.40000€
0. 138000€+G3
Q. 132000€+03

-0 128000€+03 .

0. 124000€+03
0. 120000€ +03

/0. 118000€+03

0.112000€+03

0. 108000k +03

G

ilh (~A°°-\)

-Q. 198823€501 -
~0. 152873 +0y’
<0. 148894L+01
.=0. 1456248+01
0. 141847¢+01
~0. 1384€8E+01
: Q. 176000€+03— -0 - 1348978+01, -

=0. 13104 1£+Qy
~-Q. l:?l“!?O!

Q0 (24811€+01 .

0. 12086 1£301
=0. 117687E+01
0. 1141288401
~0. 11089 1E401

T 1074962+01
«0: 104012€+01
. 10084€E+0 1

~+0.970983€+00 -
20,939021€+00 .

~0.904830€+00
-0..872248E+00
=0, 8376881+00

<0, B04TISL+00 - .
-<0.7T1818E+0O0 -

. +0.7387%0€+00
~0. 7041878400

-0. §70974€+00

=0.636857E+00_

~Q. 802921¢+00

=0.570733€+00
0. 5386 12€400 .

<0.303008¢+00
. =Q.47030€E500
~0.436830£+00 "

-0, 40198SE+00
-0.3€93 1 1€+00
-0.333 1788400

=0.300880¢+00 .

~0.2684808+00

' -0.233812£+00 '
. =0.,200813E+00 .
- =0, 167460E+00.

~0. 138006£+00

* =0. 1008 14€+00.

-0.683387¢€-01

1 =Q:328194€-01

'0..120948€-02

© Q. B62482E<01 ..
072888 1€-01.
el 1121776400
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APPENDIX 3

TABLE 26

A N

 PSEUDO-FIRST ORDER RATE CONSTANTS FOR TﬂE HYDROLYSIS OF

" p-NITROPHENYLACETATE WITH BENZYL MERCAPTAN?.

a

(RSHIP

T

kg

~pH %.0.02 Kobs )
» : i
103 M » min~'

10.8 0 2.15 t 0.02 x 107
10.8 1.34 .. 1.506 t 0.035
10.8 . 2.68 ©2.975 % 0.006
10.8 4.02 3.74 £ 0.02
10.4 0 1.43 £ 0,0t x 107"
10:4 1.34 1.13 * 0.0055 /

"10.4 2.68- 2.110 & 0.025 o
10.4 4.02 2.980 * 0.07%5
10.0 0 5.16 t 0,02 x 1072

'10.0 . 667 3,60 £ 0,1 x 107
10.0 1.34 6.18 . 0.06 x 107

10.0 2,02 1.04 * 0.03 '
10.0 1.26 6.16 * 0.01 x 107!

' 9.6 c. 2.91-% 0.06.x 1072
9.6 .667 1.88 * 0.2 x 10~
9.5 1.34. 3.45 % 0:05 x.10""
9.6 2.02 . 4,96 * 0,07 x 10~
9.6 4.02 ©1.00 * 0.025
9.6 2.52 6.54 £ 0.1 x 107"
.9.6 ' 1.26 3.19°¢° 0,03 x 107"
9.6 ’Q;y' ) 3.78 9.42 * 0.03 x 107"
9.2 0 1.21 £.0,01.x 10"
9.2 2.26 2.52 ¢+ 0,06 x 107!
9.2 3.39 3,96 £ 0,02 x 107
9.2 ’ e 1.34 1,68 * 0.03 x 107)
9.2 o T 1.34 1.62 £ 0.02 x 107
9.2 1,26 1,75 £ 0,02.x 10~
8.8 < 0 1.06 *.0.01 x 1072
8.8 1.13 8.24 t 0.06 x 1072
8.8 2.26 1.45 % 0.02 x 107"
8.8 3.39 2.09 * 0,03 x 107}
8.8 1.26 9.84 £ 0.07 x 1072



reproducible runs.

u ' e
» .
- : ".‘
f_ Table 26 (cbntiﬁued)‘
8.4 0 7.32 £ 0.03 x 1073
8.4 1.13 '3.26 *+ 0,03 x 1072
' 8.4 2.26 5.92 * 0,05 x 1072
8.4 3.39 . 79.42 £0.05 x 1072
_ 8.0 0 . 3,99 £ 0,02 x 1073
. 8.0 1.3 1.65 * 0,075 x 1072
8.0 2.26 2.85 £ 0,055 x 10~2
8.0 3.39 4.04 * 0,075 x 10~
T 0 ©1.97 £ 0,03 x 2073
7.6 a3 6.85 £ 0.2 x 1073 .
7.6 2.26 1.17 £:0,15 x 1072
7.6 3.39 1.34 £ 0,04 x 1072
a, Determined in HZO/EtOH (95%). 30,9% ethanol. [Bdffer] =
0.021 M, (pH 10.8, 10.4 (CAPS), pH-10.0, 9.6, 9.2 (CHES)
8.8, 8.4, 8.0 7.6 (TRICINE) U= 0.345 M, T = 25. 0 r
0.1°C. [PNPA] = 1.13 x 10'4.M.
b. [RSH] = total concentration of ‘thiol added.
lé. Ail vaiues were .determined as the average,bf at least three

<29



TABLE 27 *
PSEUDO-FIRST. ORDER RATE CONSTANTS FOR THE HYDROLYSIS OF
- p=NITROPHENYLACETATE WITH CYCLOHEXYLMETHYLTHIOL®. * -
\ : - ’
pH * 0.02. (RsH]P Kobs®
10.8 0 2.15 % 0.02 x 107"
10.8 3.14 1.10 + 0.003
10.8 4.04 1.37 £ 0.01
10.8 5.50 1.64 % 0,10
10.4 0 1.43 t 0,01 x 107"
0.4 . 3014 6.75 * 0,03 x 107!
10.4 3.59 7.02 * 0,02 x 107!
10.4 3.19°  6.66 * 0.06.x 10~
10.0. S0 5.16 £ 0,02 x 1072
10.0 3.19 2.40 * 0.04 x 107) .
£10.0 4.40 3.06 * 0.06 x 107" e
10.0 5.50 4,00 * 0.93 x 10”1 Bl
! : ’ -
9.6 0 2.91 £ 0.06 x 1072 ‘
9.6 3.19 1.30 * 0,03 x 10~
9.6 4.40 1.60 + #.03 x 107!
9.6 4.40 1.51 £ 0.05 x 107!
. "l‘ . ‘
9.2 0 1.21 % 0,01 x 1072
9.2 3.19 5.31 *0.09 x 1072
9.2 3.63 5.39 * 0.03 x 1072
9.2 ~ 3.62 4.72 % 0.05 x 1072
8.8 0 1.06 % 0.01 x 10”2 :
8.8 3.19 2.60 £ 0,04 x 1072 S
8.8 3.63 . 2.93 * 0,09 x 1072
8.8 3.62 2.35 * 0,04 x.1072
8.4, 0 7.32 * 0.103 x 1073 .
8.4 3,63 1.45 % 0,003 x 1072,
8.4 3.19 1.454 * 0,006 x 1072
. 8.4 2.86 *

1.38

0.009 x 10~2




; ' L - R}

'Y

‘Table 27 (continued)

. . 3 ‘

a. ;?eferrined in uzo/ntou‘(sg«)/war (64;4/29/6}6) vy,
(Buffer) = 0.19 M (pH 1o_r.",a',,ﬂ1o.4,:(cm>5),, pH 10.0, 9.6, 9.2
(CHES), pH 8.8,98.4 (TRICINE). U = 0.33 M. '“'r - 25.0 &
0.17°C. [PNPA] - 1..52 x 104 u.

b, [R‘S‘H]J-‘tobal‘ concéntration of-thiol added.

c. All valx:eé were determined as - the aVéragg//df-at least three

reproducible/ Tans. ‘ . .



PSEUDO-FIRST ORDER AND SECOND ORDER RATE CONSTANTS FOR THE

HYDROLYSIS OF p-NITROPHENYLACETATE WITH BENZIMIDAZOLE®,

TABLE 28

)

, vJﬁ$§Q'26

pH % 0.02 [RIm]® Xobs"
103 M min~!
8.4 0 7032 £ 0.03 x 1973
8.4 . 4,02 9.2 £ 0.4 x 1073 _
8.4 2.52 8.37 t 0,15 x 10~3
8.4 2.68 8.03 * 0.02 x 10~
8.0 o 3.9 .02 x 1073
8.0 1.34 4.5 1 ox 1073
_ 8.0" 2.5¥¢ 4. 7 x 10~3
" "8.0 4.02 5.5 1073
7.6 - 0 1.9 x 10=3
7.6 2.68 3.20-% x 10~
7.6 2.52 . 2.80 t 0.08 x 10-3
7.6 + -3

2.54 * 0.06 x 10

Ce.

\

5

‘Determined in HZO/EtOH (95%) 36;9%véthanol.

(Buffer] = 0.21 M (TRICINE). W = 0.345 M. T = 25.0

0.1°C.  [PNPA] = 1.52 x 1074 M.

H

[RIm];ltctal concentration of benzimidazole added.

All values were determined as the average of at least three

reproducibie runs.

o
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fpH to0.02 . F __.‘[R;mlr’%g.. e Kobs

R P R 1
T 88 T v a0 - 2.56,
8.8

Lo 10830 vt 12,98
L h2.23e 0405

S

4 e 132
A4 e T,9
WA o323 - 3,00
4, - ‘/QJ_‘, 14550 _2;33

AR o

BES

B0 e 0 T,-:~'3 99 * 0,02 % 1
- AU 1 91,030 £ 0.004°%
SBL0F T N4 T 11,140 20000
S8i0 T 14437 .0 1.370

6 . S0 L1097
B T e 6
6 i 1,430 7059
6 0 L '5,.7'3\_

[T T
A

:

o

—-—

295
' +45 s
2:23 - &90
e 1,00 - 20340

I
o
9 O
¥ S i
LR
-
o)
v
w

a;,‘Deteraned in HZO/EtOH (95%) 30 9% ethanol._ [Eufférl =

[
o
N

Lk
e <
%

(pH 8.8, 8.4, 8.0, 7.6 (TRICINE), pH 7. 2 (HEPES)) n

- 0.345 M,‘ T = 25».’6- t‘ 0. 1°c.‘ [PN‘PA] -_1 54 x 1‘M4 M.
b.,'[RIm]T = totél concéntration éﬁ&tetrahydrobenz1m1da201e addeds ",

K c; All values were determlned as the average of at ' least three

H

. . P . s .
? R
3 N . MM . T ’

‘reprcdpcible run5¢ ”
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CRE PR ‘? ')/:TABLF‘30>‘

Coe Pssu%g—FIRST ORDER COHSTANTS FOR THE HYDROLYSIS OF
'}41\jf_-' p—NITRopHENYLACETATE WITH' 1PMETHYLTETRAHYDROBENZIMIDAZOLEa' -

pm 002 . (RImlg® o Kopg

‘0. 01
0,05,
0.0%
0,03

8 Cootie .08
8 e 1 1,12
8 . oo 2.33 . 3,83
8 ]1.75’__")fv2,86

lf|+1+i+‘
Mo MK
-
o
1
[ 8]

0.03
0.0%
~0.06
0.04°

8.4 0 732

8.4 1.16 . 1,55
(8.4 2433 2448
: rg8lg R L ‘1.‘75..,' . ’.2._:’«‘1"

NSt T

HORER K

A B - - -
o

0.02
0,06
0,01
0.01"

_10'3 R T
0=3 BRI
ﬂo‘ZJ;') E
1072

0 S0 e 3099
0. F R R T RN - DL
O e 2033 e 2s
0 o 1.75 1413

o
[rx oM X

10’3;;‘ o
1073+,
10‘3 l
._3

10,03,
0.04
10.05
0.06

o .97
1.16 . 5.0%
1,75 . 6.18
1 .43 . 5,39

“¢f1+n+n+‘ 
_x‘x R %

TR

“,‘%‘

al Determlned in’ H20/EtOH (95%) 32M?‘ ethanol. [Bufferl'£”0,21 Mo
. - . . -
(TRICINE) u =0, 345 M, T = 25.0 *°0, 1°c._ [PNPA] =

%

;',;,{ . ‘ y; Q La . o ‘3 : ‘m‘ - » o K . S i . ;5;‘;
D 1 .17 10 M. . o - . . o ; )

tal copcentratxon of 1-methyltetrahydro-‘

benilmldazo?e aﬂaed

o

£

%{ e All values- we&e determlned as the average of at least three S T

o : ! . / . . . : : L ' : T
T . reproducx@le runs. B el _ B
SRS - //7 ‘ . o f"‘ﬁ\\



r.

s : '-‘” '. ,_f . ,}fﬁ  R "Ni TC*ﬂ;7ﬁ‘?" ) '- 1.*§

PSEUDO—FIRST oaoza RATE CONSTANTS FOR Tné Q&DEOLYSIS op
o p_NITRopHENYLACETA“E WITH _;{;‘1

'ifMETHYL—4—ﬁYDROXYﬂEiHYLTQTRAHYDRQéﬁ;éiﬁiDAéb;;?ﬁi;»

EN

J

6

CPH £°0,020 0 oL [RImIGRt o ke G

. .‘

a3 T

R
Corar U120 £ 0
L2340 35t

0w 0 ®
0 O Q@ 0
i+ i+ 1+ 1+
e :
ococoo. |
o9 b
HX XK
5.

@ W -
O N N
N

UL a0 B3 k0
Sl 02,34 0 09030200
3 104

o o 3.9
»-3:)513,‘ S L1642

U el T 203400 0 058
S SN ."1.17_"4..’ i 447

X
X 107
2

0 0. 00w,
[oXe Mool

»‘\~'

' [RIm] =-total conCPntratlon of 1-methyl 4 5 {4'

hd B L T - B " g ———— -,r‘

:Determlned in HZO/EtOH (95%) 3@ 9% ethanol. [Buffer] = O 21

° . ’

(TRICINE) u é 0. 345 M, T =.25.0 % o 1°c., [PNPA] _'.'S[,ij

1.17 )‘(.’1'0"4 Mo , T

DRl

«'-"

3 2

.

P ;‘gﬁ} ")

-,hydroxymethyltetramethylene]1m1dazole ’viﬁ\q.fﬂ'uﬁ;%‘”i>f.n'
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S R TABLE 32 ,”,

PSEUDO-FIRST ORDER RATE CONSTANTS FOR ‘THE HYDROLYSIS OF

A -

BTNITROPHENYLACETATE WITH 4(7 ) THIOMETHYLBENZIMIDAZOLEa

LEEE0.02. o IRISHL® o kghe® -

103 M. S CminTt

NN
o
&+
wl
®

s
S
H‘H‘l-i
O
o
o
x
1o
[

NS

.

N

o)}

—

‘- ' -
- N..~.v
i+

e 32
0.3, 0 3337
CU1.260 T 4,94

L0494 0 4023

uﬂw‘Hl+f

0 3.99
3 2.39
0. . 2.89"
7 R 1,23

0.02 % 10‘3 i SR S
0.03 %1072,
0.03 x.1072
0025x 10

4¥1+:+|t

~0.03;x 10‘3
0.024 x 10"
0.03 x 1072
0.08.-x 1073

6 SR E 1,970
6 B a8 S 1a4
6. T 1 - § B 1)
6 . 1.25° : 9 .76

H— i+
]

T%

104 :
1073 T
1073

N I 2.95
0.73 - S 3,24
0.56 S 2059
0.59 L2071

F TN TU Ve
R e XX

10-4 _
1073 L
10=3 =
1073

8 0 1.52
.8 : 7 0,56 - .. 11,38
8 : 1 0.59. 1,57
8 1 0.78 . - 2.06

o i+
(@]

« e e

X X K X%




Ve

' Tabféx 32,4 .(cont:mued)

'Ea'."‘».;’Determ:.ned in. Hzo/EtOH (95%) 30 9% ethanol. [Buffer] = 0. 21
C(pH 9.2 (cm:s), o 8.8, 8. 4, 8.0, 7.6 ('rucnu-:), pH 7 2, 6. ai- = ‘
HI:_-(HE‘PES)) U= o 345 M, ‘ T = 25, o' o 1 °C. [PNPA] = 1 oe X 1 o
.'1.0‘,4'"{M. : o - |
b. (RInSHL, = total cc;'é}:gqt;a:c‘;‘i'ph" of 4(7')-thiomethylbenz-
_v'i;iaidazélé, o ‘ | R
: '_cA.‘ All ,‘valus.s: ‘were de.'t‘:é;fn%ivhe,clil as the as}é;égé_-,. of ‘at _]‘.‘eia‘sf thj;é"'e':
ir_'-"_ej:p_rodu‘_cil.),tl'é : rﬁn‘s . .
B : : o -

i . . )



TABLE 33

PSEUDO-FIRST ORDER RATE CONSTANTS FOR THE HYDY(OLYSIS OE‘

"‘!'.

5 ‘g:NITR0PHENYLAcETAT£ WITF 1 METHYL-4 THIOMETHYLBENZIMIDAZOLEa S

(RImsHIL® . obs

- vl

" : - . : 1_03M" R min

0.01
0.10"
0.10

0.08"

o0 1,21

.87 . - 1.80
1425 . 1,28
S1.25 00 1T 1,28

HOTH

(V- RRV-RC IV}
- ] .
N RN
—-—
Koy X X
o
o
[}
-

8.4 g o L0 7,32

8.4 1,25 . .. 3,39
SO o
8.4

oy

0.03
"0.06
0.04
0.07

1,25 . 2.84
©1.87 s 7 3081

I+ 1+
Mo KX
o
o

8.0 0 3.99 + 0,02 x 1073
8.0 " ( 1.87 . 2,06 £ 0.03 x 1072
8.0 1.11 1,43 £ 0,05 x 1072 .
8.0 1..97 . 2.43 £0,02 x 1072
- 7.6 S 0 1,97 % 0.03'x 1073
7.6 S 28 7.4 0.1 x 107
T6 o 1.87 8,96 *.0.07 x 1073
7.6 1,28 7,78 % 0.06 x 1077
6.8 . 0. - 1.52 t0.02'x.10%4
6.8 938 - 1.33 £0,07 x 1073
: 6.8 .87 02095 * 0,10 x 1073
‘ 6.8 2.8 0 ¢ 03,33 £ 0.100x 107
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‘Table 33. (contlnued)
‘ 'a;, Detqrmlned in HZO/EtOH (95%) 30. 9% ethanol.( (Buffer) =u0.21fM', .
: l N ' - . . -‘;v : N 0 ’ " \“_ {ﬁ/

-_(pH 8.4, e;o, 7.6 (TRICINE). pu 6. s (HEPES)).‘ u o= 0.345 M,

‘T = 25.0 t o. 1eC. [PNPAl = 1,26 % 10"4 M. .
. . \ ' ) s ! . f
:otal?concentrationxof‘1-methyl-4—thiom¢thy1benz—‘

W

b. [RInSH]p
'ihidazdlé.;
c. All valueslwefe‘de;ermineaAés thedaﬁeragé‘qf,at‘léast three

reproducible’ runs.
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| \.» .
'TABLE .34 s
* PSEUDO-FIRST ORDER- RATE CONSTANTS FOR THE HYDROLYSIS OF . = B
.' '.k“ . g .\. . L A ‘ , :. . : . - \
© p-NITROPHENYLACETATE WITH 4(7')-HYDROXYMETHYLBENZIMIDAZOLE®.
v B 2 b : : S e
pH - 0.02 ‘[RIm]T a kobs
103 M o min~!
. 3 ‘ N
Y N o
“ 8.4 . - 0 ©7.32°% 0,03 x 1073
. 8.4 - ST A 7.35.% 0.03 x 1073
8.4 L 2,02 o 7.28 £ 0.04.x 1073
. 8.4 3.54 ©7.38 £ 0,02 x 1073
8.0 L 0 . 3.99 % 0,02 x 1073
80 L .77 4.01 * 0.04 x- 1072
-~ 8.0 S 2,02 3,97 £ 0.05 x 1073
*8.0 3.54 4.05 % 0,06 x 107>
. . o 3 " ) o o
6.8 0 1,52 £ 0,02 x 104
6.8 . 1.77 0 1.61 £ 0,05 x 1074
6.8 : © o .2.02 - 1.57 t0.03 x 1074
6.8 1 3.54 1.59 £ 0.07 x 1074
L]

- a. Determined 'in H,O/EtOH (95%)f30.9%'ethgncff‘(thffer] = 0,21 M
’ ' u‘:n‘“‘l;a.‘. )

(pH 8.4, 7.6 “(TRICINE), pH 6.8 (HEPES)). U = 0.345 M,
T = 25,0 t 0.1°C. [BNPA] = 1.77 x 1074 M.

8. (Rim] = total concentration ’ ,4(7‘)-hydrdkymethylbenz-
. . . "

Y
)

imidazole added.
Ceo. ALl values were determined -as the average”of at least three

o s
reproducible runs.



E:NITROPHENYLACETATE WITH 1 METHYu-4 HYDROXYHE’I‘HYLBENZIMIDAZOLEa

TABLE 35'

1
PSEUDO—FIRST ORDER RATE CONSTANTS FOR THE HYDROLYSIS OF

=4
PH to0.02 . (RIm]p° Kobs
‘ ‘103 Mo min~"

" 8.4 © 0+ 7 7.32.%2 0,03 x1073
8.4 . . 1.46 - 7.28 £ 0,04 x 1073
8.4 - 2,92 - 7.26 t 0.04 x 1073
8.4 3.08 7.29 '+ 0,05 x 1073
7.6 | 0 1.977% 0.03 x 10°3.
7.6 . 1.46 . 1.88 % 0.06 x 1073
7.6 ‘ 2,92 © T.89 £ 0,08 x 1073

7.6 3.08  1.86 % 0.10 x 1073
6.8 0 ©1.52 £ 0.02 x 1074
6.8 = . ©1.46 ~ 1.60 £ 0.04 x 1074
6.8 : 2,92 1.57 % 0.03 x 1074
6.8 : ' * x 1074

3.08 . 1.57

0.03

b,

Detérmined¢iﬂ HZO/EtOH (95%) '30.9% etﬁénOlf

r/

T = 25.0 * 0.1°C. [PNPAl = 1.46 x 1074 M,

fRfm]T = ﬁotal conkentration of,J4mgthy1¥4-
‘hydroxymethylben?imidazole’added.

All values were determined as the average of at

reproducible runs.

Q:

[Buffef1>= 0.21 M.

\

"(pH 8.4,77.6 (TRICINE), pH 6.8 (HEPES)). M= 0.345 M,

@

least three-

n
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TABLE, 36
. . . : { . N
. ! . .
PSEUDO-FIRST ORDER RATE CONS»ANTS FOR THE HYDROLYSIS OF

. . " / o . ]
P~NITROPHENYLACETATE WL?H 1-METHYLBENZIMIDAZOLE2, .
, R L N .

, ‘ I
—— I
. /. o i v
. pH £ 0,02 (RIm)P | Kobs ,
‘ - : o e -1\
. 103 M : min™' ‘ !
S
\ L
‘ ] ; ‘ ” )
7.6 o 1.97 * 0.03 x 1073
7.6 126 1.89 % 0.07 x 1073
7.6 ‘ . T 2.52 1.90 % 0.06 x 10~3
7.6 -~ 3.09 1.94 £.0,08 x 1073
7.2 0 T 2,95 % 0.04 x 1074
) 7.2 1.26 3.81 £ 0,06 x 1074
N 7.2 _+2.52 3,03 £0.06 x 1074
7.2 3.09 - . 3.02 t 0.05 x 1074
' o ) ; ’ . . //
5.8 o - 1.52 % 0,02 % 1074
6.8 o 1.26 © ' 1.63 +'0.08 x 1074
6.8 - 2,52 1.65 *.0.10°x 1074
6.8 - % x 1074

3.09 1.59 0.09

\;

Determined in’HZO/EtOH {95%) 30.9%‘ethan61. {(Buffer] = 6.21 M
'(va 7.6 (micnm),‘ pH 7.2, 6.8 (HEPES)). u.= 0;345 M, "

T = 25.0 * 0.1°C. [PNPA] = 1.26 x 1074 M,

DRIm]T = total conceqﬁratibﬁ of 1-méthylbenzimidazoie~added:
All values were dete:minéd as thebaverage‘of.ét ieast three

reproducible runs.

)



