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e ABSTRACT

-

W

One of the most successful models mlmlcking the

nd catalytlc BCthlty of carbonlc

anhydrase fs‘t 1s-(4 5 -di- 1so-propy1 2 1m1dazolyl)

\ .

fphosphlne iﬁ ,. The present work deals w1th the synthesiS’ef'
(-and phy51cal studles of three analogous compounds )
."1)7 bls-(4 5 d1-1so propyl 2—1m1dazoly1) -2- 1m1dazolyl—
l'phosphlne 2n2* (5 zn®y. '2) bis- (4,5-di~ 1so-propy1~2-
1m1dazolyl) 4(5)-hydroxyethy1 -2- 1m1dazoly1 phosphlne Zn2+
3(6:Zn ) and '3). trls-(4 5 d1-n-propy1 -2- 1m1dazolyl)

‘"phosphlne Zn2+ (7 an )-;7

The aforementloned oompounds were preparedhby'meansp
of a nucleophlllc dlsplag;¥en€ of the correspondlng 2-
'»_1r1dazolyl anlons on phosphorous tr;chlorlde and th61r~: .”
| an. and Co2 complexes were studled as actlve s;te "Vt
models for carbonlc anhydrase. In order to be con51dered
,good models for the actlve s1te of carbonlc anhydrase |
the llgands must be shown to blnd anf or Co2+ strongly"th‘n
“in a tridentate fashi&n.therefore,- he metal b1nd1ng
| abzllty of-the compounds was assayed u51ng a potentlo-‘“'.

' metr1c t1tratlon. All of them proved to blnd an better

'ithan Co2 ,'a property that 1s shared w1th the nat1ve

'enzyme. f e
. \

NMR stud:es of the ligands as a functxon of [Zn ]

'fwere;performed,” Prom these it was found that the three

i



compounds exxst as l l complexes and thdf\tw0~o£ them ' f;‘{e

—__2_
(5 Zn and—G“anir—undergo—a—dynamac exchange_on the-

NMR tlmescale 1nd1cat1ve of an 1m1dazole deblndlng.
f tautomerlzatlon and reblndzng through the oppos;te o

nltrogen.b | o

’ The coordlnatlon number around the metal uas

“llndlcated v1a the UV-v;sxble spectra of the Co2 complexes.
“hhlle some 4. or 5 coordlnatlon was observed for the Co(II) v
' complexes of 5 and 6 only 7 showed a predomlnant amount-

:of thls.; The\effect of dlfferent anlons on the coordlnatlon
Nnumber was assayed by studylng the UV-v;51ble spectra of |
,fthe Cozf.complexes 1n the presence of added anlons.“A";

strong dependence of the coordlnatlon numbers w1th the :,;FFI;/>
pdlfferent anlons was found (Cl affordlng the largest‘n: o

5

‘ffamounts of 4 or. 5 coordlnatlon).»

N,

Flnally, he catalytlc actlvxty was assayed from

"fthe d1rectlon of blcarbonate dehydratlon.- The three

'llgands proved to be actlve but th;s act1v;ty 1s small

f{ [“when compared to theuenzyme. . he compound that afforded

‘e;'maxlmum act1v1ty was 7 anl followed by 5 an and then

6 anf. The effect of 1nhrb1tory anlons was studled

aby addlng these to the solutxon contalnlng the compound
4.}under study.h Cl proved to be the best thzbztor,;j;p:vflfjd
'lf-'however, compounds 5 Zn?ﬁ‘and 7 znz stlll showed act1v1t)

j;even 1n the presence of large amounts of added anxon._il.-*--j i



’ /-: ,r' : \;'

A11 of the prev1ous exper;ments affordedéwalues

’kobs

under study (HCO3 .E§£§'C02); A saturation ph'

in the equlllbratxon rate was obserVed a'func,.f

- which is a summat;on of kf and k foro:»‘
LA

o 4T o
v1ncrea51ng [NaHCO ],. ut the system Q;ovedktoo com§§1cated
j to derlve a complete rate expre551on.. Thus, an attempt 'Q

as made to perform 1n1t1a1 rate experlments. These df"

’

’ﬂ-ﬁwere undertaken from both the dlrectaon of b1carbonate ’

e dehydratlon and carbon dlox1de hydratlon, but problems
-arose due to an unexpected 1nteract1on between 1nd1cator

'jana bzcarbonate.
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anstR 1

INTRODUCTION

'['1 - B STRUCTURE

T

I - A CARBONIC ANHYDRASE

.

Carbonxc anhydrase1 is a w1de1y dxstrxbuted enzyme
that catalyses the 1nterconversxon of carbon d;oxzde and

'lecarbonate at a rate whlch is. one of the fastest known
in enzyme catalysis, the maxzmum turnover number belng
6 .- . e .
about 10 ; at 25 C. The enzyme has also been found to -
: catalyze ‘the hydrolys;s of certaln esters ‘and the

'hydratlon of aldehydes,'although thls 1s not presently

belleved to be 1ts hy51ological role. 1“ RS

' The enzyme was f'rst reported by Meldrum and Roughtoni
in-.'l'9322 .a yeaﬁ later thelr flndzng was conflrmed by |
Stadle and 0 Br1en3. The propertaes of the enzyme were
Lstudled as early as 1933{ and by 1339 1t was shown that 1t R
'was a zlnc-contaznlng enzyme5 thus demonstrat1ng the flrst

: phy51ologzcal functzon for th;s metal 1on.'

!

-;%llf Pur1f1catzon bf the human erythrocyte enzyme has
4‘shown that human red cells contazn two forms of carbonlc

anhydrase des;gnated as B and cC. and dlfferlng in. catalytlc;l

propertxesG.- Host stud;es of carbonzc anhydrase have 3f'i?,

7been made on enzymes obtaxned from human and bovxne'z‘

: erythrocytes.h The mammalxan enzymes are s;ngle chaln

.protexns w;th a molecular wexght of around 30 000.l

-



and are e11p501da1 in shape, about 41x42x55 Ain .

———dimension_w;th_,_number of'cav1t1es. The essentzal ZIHC

ion is located in a 12 A deep con;cal cavity'with an
openlng about 10 A in d1ameter7; This act;ve szte cavity
is 1dent1f1ed by the presence of the zinc ion and by the
fact that 1nh1b1tors bind thereet_v' )
As wlth other enzymes such as llver alcohol dehydro—
lgenase (LADH) and lactate dehydrogenase, the actlve 51te'
in carbonlc anhydrase 1s arranged in a beta or pleated
“sheet structure and not in an ‘alfa hEle conflguratlong.
The packlng of the 51de chalns of the- carbonlc anhydrase.7” :
,follows the general rule of "hydrophoblc 'in and hydrophlllc :
'out" as in all other globular protelns observed SO farlo;
| | Human carbonlc anhydrase C has f1ve hlstldlne re-.
:51dues klthln 8 A of the actlve 51te zinc. atom at p051t1ons‘
l‘_64 94 96,107 and 119, w1th those at p051t10ns 94,96 and";-'“
.'119 belng llgands to the actlve s1te zinc atom1¥.f’The;
fi_tcatalytlc szgnlflcance of hzstldlnes 64 and 107 1s not.
“{:known,_however, modlfylng Hls 64 w1th bromopyruvxc ac1d”.'
d»ylelds an enzyme wlth about 30% retalned act1v1ty whlch -
nj has led to the suggestlon that H15‘64,C0uld play‘an,oi .
12

‘1mportant role as a proton transfer agent (Eq.'l)' .'

-
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The zlnc ion has a. fourth llgand that has been 1den-
.tified as ‘a solvent holecule result;ng in a dlstorted
tetrahedral geometrylo-about the metal. Basedeon the
’ c1rcu1ar dlChrOlsm spectra of the Co(II) der;vat;ve of»~ n
the enzyme, some groups have suggested that a flve co-
bordlnate geometry around the hlgh spzn Co(II) 1on in the’
alkallne form of the enzyme cannot be ruled out13 'xhe"
tp0551b111t) exxsts that the 1on1zatlon at the actlve slte
is assoc;ated w1th a sh;ft from 4 to S coordxnatlon, ‘the .
latter bezng the act;ve spec1es for CO2 hydratzon ;4 15

The water molecule d1rect1y lxgated to the metal
ion is sa1d to be hydrogen bonded to threon;ne 199 and
the fact that th1s awino acxd reszdue forms hydrogen bonds
;hlth most 1nh1butors suggests that it plays an. act;ve role

1nlcata1yszs16

| . Slnce the zznc lagands are neutral and bxnd to the
lmetal through coordznate covalent bonds. the charge of o
"fthe zinc 1on ‘has been suggested to play a role in the

: hxgh catalytzc effxcxency of carbonlc anhydrase17q '2n2+ e



can be removed by d;alysxs of the enzyme ‘at low PH wzth

1, lo-phenanthroline or at high pH with 2, 3—d1mercaptopro—-

panol ' The apoenzyme thus obtarned 1s_aevord of—aﬂy
'catalytlc power. The act;vaty is wholly restored by
-addztxon of an+ and partly restoredehen Coz-*,Mn2+ or

Cd2+‘are bound to the apoenzyme. Other metals‘have~been‘

‘substxtuted 1n carbonzc anhydrase but no actiﬁity has
. been observedla.' Each of these metals b1nds at the same
posatlon as 2n2+r10,"1t has been suggested that the R
'only propertles common to- the metals that render an

“actzve~enzyme are the flexzblllty of thexr coordznat:.on19

_and*the-charge in the 1on;?.

1 - C INHIBITION

The cerbonlc anhydreses are. 1nh1b1ted by monovalent.
'enions, the strength of 1nh1b1tlon followlng the . |
:Hofmelster ser;es whxch corresponds to the order of 1n-
:¢rea51ng negatzve hydratlon energxeszo;i Anxons can be .
» 11sted accordzng to the;r 1nh1b1tory power as follows.‘

. SH > cn > NCO > scn > N3 > 1> nco3 > B T> cu3co2 c1
.75[. Recent work by Y. Pocker 1ndzcates that at pH' s |
thlgher than 7, the mode of anzon 1nh1b1t10h changes

'sharply from compet1t1ve to uncompetxtzve for anzons»

that have no . 1ab11e hydrogen21 Therefore the b;carbonate~d;

'1on behaves d;fferently follow;ng a 'lxnear uncompet1t1veb“,ik

A}



mechan;sm in whxch the 1nh1b1tory anion could bind to a

fxfth coord;nat;on sxte on the an ion.

’ .

I - D MECHANISM OF ACTION

Although carbonzc anhydrase was xnxtxally purzfred
more than twenty years ago and the reactxon rt~cata1yses
is the formally sxmple hydrat;on of carbon dzoxzde,,work
}by many groups has faxled to produce a generally accepted
‘_mechanlsm for its act;on.-"" |
The act1v1ty of carbonlc anhydrase around neutral
‘pH 15 governed by the 1onxzat1on=pf a group WIth ‘a pKa
» near 7.‘ TWO major proposals concernlng the 1dentity of
this- group have been 1) that 1ts ba81c form represents.:7‘
;w_elther the 1m1dazole mo;ety of a hlstzdine res;due,-;?" .

1ndxrectly or dzrectly lznked to the essentxal metal 1on19

f_or 2) a zxnc coord;nated hydroxxde 1on22J' With' th;s in’

' mlnd several mechanlsms of act;on have been proposed..'

.VAmong them are the followlng (metal 1on charges omltted for L

51mp11c1ty) _ ’ :
h? 1) General base ss;sted attack of z::-ouz2 (gq, z).p

o (2)
- Baneecony,




- 2) General base attack by Hzo ass;sted by st-llg ' (Eé; 3};' .

s 95/L,?“z “r* ‘,,n ’ZL?"z-e-"<‘ AR
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©.'3) Nucleophilic attack by znow?>. (Ea. 4)
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_ ,4)piGenera1 base attack by Hzo asszsted by 2n0325 '(iq.lS{;"f f

Q.

©5) Nucleophilic attack by ZnOH with concomitant proton

| -tpr.a_:h's,ferbz.’».j '_,f“"(,!:q'. 6)

J*m%.‘5)  ‘

Nlﬁ<‘\‘ BN, ==\ WD N-Re e e

(9):  '5:.1 :

(0.0 ¢ w4 eOg” @)



A

' 6) Nucleophalxc attack by ZnOH ass;sted by hydrogen '

. bonamg wlth Thr 199 and Glu 10616 (Eq Ul

Thr 199 RIEEIES

o\ e
—m“—‘ ‘o ,1m~199 - X0

106G ymg? =Sy

08 0 A =X |
-Zr o Zn R

1-:f”7). General base attack by ZnOH2 a551sted bY Glu 106 \

through Thr 199l (gq 8);.‘f.iala?‘;'y

St "<e Thr 199 ——-‘*
H ‘ |
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._;]05 ij H 0 Thr 199 ;;—735‘. 06 ”. _”;:_
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Pocker and Deits2 have recently put forth a

‘{mechan;sm that 1nvolves a non-lxgand h;st;dinezmear the

2+ o

. Zn zon. a threon;ne and the bzcarbonate proton as'

'catalyst. Eq.,9 111ustrates the mechan1sm (B represents
-,the act;ve slte h:stxdzne as’ well as any add;tzonal |

nof;nterven;ng H20 molecules that may part;czpate )

Zn'— OH, + TO-C-OH - :

B L T DT B S S L NI
S Thr-OH e T S Thr=0 BT D oo 0

:fThe enzyme ends up 1n 1ts baszc form wzth a: proton transferff7fi“"w”

‘ﬁfstep from surroundlng solvent or buffer to reprotonate the-ﬂ”t

"ffenzyme and loss of a water from the Zn2 complet1ng the f:ff;}f

-b’--

Hr93C¢§f catalytxc cycle.v°52"””“

Pesando and Guptazﬂ9 have dlsagreed w;th mechan15r= that_o'f't

'“-1nvolve a Zn-bound water molecule at the actrve sxte as

'*fthe ;on;zlng group at pH 7 and 1dent1f1ed the group con—"'
“Lf;trollzng catalytxc actzvzty as an actxve s;te h;stxd;ne._j,f -




. - ,-\ .
The protonated 1m1dazole r1ng of this re51due coordinates':*

‘ _to zznc wlth 1ncreas;ng pH, loszng ‘a proton., Geometrlc'

»constra1nts on the hlstldlne make th;s a strarned and

”fmtherefore 1ab11e metal llgand bond.. However, thelr worP

juas based on.the argumenggthat no data exlsts to 1nd1cate ’

.Q;hthat the pKa of water can be reduced in SOlUthﬂ from

| f.'of the enzyme vt

-7'15 7 to less than 7 when bound to zlnc. Work by several :"
3tgroups subsequently has shown that the pKa Of water can
'hbe“drastlcally changed 1n an envzronment 51m11ar to that

30, 31

The catalytlc act1v1ty of carbonlc anhydrase is

e’;.con51stent V1th a mechanlsm 1n whlch the deprotonated form S

S

B of an 1onlzab1e group on the act;ve sxte catalyses thel;”

'c»h}dratlon of carbon leXIde, wh11e the protonated form-n:u
| B LU e
ja-catalyses the dehydratlon of blcarbonate. Consequentl;

,.turnover of the enzyme requlres proton transfer from the

{Qactlve s1te to the solutlon 1n order to regenerate the hfi;‘_w‘"‘

32

‘”7__unprotonated form . (Eq._lO)

et # E + a : st L

e L Ceete Nee DT e

Thls transformatlon must occnrtat’ah;até;g;eater1thaﬁh;__y
:1¢or equal to the turnover number (1065 %)'7fhéreforefkf::¥
’i10 s’ 1_ Slnce the 1nterconver51on of the aczdlc'andT">

.ffbas:c forms of the enzyme 1nvolves an 1on12at;on of ap-

"1ff;parent pKa 7 then by Eq._ll __x[f'hlh“,1,a:rfﬁ"';f{{‘;ﬁ\'.hﬂ g




y
./;"'{
.k 6.-1 o -
- "r i G i 101" 1, .1 - (11)
. ‘eq 10 M C '

.-Thls poses a problem since the value of k exceeds the

-
o IR

id1ffusxon controlled rate constants for proton —transfer

Q10

f_'act "1ty as the concentratlon of buffers is. decreased34

‘-vacceptlnc protons from the act1v1ty controlllng group at

1.- E MODEL SYSTEMS

‘;ﬁsderlved from them 1s generally dlfflcult. A complete’

33

10 lollM 15-1 In order to

) in water‘at 25°C

;account for the hlgh turnover number it has.been proposed
that the proton transfer is fac111tated by huffers 1n

*vp501utionﬁ,-This hypothe51s has been supported by ovb-

: serVations;of a decrease in the, catalytlc hydratlon

ki

—_
7
v

'These buffers act as proton transfer agents whlch, when o
:present at large concentratlons compared to H30 or OH

\',:enhance catalytlc act1v1ty by donatlng protons to or _j

T

‘the actlve slte ' It is not known whether thls proton
",transfer occurs dlrectly or thrOugh 1nterven1ng amlno o
;ac1d 51de chalns or water brldges. Recent observatlons_

'indlcate that hemoglobln can prov1de the requlred buffer

dy
|

'1funct1$n ;n.vlvo§4. .

elng protelns, enzymes are extremely complicated' i

4 ~:jvmolecu1es and mechanmstlc 1nterpretatlon of kinetlc data

>

’descrlptron of the mechanlsm of actlon of an enzyme ‘re--

qulres knowledge of several factors/sucb as the structures'

2 1T

oy



¥

of the active site and of enzyme substrate complexes,

—*——the‘spec1f1c1ty_o£_substrates and their ablllty to bind

.

C11

.to the enzyme and the rate constants and mechanism_for

- every step of the react;on

' _ The study of small molecule analogues“of the metal

blndlng 51tes in, enzymes appears to offer an attractlve'

opportunlty‘to study the metal based chemlstry wlthout

”the proteln based compllcatlons 1nherent in studylng

~ the enzymes themselves. o ‘ \§

odel work can ‘begin only after enzymologiSts'have

.hlprov1ded 1nformatlon about the structure "of the enzyme -

i

and the 1dent1ty of the groups in the act1ve srte. Once

"thls baszc 1nformatlon 1s avallable the next step would

- -

be to galn understandlng of the chemlstry of 51m11arly
dlsposed small molecules. It should ‘be stated however,

that the accuracy of the model is only as, good as the

-

-structural 1nformat10n ava11ab1e35.,'

The number of dlfferent functlonal groups that an

. enzyme ‘can. use 1n the catalytlc process is. qulte 11m1ted.

Among them are the 1m1dazole rlng,.allphatlc and phenollc

L hydroxyl, carboxyl, sulphydryl and amlno groups. ;The
' problem then is (after assumlng the proteln structure 1s

g'not 1nvolved) 1ﬁ determ1n1ng how - sucp functlonal groups

can- part1c1pate 1n the reactlons and how the rates of the

nzymat1c react1ons can be accounted for 1n mechan;stlc terms.
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I - F RECENT MODELS FOR CARBONIC ANHYDRASE

——“—~———-Model work on— carbonrc anhydrase has centered on

| the dé51gn of chelatlng llgands wh1ch approx1mate the £
dlstorted 4(5) coordlnate active 51te or whlch catalyse
certaln of the reactlons medlated by the enzyme such as
CO2 hydratlon, aldehyde hydratlon and ester hydrolysst;.jl
' As one’ group has stated: "Any proposed model for the
actlve 51te structure and the mechanlsm of action of - !
carbonlc anhydrase should take 1nto account those ex-v \
_perlmental data whlch are more dlrectly related to the
‘; metal ion eh\nronment“36 . _

One . of the recent models for carbonlc anhydrase is
vthat of hoole) who has synthe51sed macrocycllc llgands |
-desicned to blnd a 21nc or cobalt 1on in a reduced -
'coordlnatlon env1ronment The complexes of llgands ‘

-1 (a c) are flve coordlnate w1th 4 nltrogen donors “from ;
the macrocycle and water ‘as a flfth llgand30 . f‘ | ;‘__.;

la R.=Me, R,=H

‘j la Ry7 | 2“.7_
o R
l1c: R,=R.,=Me

_Titration9of theseﬂmetal,complexeS‘yieldedpra‘

yvevaluesvof about 8 at 25°C, Whichohasfbeenutaken as support



‘for the presence of the postulated z;nc—bound hydroxide

1on 1n carbonicranhydrase—at_neutral‘pH values. Since

13

' the model (1: Zn *+:0H) catalyzed acetaldehyde hydratlon at

a rate comparable to that of the enzyme, the metal bound

R
hydroxlde has suff1c1ent nucleophlllc power to account

- for the enzyme s. act1v1ty in acetaldahyde hydration

”l”although not 1n carbon ledee hydratlon for whlch the

-model provrdes only modtst catalys1s. If the same general

(OH ) mechanlsm is to be applled to. thls latter

f'process then some further enzymatlc feature 1s needed to

accelerate the attack on carbon dloxrde37;

. Another approach to carbonlc anhydrase models was

'uncertaken b) Tabushr8 based on the notlon that hydro- |

“phob1c1ty is an 1ntegral factor 1n de51gn1ng catalysts

for C02;;'--——> HCO3 1nterconVersxon.- Two models‘were

-.studled (Z.a-b Zn2 ) 1n whlch a cyclodextrln molecule ];'

'affords the hydrophoblc pocket w1th two pendant 1m-”

1dazoles located at the edge to blnd the 21nc ion. .

1These compounds proved to be very modest catalysts for

1 =1

.GO hydratlon w1th k -16 2 and 166 M B respectlvely

2

”’.whlle the value. rEported for human carbonlc anhydrase (of

~is. lO The: second compound affords ar ‘larger catalytlc'

5 l le”

enhancement probably because the 1ncreased flexlblllty' llo&s

both 1m1dazoles to 51mu1taneously blnd to the zlnc 1on

'-affordlng a dlfferent coordlnatlon geometry..v

\



Y

'Bertlni and co- workers synthe51sed the complexes
'f(Co(H O)(trls-(3 5 dlmethyl 1 pyrazolylmethyl)amlno))
k(C104)2 and . (Co(N ) (trls-(3 5~ dlmethyl l—pyrazolylmethyl)

4am1no))(C14)2 -and studled thelr spectral behav1our3?;a o

. . The goal was to 1nvestlgate the ac1d base propertles} the ’

1nfluence of water deprotonatlon on the electronlc spectra,l
‘and the poss;blllty of substltutlon of the HZO or OH}_'
'group by other llgands-o. - |

The llgand (3) was chosen because pyrazolyl con—‘
ta1n1ng llgands are known to stablllze low ox1dat10nu
states of metals (whlch shoald protect Co ) and allow one,i> )
water molecule as the flfth llgand. Also pyrazoles were //}.

-fassumed to be 51m11ar to 1mldazoles whlch are the co-'

_,ordlnatlng groups 1n carbonlc anhydraseA;.'

"n-{cH,-N
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"The modei n1m1cs the spectral varlatlons of the:‘

cobalt enzyme 1n terms of deprotonatlon of a Coz,Jbound

, water molecule as a funct1on of pH and thus supports
‘.those processes that involve bound H20 and OH .; However;s
the model has an extlnctlon coeff1c1ent of around 30
: while that of the enzyme has a value of 10 —103M -1 -l 42‘

"~ and showed no catalytlc act1v1ty 1n carbon. lex1de "h o ,.f‘
h)drat10n40; o
‘A quantum mechanlcal mod;l for carbonic'anhydrase”'

‘:has recentl) been reported43 Accordlng to thls gas |
'dphase 51tuat10n the fourth llgand attached to the 21nc
| is carbon dlox1de,'and the calculatlons 1nd1cate that .
l;dlrect attack of the hydrox1de jon on carbon ledee 1s.
then an almost barrlerless process.* In solut1on thlS“ .1,“'

'preactlon has an energy barrler that 1nd1cates a dlfferent
:ﬁ,mechanlsm.. In th1s case the fourth llgand attached to.
w‘121nt can be a hydroxlde 1on.'

In 1980 Brown and co-workers44 reported a successful

odel system exh1b1t1ng carbon d1ox1de hydrat1on cata1)51si

Vv that also approx1mated the known 21nc blndlng 51te for

carbon;c anhydrase. Thls model con51sted of a phosphorous"
:"-iatom surrounded by three 1m1dazole ent1t1es substltuted '

"_':insthe—i/and 5 p051t1ons (4 a.b,c)._

f\:_'



"_Although U V. spectra of 4a and 4b in- the presence of

16

"4a R=H _,
/] A\ a =CH_
4b—recy

Model 4a formed a 2 1 l;gand metal complex wlth'the'p
“'metal, SO larger s;bstltuents were then 1ntroduced in

the 4 and 5 pos1tlons to avold thls. Prevrous work had
1nd1cated that by havzng two bulky substltuents (i.e. |
dzsopropyl groups) at_the 4. and 5 p051tlons of the tbree rb
'1n1dazole rlngs, the bound metal was. sufflclently .en-
capsalated to allou access of only one addltlonal 11gand31

JJH NMR spectra of 4c 1n methanol d /D O as a functlon

_fof'increa51ng Zn2+'showed the appearance of a well deflned'

,_1 1 complex when 4c/2n j l no ‘2 1 complex was observed.

{_CoCl2 showed 11tt1e ‘if -any ev;dence for 4 coordlnate

:vllgatlon, 4c in’ the presence of CoCl2 showed revetsxble ;

'formatlon of a tetrahedral spec;es at 1ncrea51ng pH. Qo
“'The 4c Co2+ spectra proved to be hlghly -anion dependent
iremlnlscent ‘of the sxtuatlon for the Coz+.enzyme44.

Catalyt1ca11y 4a and 4b showed negllglble act1v1t)
2+

w'towards CO2 hydratxon, however 4c Zn ' afforded efflclentv_'

| DR ] .
,_cata1y51s for HCO3 .‘:____ COzﬁ‘xnterconwerslon

.



between measured pH s of 6. 1 and 7. 3‘5 This conStituted

the flrst catalyt1cally active model that approx;mated

'the blndlng 51te for zinc in the enzyme.

A study of the crystal structure of Ac: ZnCl2 revealed""

that the tr1dentate coordlnatlon to anf rendered a

structurally rigid cavlty produczng severe buttress;ng for

blcarbonate 1on blndlngzo. Thzs could explaln the low

catal)tzc act1v1ty observed for the model 51nce the complex.y
‘uould be unable to accbmmodate the 1ncreased coordlnat1on )
"_ requlred for llgand exchange durlng ‘the catalytlc cycle45.
| Although successful in some aspects, all models '
j;studled so far suffer from some problems. The only suc-
Tcessful models that show catalytlc act1v1ty for CO2

ﬁh,dratlon-blcarbonate dehydrat1on are the ones by Tabush138f*

. . A} .
_and Broun44._ The former suffers from the fact that only'

tuo 1mldazoles are bound to the metal 1n the case of 2b:

1’and the role of the addltlonalxbases 1s debatable, whlle -

03

3 the structure of 2a does not allow both 1m1dazoles to j’
-;:coordlnate to the metal. Thus 11tt1e can be sa1d about :f
‘,the mode of actzon of: the model catalyst conpared to dfr'
the enzyme.: The latter (4c an ) does successfully m1m1c

:"a number of phy51cochem1cal features of the actzve s1te"

fiof the enzyme, but the act;vzty 1s too low,presumably .

+»’ ]
due to the restrlctlve coordlnat1on about the an-. PR

s



‘The object of the present work was to syntheslse -and

~ to stud} other: phosph;ne 1m1dazole llgands as models for

o carbonlc anhydrase. Compounds 5 6——and—7—were deszgned -

18

to provide;a an —b1nd1ng cav1ty w1th greater acce351b111ty
’to the reagents and at the same t1me enforce ‘low co- -
‘ ord;natron at the metal. ThlS was. done by substltutlng

the bulky 1sopropyl groups. in one of the 1m1dazoles wzth

.f.ra less restrlctlve hydroxyethyl group or hydrogen.”

ngand 6 contalns the remote hydroxyethyl group whlch

~was 1ntroduced to m1m1c the posszble 1nteractlon of the

“,Jactlve 51te threonlne group whlch has been postulated to

w.a551st durlng the hydratlon of CO2 by the enzyme. For;
this model an add1t10nal compllcatlon must be con51dered
'7551nce the 4(5) hydroxyethyl group renders the two nltrogens
';1necu1valent and therefore prov1des the: pOSSlblllty that
non-zdeal blndlng to the metal would locate the OH

roup in too dlstant a p051t10n to prov1de any cetalytlc -
| renhancement.; L1gand 7' was des;gned ‘with the addltlonal .
“advantage of prov1dlng a more hydrophoblc env1ronment

jfor the catalytlc process._ Thls llgand was klndlybf
vprov1ded by Dr. Henrika Sleboka-Tllk.

The follow1ng represents the flndlngs durlng the B

”oourse of th;S'study.
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CHAPTER 11

RESULTS AND‘DISCUSSION

v

.II - A SYNTHESES

T

The three lzgands studzed were made uszng the generalp."

method outlxned by Brown and Curtls46;_ Thls con51sted ; ,:
of 1n1t1a1 protectlon of the 1m1dazole nltrogen by :
“formatlon of ‘its” N-(dlmethoxymethyl) or N-(dlethoxymethyl)—'v
hacetal.M The or1g1nal procedure reported for protect1ng &
'“74 5- dllsopropyllmldazole 1nvolved refluxlng a toluene"f‘ .
'isuspens1on of tr1methy1 orthoformate and the 1m1dazole
Hfln the presence of p-toluenesulfonlc ac1d and removzng

_methanol as’ 1t uas formed however, thls syntheSJS:;'”

'-.Aproved to be 1rreproduc1b1e and only small ylelds of

the des1red mater1a1 could be 1solated.' Further 1n->»

fi;vestlgatlon 1nd1cated that;form1c acld, (whlch was’ present .
has an lmpurlty 1n the or191na1 trlmethyl orthoformate

"etused) proved to be the essent1a1 catalyst._ Ylelds 1n,j

‘hexcess of 75% can routlnely be obtalned on a 0 1 M scale’»f

'-1ft2 ml of form;c ac1d are added to the reactlon mzxture.@,;ﬂ,;;,;

'.hfProtectlon of the other 1m1dazoles d1d not present any ;1

"further complxcatlons..

Once the 1mldazoles were protected'their lithium"

"V<sta1ts were prepared and these were used to perform a

'5nuc1eoph111c d1sp1acement ‘on’ phosphorous tr1ch1orlde.~.



~ The des;red phosph;nes were obtarned by deprotect;on of

wthe 1m1dazole and pur;f:catron of the resultzng mlxture

. N

a1

Scheme 1 deplcts the pathways—followed—for the constructlon,

of the llgands. The resultlng phosphxnes were recrys-. i
_talyzed from methanol/water grying overall ylelds of

‘20 30% based on startlng mater;al._nn

":1 - B ut AND M2 BINDING CONSTANTS

-

"d”51te of carbonlc anhydrase the lzgands must be shown to

+ - RE
lblnd'an (or Co2 ) strongly 1n a trldentate fashlon.v-
'Ionlzatlon constants of the protonated 11gands were

‘j_determlned by potentlometrlc tltratlons; the data belng

: analyzed by a computer verszon of the Slmm s method47

’5fThe metal b1nd1ng constants (px 2+) were also determlned

5_.by potentlometrzc t1tratrons and the data analyzed,w1th

' r:the a1d of a computer48, Table 1 llsts the 119and pha

In order to be con51dered good models for the actlve,fi'“

,". . ,'.'2 ‘ PR
o anc p} values under two dlfferent sets of condltlons._f. '

Due to solub111ty problems the experlments were 'f ;i,ft“,*"

”'lcarrled out 1h/s med;um cons;stlng of 80% ethanol and i

'f3-20% water (V/V)-_ All of the lzgands studled showed a

'°_greater propensrty for blndlng zlnc than cobalt a propert; |

Tthey share w1th natlve carbonlc anhydrase.;f

Quantrtatlve t1trat1on experrments on solutzons i:"']\g"};f”

‘f.°°“515t1n9 Of equ1molar an and lrgand w:th 2 equ1va1ents:f‘ B

:“of added HNO3 showed that all of the proton rs accounted

-
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o R
7 A

for at a pH lower than the thlrd pxa of the l1gand (1 e.

by pB 5 for l;gand 5) Uthh 1nd1cates that a complex 1s

_f"““fully—formed—by~these_pH s.“_After all of the added proton
.‘t’lfhas been accounted for there appears to be an add1t10na1
i onlzat1on at somewhat hlgher pH but preclpltatzonllf'
-.joccurs before any well deflned pKa can be obtalned.; in‘.
.‘order to determlne the pKa of thls new dlSSOClatlon, an'
‘lffﬂattempt to tltrate the llgand—metal complex of 5 anf»w1th—vl
t added ac;d faxled as precrpltatlon occured by pH 7 in ‘; |
lfthe case of the anf compléx and pH 8 3 in the case of Cozf;_?,~ﬂ
Vl‘tﬂThe expectatlon was to 1dent1fy an 1on121ng group (an»—Olel
riﬁiwhlch could be related to the act1v1ty controll1ng group '
‘jf;?E1n the enzyme (whlch most researchers belleve to be a
lffhmetal bound water molecule)., Although the pKa of thlsi‘
”lf1on121ng group 1n the model compounds could not be;s-‘
aki'determlned, 1t should be ment;oned that 1n tztratlng
’lfthe cobalt complex of 5, a sllght blue color 1nd1cat1ue
bif”of tetra or pentacoord1nate cobalt coordlnatlon 15 observed
~- w.at a pH of 8 0 thus affordlng some ev1dence for lowf»r;ﬁiiit

”‘rzxcoordlnatron around the metal 1on.,3jf'.. :
-:,. ..... /

T1tratlon was performed employing two d1fferent

: solutlons of NaOH srnce under the flrst set of con-é? ﬂf:'V
o dltlons (NaOH( )) ionlc strength and solvent composlt1on,;ffﬂp'-'
- were constantly changlng. l]g{;flﬁ llvi j;ff.ﬂlf*vff;f;ﬁ-ﬂ*yh*K~f‘

© - I e R T T
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~ TABLEJ
a3 L bv ,;, __b‘ ‘ b c,e b, e . b,de
.LIGAND_ ‘pKalgfofé “"*pK "‘p12n2+ q -.PKC°2+ .
S ‘ I L - \»g,,
5 <l.gx - 4.1l - 6.9 9.0 7.1 o
: N . . ; . . ) . . . ) - » ,. N
¢ cose o oma e s om0 TN
7 2.2 4.4 6:9 9.1 . 7.1

4 ea);As deflned on p 19

-;b)>Values reported afe averages of at 1east three

l;"v> "determlnatlons and have a + 0 1 unlt prec1snon
L 3 [Limmty
i C) FOI L + H : LH . -—[—L-m‘l -
' . . -’ e " . v v" » I 2+
@) For M ?_Ur Lem? K- [r' %EL]

.“;e) Tltratlon performed w1th O 1 N NaOH(aq) as descrlbed

-1n Experlmental sectlon.iu

S - . LN

L x value not dlrectly determlned but estlmated -

-~



TABLE 1 (antinﬁed),'
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b, c,e

LIGAND? pxalb'c'e' pKa, pKa, pK,__2+ PK 2+
5 <l.ex 3.5 6.6 8.7 7.68
: _— . | o RN - |
[3 <0.5* - 3.5 6.2 . 6.54 5.76
. N : ) ' ' ) ' ! O
a) .As deflned on p.,19 .
_ p)d,Values reported are averages of at least three
‘determlnataons and have a + 0 1 unlt prec151on.
c) For L+ HT it _[_L_l_[f__]
k -:53’;1- ' ) . [LH+]
a)y o Mz*# L= miz* SR 2+'= [M2+][L]
Tltrataon performed w1th 0 2 N NaOH .in 80% EtOH

ef

"fsectlon.J"’

wi%u )

and 20% water (v/v) a§ descrlbed in Experlmental

PR

* value not dlrectlv determlned but estlmated



11 - C NUCLEAR MAGNETIC RESONANCE STU

DY FOR 2n 2 BINDING

H NMR analyses were undertaken o)
_each of the three 11gands in CD3OD as

allquots of ZnCl2 and Zn(C104)2 in D20

n“O 02M-solut10ns _of_

a functzon of added‘

. These experlments

‘were performed in order to determlne whether the complex ‘

;formed between 11gand and. metal was a r

1g1d trldentate

'complex or 1f some dynamlc exchange (slow enough to be o

‘ deteCted on the NMR tzmescale) was occurlng and to assay

‘the effect of the llgand/metal ratio on

the Complex.%‘: ‘lv' _ 'rw' ce

the spectrum of

\

'Figure 1 ‘shows the results obtarned for llgand 5

',ulth added ZnCl2 When the llgand to 21nc ratio is one,v

“_ the orlglnal 1soprop}l 51gnals have been replaced hlth

'tbroadenec resonances centered at 1.3 ppm. The 1sopropy

'methlne 51gnals have also broadened and

. uhlle the 1m1dazole 4 and 5 hydrogens appear as separateht_.'

moved downfleld

-'=1gnals at 7 3 and 7. 4. ppm. Further addltlon of 21nc-.

~proouces no add1t10na1 changes 1nd1cat1ng that the;

'compound EX1StS as a l 1 complex experlenc1ng a dynamlc

”exchange process 1nvolv1ng the 1sopropy1 1m1dazoles and

the»zinc'lon perhaps as 1n eg 12.

LN

.lrlifv:ip

26



'FIGURE 1

27

'lH—NMR»soectrum o£_5_as_a_£unctlon of

‘ added ZnC12 Resonances centered at
54.8 and 393 are from HOD and deuterlo-

methanol solvents.
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a2y

H

2 (Ry)

X :,imidazole

' A 51n1£ar experlment conducted uszng alzquots of
'h s2n(C1O )2 gave 1dent1ca1 results.' |
B By obta;nlng the NMR spectra of 11gand 5 in a 1 1
.‘hpratlo wlth ZnCl2 t two dlfferent temperatures the:
“iproposal of a fast srte exchange of the dl1sopropy1
"1m1dazoles seems to be conflrmed.' Flgure 2 shows the;:
*_spectra at two dlfferent temperatures.‘ The lower tem- :
| perature pectrum (0 C) showsha dlfferent spllttlng pat-
\ tern'for.the 1soprop)1 groups xndlcatlng that. on the
-Aaverage, they experlence d1fferent envzronments whlch is-

expectea 1f at low temperature the exchange rate isg

slowed down.b The hzgh temperature (50°C) spectrum shous
| that the 1sopropy1 groups have been brought 1nto a more__"

h{ egurvalent env1ronment s;nce the exchange rgte 1s fasT :

on the NMR tlmescale.



s  FIGURE 2

2+

~"H NMR spectrum of 5:Zn" as a—

of temperature. Top. spectra t=

‘bottom spectra t=50°C,

F i ” E :1‘

29

function
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ngand 6 gzves s;mllar results. ‘Figure 3 “shows

"'”forms of the complex 1n slow equ1l

‘that when the Zn ‘.llgand atlo is 1:1,the dlxsopropyl

'71n1dazole s;gnals broaden out, the methyl s;gnals are

",centered around 1 2 ppm and the methlne ones around 3.2

jppm (overlapplng w1th the methanon) The bydroxyethyl
s

~-1m1dazole s1gnals are comprlsedéj- a trlplet at 3. 8 ppm :

-attr;butable to the methylene un1t closest to the oxygen o
atom wh:le two dlstlnct 51gnals at. 2. 9 and 3 1 ppm. can'l
be ascrlbed to the other methylene unzt 1n two env;ron- =

ments. These broadened trlplets 1nd1cate two dszerent

1br1um (Eq. 13). The -

.7fact that the 4(5) hydrogen appears as two d;stlnct

tends to support th;s 1dea

i

251nglets at 7 2 and 7.4 ppm

R = Cﬂzwzoﬂ '

.\'

Us1ng equ1molar Zn(C104)2 instead of ZnCl2 glves

sults that are quzte dlfferent.‘ The nethylene unrts

| appear as very broad s;gnals wh;le the 4(5)-hydrogen -fl'

'[appears as a broad s1nglet., Addrt;on of more an shows

so that the spectrum zs 1nd1cat1ve

Loe

' no apprec;able changes,

. '///

(13)

LS ok AN i § 0 - ) ’ '
i en i oo e ek e VAL Tt
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"~ FIGURE 3

“H NMR ~§pe‘c‘trumfof—§_—as—a—f~unc¢t‘ion—of_addje'dl_._ZnC_l_z,."‘ .




-

‘ - FIGURE 4 .

Vo ———

l-l NMR spectrum of l-as' a function of added ZnCl,
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:of a 1°1.comp1ex. This tends to indicate that the. nature

"methylene unlts next to the 4 and 5 p051txons are cleariy'

h!}L~h:.’x5'

'7.[act1ve provzdes the poss;bzlxty of u51ng the spectroscoplc

~of the complex and its dynamlc—exchange—properties_are .f

.propertzes of cobalt as a probe for the actzve s;te

pgeometry of carbonzc anhydrase.“

.33

| dependent on. the counter;on.

The 51tuatlon for ligand 7 is qulte d;fferent as

'”15 shown 1n f1gure 4. As 1n the prev;ous two cases a

| 1 1l complex 1s formed and’ further add:tzon of chlz,showsh‘

no apprec;able change.‘ However; for thzs lzgand the -

splzt 1nto two overlappxng trlplets of'egual 1nten51ty

 at 2.6 and 2.75 ppm. Th;s is. expected 1f trxdentate f

‘ omplexatzon occurs and dynamlc exchange on the NMR

o

xt;mescale 15 slou. The r;g1d tr1dentate complex that

l,forms 15, as before.vdependent on the counterzon and

when Zn(C104)2 is used the~NMR spectrum of the 1 1

‘vcomplex 1s 1nd1cat1ve of a Gomplex undergo;ng dynam;c

' exchange wh;ch brlngs the 4 and 5 CHz's resonances 1nto

‘o

a more averaged env1ronment. b

fHII - D Co (II) ABSORPTION SPECTRA

The fact that substztutzon of Co(II) for Zn(II) in’

- nat;ve carbon;c anhydrase glves an enzyme that 15 partly_,'

- S

Sy WA IV JCI SRR e PR
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. The Co2 1on has a d confxguratzon and preferentzally

forms octahedral_eomplexes_although four and five co-

A,ordxnatlon is not uncommon‘g.. The d-d absorptzon spectra -

-of Co(II) are sO characterastxc that ootahedral and tetra f

- or pentacoord1nate geometrxes complexes can be dlf-

rferentzated4e; Generally, octahedral Co(II) is pznk

(A max. around 500 nm, c around 10 M 1cm ), whereas

tetrahedral cobalt 1s blue or vzolet (l max. > 575 nm,

¢ about 200- 1000 M 1cm 1).‘ Pentacoordlnate Co{ll) ‘, B _

/ ,
complexes have absorpt;on bands between 500 and 700 nm -

~with 1ntenszt1es 1ntermed1ate between those of the tetra-"ﬁ

hedral and octahedral specxes.‘
f In order to compare the spectroscopzc propertzes of

the lzgands Coz+ under consxderation w1th those of the

. Co(II) enzyme, equlmolar amounts of CoCl2 and lxgand were T"
' comb1ned and the Uv-v1s1ble spectrum recorded as, a functlon

- of pH.v ‘For. l;gand 5 this: showed l;ttle ev;dence of form- ‘wl'

atzon of d 4 coordxnate complex., The e max. in the 600'
nm reg;on was found to be about 10 M. 1cm ; rather thanu

: the expected42 102 103 M 1cm (f;gure 5).” ~Ligand 6'

behaved 1n a very slmzlar manner prov;d;ng very lzttIe

‘ ev;dence for a tetrahedral or penta-coordlnate complex.

However,llagand 7 shows a defanzte buzld up of a tetra- )
hedral complex between pH 2 and 4.5 (c max = 720 M 1cm 1,"'

; O N T .ﬂa‘..;g.».,’;.;‘“-,’ i

Lo
SR R PPN
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',wlth'thevCo(II) or by tltratlon of a- metal bound watL.
;and from flgure 6 a spectroscoplc pKa of around 6
'acan be determlned Prec1p1tat10n occurs at pH>8

..These observatlons are accommodated in- Scheme 2

2644 nm‘ at pH 4. 5) . f'Above~pH'4.54 the intenSity of .

. the 644 nm band d1m1n1shes and the shape changes "‘ff\

Awhlch suggests formatlon of - a ‘second 4 or 5 coordlnate ‘

‘complex. (flgure 6) Quant1tat1ve measurement of the .

|

v;:consumptlon of OH suggests that hydroxxde 1s consumedi”'

+

”'durlng the course of the transformatlon by assoc1atlon:

-

£

R e L
. -

The dependénce of the Co(II) spectra upon assoc1ated o
‘:9anlons at PH 6 4 was also studled. Flgure 7 shows the |
Uv- v1sib1e spectra of 5 1n the presence of added an%ons.
It can be seen that the maxlmum absorptlon ‘at around 600 o
-ta\nm occurs when the anzon 1s chlorlde, however, the value
..of c max 1s stlll small and therefore most of the compiex
'erasts in an octahedral form.: Complexes of 6 dlsplay
'fthe same . type of behav;our towards dlfferent anlons,_

”f_however;_those of 7 have a h;gher extlnctlon coeffzc;ent

2

‘nlndlcatrng that there 1s a con51derable amount of tetra—,vb

!'\

5 .
hedral complex (flgure 8). f One can establlsh the

'>;7f0110k1ng order for decreas;ng absorptlon at 600 nm

-'c1' 5o Br g> 17> c1o4

A control exper;ment was run w1th d1fferent anlons e

{"and no llgand the only absorpt;on observed was at 500-:"

.

L . D
R AR S et kit <o Sov



ﬂ.

39

00¢(

(w

009’

" 00§.

o8¢ |-

nﬂﬁ.].

,O.c.. it

un@ﬂﬁ

~

_002HD "

LON
2010
=
—-ia

— _12

~ tHO3F 308 ‘M

B

b

Y 1

Y..

. .8 2Unorg

=1
ST e
LY 5
- ¥z

“*suoTuR snotiea ‘jo wu:mmmua.m:ufcw Ao~=ﬁ.mp

uoaxmwhv.yA%Huou"b,uo ex3oads ‘uoridiosqe SIqISTAIY "




510 nm and all anlons gave the

same spectrum. This

'rr—rmrtnd1cates—that—the absorptlon_at around 600 nm is due to.

-

anlons .

a complexatlon between llgand

40

metal and an;on.

The Co(II) spectrum with blcarbonate anlon ‘could

vnot be determlned due to prec1p1tatlon problems.

it is not p0551b1e to conclude

Therefore

1f some of the complex -

formed bet&een ligand and blcarbonate anlon exlsts/an a

tetrahedral form.

/.

/
!

R From the above experlments 1t can- be concluded'thatv"

there is. a strong dependence of the Co(II) v1s;b1e spectra

\

ngand 7 tends towards

-when the assoc1ated anlons are

;soc1ated anzbn 1n at least one

_of the llgands under stud) on\the presence of assoc1ated

tetrahedral coordznat1on‘*

v

halldes thus lndlcatlng

‘.that low g%ordnnate 1: Co(II) complexes requlre an as—v

-

of the avallable metal s;tes..

'ngand 5 shows a sllght tendency to adopt a low coord;nate

is still very low so that most

»

’solution must,be octahedral;

¢

SCHEME 2

- Im -7 -
i - < .
T, oo Coz' + .nC? ~ 7=1m: -’Coz‘-
o Im-’

complex structure but the absorbance 1n the 600 nm reglon

of the complexes in

- 7 -
c1” = = P-1m-=Co” -OB
SN X S -
o R ¢ . Ccl
-~ ICI
rcoz‘\.‘ -‘.
‘ ' OH



11 - E CATALYTIC STUDIES

The catalyt1c activity of the Zn2+ complexes of 5,

6, and 7 towards b1carbonate dehydratxon was studled
employlng 1nd1catorutechn1ques28 »50 1n whlch the change
in [H ] accompany1ng the reactlon 1srmon1tored_by{

,'observzng an absorbance change of an indicator'anion

(A ) whose response to. A[H ] 1s rapld compared to the

_ r

reactlon under study f(Eg. 14). T S o
‘ £ 4 (slow) RN
AH+HC03_ ——*“—S—SA $H uco3 ———L-——"‘x-lo-fco2 AT (14)

For the present work HEPES buffer held [H ] essentlally X
constant so that the reactlons were run under pseudo-flrst ‘
' order condltzons. [H 7. must vary to some mlnor extenﬁ

f151nce it prov1des the observable for the klnet1c
.analy51s but under the approprlate bufferlng condltlons'

','L[h ] can be held to less than 0 04 pH unlt (8%). f-'“f-: ff,.ef_f

"‘Under these condztlons Eg 14 can be reduced to-a" R . f;fﬁ

: = kf?T'
-51mp1e first order egulllbrlum 51tuatlon HCO3 S
r .

CO2 and therefore k bé is eguzvalent to (k '+ k h

" the sum of all the forward and reverse rate constants 3:f|
'whzch 1ncludes those dependent upon the var;ous forms of Rt
the bdffer and other spec1es present in the medlum51

The rate of change in: [HCO ] can then be glven by Eg 15:

arnco.”] . alco -1‘_ a[A ]4_ s e
. 3t 3 - T 5T 2 T 3t ‘7 kobs[xe‘x1 "kf+*r)r[3e x]f:(léx

-



’where'A 1nd1cates the concentratlon of 1nd1cator anzon,

.x and X denote the concentratlon of—the—product of

the reactlon at tlme t and equlllbrlum respectlvely,

and k ob

5415 a measure of the rap1d1ty wlth whlch equi-.

llbrlum is attalned

of the three llgands studled 5 was’ expected;to pfb4:‘n

vlde a larger catalyt1c act1v1ty than the prev10usly

.stucled 4c 51nce the former prov1des a more accesszble
cay ity 1nto whlch blcarbonate should be able to f1t ulth-'
BT

out the severe buttress;ng ant1c1pated for 4c. 'ngand g

‘uas expected to mlmzc the p0551ble 1nteractlon of the h'

%

-actlve srte threonlne OP and, 1f th1s were an 1mportan¢‘h

_requlslte for the mechanlsm of aotlon, lncrease the

'observed rates con51derably.l ngand 7\was des;gned to s
WpIO‘lde -not only -a more acce551ble cav1ty ?rt also a}

more hydrophoblc env1ronment for 1ncreased cataly51s.,

‘ The three compounds under study proved to be catal.y't.mcall)ﬂ~

-

actlve, however, 6 showed only a’ very small act1v1ty.

-~

PO
5

“f,Table 2 shows the results obtalned for k b for the>

.catalysed blcarbonate dehydratlon at dlfferent pH s.

In an 80% EtOH/H O med;um, the. attalnment of

_;equillbrlum for b1carbonate dehydratlon 1s a relat;vely fiﬁf"

J
=rap1d process hav;ng an uncatalysed half txme of 0 5 to

-

'31 7 sec. between pH 6 05 and 6 85 reSpectlvely. Flgure" e

't v_,

J§1shows a plot of k‘b as def;ned 1n equatzon 15 vs. pH.;
: , = }

r,...
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TABLE 2 S e

k Values for Blcarbonate Dehydratzon at

obs i -
leferent pH's?" b : Vdv : s

obs 1 -l.e
c:at(M s )

k . (s-;)df'

6.3
645

U 6.80

o1y

S . obs : L
W T s ndt gt poant siant St

T
o4
{3

1.17 1.6 0 . 0 - 2200

0.97 1.53  520° 2240

. 0.80 ‘1.45 920 2400 .

fa27 1520 2480

_"

,;l;bzn

0.65
1200 2260

. 0.86 64of" 1760

SRR - T P

“~~n,H£P£S,:1on1c strength 0 2 M (NaClO ). Catalyst =

xX. 10

"M NAHCO. 2.5;16f?'x:r .

lxlo )43

80% EtOH/H O 25 0 + 0 2 C’
2}..5. . l

4M when present.

{ Followed by monltorlng the appearance of bromocresol

-4

ﬁ‘purple an1on at1580 nm, BCP =5 x lO M.

E T

fpr read dlrectly from pH meter wlth no correctlons made

.‘for the h1gh organlc content of the solvent

.‘.Values of k bs
KOS = (x,

4 0 03 unlts.

Ccat (wlth catalyst)-k (no’oatalet))/[Catal&sf]v
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FIGURE 9 = = B .

_<'approached from\HCO3 ‘dehydration. © - no catalyst;“l&
2.5x107% M 5:2n%%; [ 2.5x107% M 7:20% O- 2.5x10
M 6:202%. 80% EtOH:H,0; 0.2 M .NaClO,; 5x10”°M bromocresol.

in NaHCO3, 2 5x10

”pﬁrpleqindicator; 1#10

B I3

L R

o
N

obs_as_a_functlon_of pH_for BCO3 4—¥§£§ equilibration

-4'

3 -2

RS HEPES o

1.8

1.2 L

1.0F
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N It can be seen that the largest dlfference between the

-+

45

el
RUIPEE-E .
B . X .

'A In both cases the values obtalned for k b-

react10n.~

:h further change in the value of k bsl

T_’vls a’, 1: l complex between 11gand and zlnc and that the

blank and catalysed reactrons occurs-wath 7+2n- v

_followed by 5 Zn *, the dlfference belng max1mal at pH
6.4 ~-.6.5. As 1n the case of a prev1ously reported -

. catalyst (4c) the act;v1t1es of these models are"

maxlmal at pH 6. 4 - 6.5 and are nearly gone at PH <6

vland'>7.i The reason for thls has been ascrlbed to pro--
.'tonatlon of the 1lgand~at low pH and OH sequesterlng
'of the an from the compﬂex at hlgh pH both processes

B leadlng to an 1nact1ve spec1es ,“-'V' : fw o ',,; S

- Control experlments were performed by monltorlng

J‘ + .
2 but no llgand and v1ce versa.

"';the reactlon w1th added Zn

were the same x

as for the uncatalysed reactlon so that at these con—"

* nor llgand alone fac111tates the .
2+

centratlons nelther an

'Lcontalnlng solutlon from 1 to 2 equlvalents produced no

These results tend

e

to support the 1dea that the catalytlcally act1ve spec;esQ

"lcompley 1s fully formed under these condltlons. fzy'

Other control experlments were performed 1n order

'

‘ to test the expectatxon that the~proton transfer step 1n':

the 1nd1cator 15 fast.«*hese con51sted of monztor;nc the;;».-~'i“

e 7
e

changes ‘in absorbance at dlfferent unvelengths after

Chanclng the concentratlon of Zn 1n a llgandi;{‘yl.

R

SRPC LY TR SRR G DR Y



rapid. mlxzng of solutxons of lxgand-metal complex and

‘———Ind1cator—tn—the—absence of_blcaxbonate. W1th1n the

v tlmescale Of the experlment (<20 msec ), only a rapid
dilution. effect was seen thus 1nd1cat1ng ‘that . the 1n-
-d1cator ac1d base reactlon is rapld relatzve to HCO3 A

fe— CO 1nterconver510n.»‘

R T2

The p0551b111ty of hav;ng a dependence of k obs on

'-.1nd1cator concentratlon was tested by monltorlng the

'_dreactlon w1th dlfferent concentratlons of 1nd;cator.' A

-51m11ar control experlment had prev;ously been made for:;
2+

‘“f4c-Zn in whlch the 1nd1cator concentratlon was 1ncreasec.'

-nffrom leo =5, to 2x10 -4 M w1th no change 1n k b }} Fof f :b.“”° '

W-“fsgz 2 the smtuatlon is the same 51nce changlng the 1n--:n

ffdlcator concentratlon by a factor of 2 produced no change’f

“ihﬁyobs HOWEVGI: ZiZn?. showed a deflnlte dependence at

llow 1nd1cator concentratlons slnce k b's.lncreased as a -

:functlon of 1nd1cator concentratlon up to a. value of

e 5%10” -4

‘1gconcentratlon. A llnear dependence on [llgand Zn ] was f}

'wlca/or concentration and at low concentratzons of the

-zaer (2x10 M) prec:pltatzon was observed.»-Thls 1eads
”to the concu151on that 7 an_
’_{llgands as well ) forms a complex w;th the 1ndicator the

'tfnature of whxch 1s unknown., Thus the possxbzlzty of the

;ear

M after whlch k bn became 1ndependent of 1nd1catorf;

(and probably the other‘if"r

e observed throughout. The solublllty of 7 an depends upon":;:‘f

RNE AL NATEE R T

B s e e sl . e . M

S




catalytzc specles belng a complex of 11gand-meta1 1nd1cator2

_ cannot be ruled out. Unfortunately it is 1mposs;b1e to E

:1complex does show catalytzc behav;our and shows about 60%

,perform d control exper1ment wlthout the 1nd1cator sznce
'there would be no observable property to follow.‘ Attempts
;were made uslng other 1nd;cators but these were frultless
:‘due to solublllty reasons Or to the fact that the acld-f
,base 1nd1cator ranges ‘were outszde the accesszble pH |

"range in- thls hlghly organlc medlum
\ / . . . .
S1nce carbonlc anhydrase actrv;ty seems to depend .

¢ 7

on the concentrEtlon of buffers for 1ts hlgh turnover'
v [ N N o . .
fnumber34; ‘an experlment was performed wlth 5: Zn2+ e s

‘decrea51ng the buffer concentratlon by a factor of 2

Ll mais e

jThls produced no apprecrable change in the values of f | "",Tfi-

H" I . “

ko, Unfortunately further changes could not be studled

obsf
;slnce these 1ed to large varlatlons of pH durlng the -.‘f o Lyn-;‘

7 klnetlc runs and therefore d1d not gave-meanlngful

2+'in the'natiVef’

_'results for k: ob
-h~-51nce substltutlon of Coz »forth

"u i BRI i

fenzyme leads to an enzyme that retalns some of 1ts
’*act1v1ty, an accurate model mlght be expected to shou

. | 2
both anf and Cozf act1v1ty,( It was found that the 5 Co

‘,;of th@j@ctlvzty of the anb, omplex.” By taklng

+
dvantage of the fact ‘a. low coord1nate 5 COZ; complex'

.'should, 1f formcd be detected spectroecopically at td

..'4 ‘i

PR TRy .«,1..“.._.._..,6.._4,-‘,‘_,‘,V."‘ B



~;;—;fto_try to_detect_tran51ent format1on of a tetra or. pent

-~

. -600 nm, an experlment was performed by stopped flow

m;xlng ‘a solut1on of 5 Co2+ WIth another contaxnlng HCO3
t

48

r

hcoorglnated b1carbonate-meta1 llgand complex.; However,_..‘

thls could not be detected under these condltlons so that
no conclus1on could be made from this experiment.

The fact that alA ‘of the experlments are run in @ o

\

- hlghly organl? medlum (80% ExOH/H 0) led to a study OF R

N

the, effects of solvent comp051tlon on the rate of the

freactlon 51nce thls could be partly respon51ble for the_

'fcataly51s observed chand 5 proved su1table for'”

. ‘\ -

thls purpose 51nce 1t would dlssolve in solutlons of

’

.;‘ﬁ_varylng ethanol content (60 70 BO and 90% EtOH/H 0).aﬂl e*v

" gresults of the experlment are presented in. Table 3 and

V\'

ndlcate k b;;.ncreases from 60% to 80% EtOH.' Control

-

eyperlments were performed on solutlons that contalned

;{nfno llgand or metal and dlffered only 1n alcohol content._ﬁ o

”No change 1n k bs ‘was. observed 1n these solutlons. There-

"yfore a more alcohollc solvent apparently 1ncreases the

.catalytzc effect of the complex.,_- .

The effect of catalyst concentratlon on k. bs'was d

S assayed by measurlng k : at the optlmal pH for the"d
. bs

llgands as a functlon of dlfferent complex concentratlons.‘h

Table 4 shows the values obta1ned for lzgand 5 at pﬂ

'-{6 yes and from flgure 10 1t can be seen that a- llnear :

'relatlonshlp ex1sts between catalyst concentrat;on and

-



- TABLE 3.
Effects of Solvent Composition on k-b'a'b"

'-f*ﬁﬁ.) Followed by mon

_ a
- obs ,=1_+1°
kcat M [

258
| 896
1549

1734

aly 125 % 0. z°c- lxlo 3M NaHCO3 2 5x10 zM HEPES} - - L
1on1c strength o 2 M (Nac104), Catalyst (5: an_) %_f_

2 leo ‘M when present.i

1tor1ng the appearance of bromocresol-'
-4

purple anlon at 580 nm, BCP = leo M. P R

) .Nalues for k bf + 0 03 unzts.

°bsl= (k b (w1th catalyst)—k (no cgtalyst))/

é;)f'kcat

\.[Catalyst] ‘_“" _f-~v ,\'v



50

kobs for lzgands 5 and 7 : A thzrd llgand, 4c., whlch
- has been prev;ously reported 5.15 1ncluded for comparlson

purposes. From the slopes of . the 11nes in’ F;gure 10,

. _2-t___ 2

the relatlve catalytlc rat1os of 7: Zn S“Zn ——and—dc-i"
2n?* is 3:1.7:10 | |

W1 hout knowledge of the nature of the act1ve spec;es:,,f

PRI

.ot 1s dlfflcult to ascertaln what features are 1mportant

for rate enhancement in. a glven case.; X ray crystal- ’

lographlc analy51s of 4c an 29 1nd1cated that the three'

dllsopropyllmldazoles encapsulate the anfvlon in such a

restrlctlve wa) (Eq 16) that the exchange of reactants o

", khlch is llkely 1nvolved durlng the catalytlc cycle, at

- the remalnlng metal 51te(s) would produce a 5- oordlnate :

corplex whlch is- severely buttressed. _H:.aJ'

R = 1sopropy1

'x_: dllsopropyllmldazole

k'7Since at least one of the postulated mechan;sms for
L carbonlc anhydrase16 1nvolves an assoc1atlon of both Hzo TR
(OH) and CO2 1n a 5 coordlnate cuhplex durzng the cat- ;ﬁ f o

alytlc cycle rt appears llke%? that one 1mportant feature
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TABL£'4}

_/———_‘Effects—of 11gand ‘Zn—Z—Concenuatmn .Oﬂ k obs fo.r".Sv""J"

0.5 x 10'4»>t'"ag‘ﬂe o078 L
1‘31 75 x 10” | ffj:'e” fv “*-_-ofgg
2. 5 10 #f.“::'*?,.;-_",v'l,oe“ o
| V.J;S,X_IO‘;._-'f"il"é .':;0.},if§6?f
e

gvé;)g'eo. EtOH/P o; 25, o 4 o 2°C; 1x10 5% NaHCO3 g,s#lo’?mtif‘"'

°_:7”f HEPES- 1onlc strength 0 2M (NaClO 0. - -

fb;)feFollowed by monltorlng the appearance of bromocresol—‘
'purple anlon at 580 nm,,BCP 5x10 4M.“eg: “{”fﬁ

FjT_;Ya}ueS,qf-kobs + 0 03, unzts.:__-‘ :

N
: \



——k— ____foL HCO 3

b
[catalyst'.

'.A rlrvnr 1n %nw

. t,‘.\'

= CO2 equxllbratlon as

a funct;onl

AT

52

15

80% EtOH:H,0,70.2M NaCl0,; |
aHCO,, 2.5%x1072

bromocresol purple lndlcator, 1x10 "3 M N

Pss;.fjf% 7:

«‘r<’§n'5.4s- A s Zn2+, pH 6. 55

-

initial pH- 6 45;

5x10. 4 in

0 - 4c: 2p2+.'

)
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) L . R
‘ h \
in any of these model catalysts shOuld be accessibility QF:
- vt TR
of the reagents to the metal surface. Assumzng—that“ 2

sy
4c;Zn2r has suchxp rEStrlctlvd'cav1ty then substitutlng

 e— \ . .
~ )

Aone of the dllsopropyl zmldazole groups in the compound_
.wlth ‘a. less bulk) grodg to form 5 anf should produce;

= a cav1t) wlth greater qcceSSLblllty of the reagents anc-

-
\

Yoo at the same tlme retaln 10h coordlnatlon numbers arounc o ﬂ; : ﬂﬁ
it ! ) I o a2 .
: + 2+ . oW,
,_the hetal i Slnce S: an' 1s more actlve than 4c Zn. .,

*;the expectatlon seems to be borne out Touever the'

o ¢

*;1ncrease in X g' 15 not as 1arce as exped&ed leadlnc to:
/

0 « “ ™
”1the conclusron that sqme other factors may- be 1nvolvegL L
ir catal}Sls ‘..", 7; o 'i.' o o

Evern tnouch it contalns a hydroxyethyl group that

. &.n ’nl .
e was expected to mlmlc the act1v1ty 1n§luenc1ng threonlne _Qf
. : T -
Ob croup assoc;ated Wlth the enzyme s*actlve s;te16 6:Zn%_j;
e : L= -.y '
S proved to be less actlve than 5 an-. The NMR spectrum
» . -j: . . ‘_" :

-group

Jéﬁg’ 6 anf clearly 1nd1cates that the hydroxyethyl

N

be close'to the an (as would be” requlred ',r“mimick—-

of OH in the catalytlc
jalg&wc . N . '_' ’(:"?'f_-.‘
'1ma1 actlvzt} o

tenﬁs io 1nd1cate that none of the spec1 s presentgas

extrem y actlve and therefore ev1dfnce cannot be .o g
- 3 e

provr@ed for hydrogen bondlng assrstance in thls modeljf’ ‘»b-;'

- R Al . A K . .'. x
. - E O ..(L' o BT L. s K . . . i SR
. . N =Y . e y: o " A B ro s




oo The fact that the 7: an+ complex is more act1ve yet

can be ratlonallzed by con51der1ng the greater flexzbzllty
: L0

yﬁf the l1gand n- grd$yl qroups as compared to the. 1=oprop)1

2:‘L,ones.';—'_“,"rl'us couldflaad toua Qreater acce551b111ty to the
a. y ’\) {de:\ % . )

ﬂ_”f metal surfacpf In ‘a itxon, from a molecuﬁar model of

'Zroduc1ng a- sllghtly deeper hydrophoblc

Th.a C othe

I _ ((, _,,.‘v:r ;
EC A S
T actlvrty is: larger tends to support 1dea that h}cro-

‘r_

phoooc1tg 1s an 1mportant catalytlc requmrement.

. . T.‘\.;;

Slnce monovalent anlons are knowp to 1nh1b1t the _ »‘Jﬁhy'

, \ \ Lo
'{Jact1v1t}-of carbonlc anhydrasel'l noncompetlvely for o

.. ”Z" .

,.COZ h)dratlon and comp -1t1vely‘for HCO3- dehydratlon,' g»_i l,

. studles were undertaken to*test wbether the} also dl-.f

.1jmlnlshed the act1v1ty of these catalysts. The experlments»;; '

A 4 v .
Lo e E

'uere performed at the optlmal pH. value for each compdunc

. _; nd the data‘for g an aqp«ﬂ an,;gtelglven f; Table 5.
; It can be concluded that these anlons are. 1nh1b1tors :idﬂw._
‘-f.as had been found fj& 4c Zn?f’45. However w1th lncrea51ng

’ -2 _ i«
EA ] k bs values for both S %n »,amd 7 Zn f gsymptotitally

\“‘\

' approaches 11m1t1ng values hlgher than thoee Observed 5,’ S

“ for the uncatalysed reactlons. Thls could 1nd1cate

'.1 @ _
.. that a’ tern ry eomplex is’ formed between catalyst
¥ \*3 A e e ,‘Q‘“ .

and anlon “and’ thatLghls complex 1s stlll cataiytlcall} ‘{,‘4’

¥ . V . Lok ».‘p.a' A e .
o ] ) . N -~ B . . B . . . . - . a
& . . A R



_ TABLE 5 o~

r"[Anionj

[Catalys;]f

'AEffects of Adde

55.

Sonovalent
a -

An1ons on k
obs

Kops (swy o

- NaBr

v‘ [AﬁlO']

[Catal)st]

1.43

o .

b) Uncatalyséd,}

5.0 .. ,

a) Conéﬁtlons as

deflned 1n Table 2

B L ~ .
-.1nvar1ant wlth anlon-
P

obs

_C) Uncatalysgd\k6b§ inyar;antfwith anlon_cohéé tration;

N e o
v . ’ % - ) .\ b Es

'0;7015,

023025% 4
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o "

v;able.l No»effect of edded aoion is seen on_kosg for

,the uncatalyzed I bBlank reaction. =

Equatlon 17 represents a :1mp1e scheme to occoﬁmodege'

the results from the 1nh1b1t1on exper;nents. The fact }’7;
that the values, o£ k obs. for L an* (Table 6) 1ncrea5e ff?ﬁfﬁﬁgxkﬁm
‘u1th b;carbonate conceptxatlon even 1n the presence o

Cl. ind;cates ezther a compet;t;on 1n wh;ch the 1n—

h;bltbry anlon can be dxsplaced from the zlnc by Jncreaﬁgpgff?

blcarbonate concentratxon or that a new actlve }1gand »

coordlnated complex 75 produced (A -Zn2 -HCO3 ),“
HOwever, the scheme becomes compllcated due to the

fact that blcarbonate has been shown to oe’an Pt 1b1tor‘

'lfor the enzymatlc CO2 hydra‘t:tonz-4 and could beha vin- a;i

Asimzlar fashlon w;th these llgands.'

A+L:2n?"+HCO = AmeL:ZnfleBCO.” oA AT4LIZNeCO,4H0 o
o 3 Tkeyp HETT 30 Sy, - FneCO*H® o .
B T - "“l T (17)
ke H Lk [, T @ﬂ{ e
’ ' TR L S e T ;k;6'”~ &
, . N T T _
g ST S ¢ ) N DN
e 2 . Y IS . 24— .. S 2+ o
L:In™ A +nc03 \__ - -L:Zn '~ pco” — —> L: Zp A ¢c02+u20 s
| kew °3' S okest e .
c-q : ) o ) TR

A study was undertaken to. detesmlne‘ hether changes .7'

in NaHCO affected k b 1n a way whlch mlght be 1nd1cat1vez
\ . S r\

. ht
'of a saturat;on phenomenon.;‘ able 6 prov1des the data

iobtazned for 5t zn2+;f1=zn2* andqﬂg;an%'at %he1r opt1ma1
'rate pH_values.d‘{" e : .,”'.J"«'_: . ‘;; }7 2d 1vi:~‘
. . S .‘ _e“" 3 ) . .‘;‘ ) s . - . R - B N .

oo? .




TABLE 6

‘f“b)

Effect « of [m*chU3J ou;x

‘,’,[NaHC03]xiD4

Vo )
- no

jz 5 x 10 Mo
' leo‘n
Ci K

10

So17es 1.16

'ai Condltlons as dedlned 1n Table

N

pP 6 55 k

_is invarlant wlth [NaHCO ] and added Cl ."'

',u. . B }.' .
-;g H' 6 45 ka&

¢

5

: 1n the~absence of catalyst

in the absence of catalyst

‘nvgrlant wlth [NaHCO ] and added ‘c1”.

7 1.58

1

= 0.65 5

1.53

11.55

Zaﬁd.
O.BOJSil"qnd:
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The range of concentratxon of HCO3 over vhzch

.thes exper1ments uere performed ;s quxte lzmzted due to

59

‘the fact that lower concentratxons of bxcarbonate ion

w‘produced a{verg/small change in absorbance, vhile hxgher_

~:concentratzons than the ones used led to pH changes o‘lf'

3va1ues of k obs mean;ngless. The fact that 1n the absence' o

,nof 1;§%ne k obs does not depend on b1carbonate concentratzon

‘e

lgtend to ver1fy that some 1nteractron Is,occurzng between

“wg,cceleratesf§he 5fa .
H g o N . "

attalnment of equlllbrlum ?or the reac&r&n.~ B) plottlng

“1Lk65; [HCO ](Flgure 11). a non 11near plot 1s obtalned

*vwhlqp could be taken to be 1nd1cat1ve of some sort of

n R

[ : . B RS - ~

"satura*1on phenomenon.fut*t l;'ji 'j*:d:",' ,L

<~at

Sy

'm’tthe Machaells-Menten model that takes 1nto account the

'*;1dea that an enzyme 1nteracts w1th a substrate rever51b1y

. to%form the noncovalent’Es complex whlch ‘can. then elther S

"'undcrgo chem1ca1 reactlon to products or. dlssoc1a§e back }Agffi

e

Lo

e v a
j_to startlng materlalssagj The steady state assumptlon

54

"fornulated by Brlggs and Haldane can then be 1ntroduced

.

: t° sampl;fy the,sxstem.\ﬂﬂowever, th15 9€nera11y req01res'° .

o

*j:that enzymc be present 1n catalytlc amount ([S]>‘ total

The tradltlonal approach to enzyme catalysxs 1nvolves

{o 1 un1ts or more durzng the kxnetzc runs makzng the Qﬂ'nggfa}f:f}*
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s

enzyme) Unfortunately the scheme depxcted for these ~

catalysts cannot be fit to the chhaelns-nenten model

ot

[ .""" !

‘ of the reactants ) “‘125f7:

conducted from both the dehydratlon and hydratlonvdi->

and aqg attempt to simpl;fy th%vequatxons by the Brxggs-’".
Haldane assumpt;onfng rnvalxdated sznce the substrate |
)‘

dbhcentratxon was sxmxlar to the catalyst concentrat10n.

Up to thls poznt all kxnetzc studzes refer to the

"value of k vwhlch as prev;ously stated 1s a su mation ;'wfgj“;*

of forward and reverse rate constants. The mathematzcal
treatment could be slmpllfzed 1f the revers;bzlzt) of

the reactloh is suppressed by study;ng only the f1rst

feu percent when the concentration of product tends

" . .
__;.., '1" e
N g :

to_zero.“ff“
Zéf In1t1a1 rate experlments were performed 1n an attemptlg
to obtaln 1ndependent values of kf and k These f' :

rectlons b) evaluatlno the slopes of absorbance vs.stlme

o T R »

plots for the fgz§t 5% of the reactlon (after ellmlnatlng ?;a;

- the flrst part of the curve correspondlng to the m1x1ng

P -

These experlments were performed follow1ng the pro—"

cedures of DeVoe and Klstlakowskl and Glbbons and Edsall

"

For calculatlon of the 1n1t1al rate of the reactlon 1t.

:‘15 necessary to know the effect of the addltlon of H

1ons on the absorbancwiof.the buffer 1nd1cator system.'

One way to determzne the nearly 11near relat1onsh1p



"between these twvo quantxtxes is to tltrate an aliquot off

pbuffered in61Cator solut;on with acid or base and de-

: Vﬁlf_

3

termlne the absorbance change._ The slope of the plot of

t,“[H ] vE. . absorbance is defined as the ‘buffer factorp.

The buffer factor may also be calculated for a given‘

‘v335tem assumzng that ‘the 1ndxcator does not contrxbute

‘tc the buffer;nc capac;ty of the solutzon

26

: 1.
For dehydrat;on of bzcarbonate the rate of dxsap-*‘

e

7pea*ance of bzcarbonate aon or appearance of - indlcatqr

. anzon ‘can’ be expressed as. xn equat;on lBa wherel [H J /

»h;whlle Table 8 shows the results obtaxned for Co2 hydratron BT

'y*ifor 5: anf.

?factor

"7d(nbs ) ls the aforement;oned experimental buff

58

hl

‘ea) -e[u”o ] ' :_.s__l -5-1 sy, 5{%‘2580)"%[””3-%

dfnl

Table 7 shows the results of the determ;natIors for

ss’u

"_(18*) f» d(Abs

S .,‘

7,fshowed szmzlar trends)._ Pzgure 12 d;splays the results

‘1In the absence of added lxgand or an*g 1t 15"'

'Y

'lbﬁobserved that the apparent }f ;s 1nvar1ant w1th 1ncreas;ng

[HCO ] However, the results obtazned 1n the presence v

-

of Zn show that kf ls\reduceo even though k bs rema;ns;amé%.

e ot

1,~b1carbonate dehydratlon wzth 5 an' (the other lxgandsybf? n

ifiaé?l iﬁlﬁ



FIGURE 12 e

Kops (open symbols) and apparent kf (ciosed'sphbeSY"

| '5as a. funct1on ‘of: 1n1 [NaHCO ] Dashed horlzontal

"dfllnes represent k obs determined wzth no added catalyst

urifat PH 6. 45 and 6 55 whlle the two contlnuous hor;zontal

;Vgrlxnes represent apparant kf 1n the presence of 5x10

-4 v :'.:":

M znz* alone, ‘PH 6.45. ‘80%. EtOH: HZO 0.2 M NaCIO,:

‘7t5x10 M bromocresol purple, 2 leo 2 M HBPES f\@p fr;},;e?-{ﬂnq
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unchanged from that seen 1n the absence of an*. »This'

I.

———m—observa¢1on_requlres for k to 1ncrease 1n order to

malntaln a constant value of k bs and thzs leads to. the
o \;

unllkely conclusxon that the HCO3 = coz egulllbrlum S

\

-+
constant is changed in the presence of an. but 1n some

way 1ndependent of the Zn /[HCO -] ratlo._ In the

presence of llgand an the observatlon appears to be

that kf actually dlmlnlshes w;th 1ncrea51ng rNaHCO ] |
':ﬁ; even though kobscas 1ncrea51ng These results lead to

: the unllkely conclu51on that K qiln the presence of ;}

t

; -
: catal)st for HCO3 ;:: C02 varles as a functlon of

[HCO ] and that 1n the hlgh concentratlon lzmlt 11es

{jmore to the 51de of blcarbonate even 1f the bulk bf HCO3

I

in . solutlon 1s not assoc1ated wlth the complex and should

proceed to CO2 at . the same rate as when the catalyst 1s
‘Q

' ;not present.f Furthermore, the values of kf obtazned for

s

2 hydratlon show only a sllght 1ncrease ‘as a functlon : fq' SRR

of [CO ] that does not account for the trends 1n k 55;3

CO

ﬁ%ls cpuld be due to an experlmental artlfact and thus a.
‘L;‘closer study of the method employed was undertaken.»{Thérim
lﬂdﬁ‘ follow1ng 1nformatlon was thus obtalned . U
‘;rdfil) SOme authorsz6 have noted that the buffer factor

changes to some extent durxng thf course of the react1bn'
, but thlS can be m1n1m1zed by us1ng buffers and 1nd1cators won
’} that have nearly 1dent§cal pH values.

. -47

e
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2. . _TABLE 7 N
- | 2+ a

R mflnit;al Rates for.Ligahdj§£Zn_4

[NaHcO,)x10°M - kg (s7Y)  initial Rate Kk S'TET(sTT)

“obs. AR ot '
el _. o s'_x104(M.s l)‘ o o _f I

- b)

Ca

)

",.Té?pé‘zs;o;i;o.2ﬁtz-[BCP] = 5.x 10

'fiEOf‘-jj‘fff;f3.1i~”ﬁgw" 1.0

v : .

'AM* ibnicxstrenéfhf'
= 0. zvi(;gcio ), ‘808 EtOH/H o,v pH= 6. 55; HEPES=0.025M;
'e[Catalyst] 5 x 10 4M. T ”.g . |

kobs values + 0 03

values for uncatalyzed react1on—0 57 s

Syt 4
ke he- 5% chlorid
,f;_calculated as ln eq 185{;5.u4 L

k} values in. thé presence Of znzf,(ﬁb'iiga“dy;%rb{§5'5fl?

K -1

values in the presence of 5 x 10 chlorlde anlon 5;0.65'5‘}
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Initial Rates For‘Coz'Hydration for Ligand 5.

~ TABLE 8

' §‘5: |

-[cQ2]x19 

. ‘ - ) B ’ . - | \ , AI g : V - 4 .. : .
3 Initial Rate x10° (s}
M.s™H) |

0. .o A3 L 622

o a)

)

;f 0 2M (NaClO )i 80% EtOH/H 0; pH 6.55; HEPES 0 0

2 7 bes . 0.06

s ae ol19

- :}’. ;

_Temp = 25 0 + 0.2 C-'[BCP] 5 x 10 4M, Ionic strength

] ﬂ'

4 S : S

©catalyst=5 x 10-M. o L ‘i,”g 

4,.

kobs'value for. cgtalyzed reactlon when [CO ] 2
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T ‘ e
n*_Z)_ In aqueous solutzons buffer factors qqn ‘be . calculated
o ,u , N

PR

.___;i the exact px 5 o£ the buffer and 1nd1cator are known

-as»ﬂéll as’ the change 1n molar extxnctlon coeff1c1ent o

‘N - Q " R "’ s 'l”( - .t \

E betwéen ac1d1c an@ baslc forms of the 1nd1cator.3:5§wever,g& ‘ L
A L a Do R . 7‘2’

51nce the solut1ons requxred here for catalyst solubllzty
""" ) ¥ S
are hlthy organlc 1n qature, the buffer factor must be '1 SRR

: g - " s . T “<,
’»;*determlned experlmentall) ‘W V{
e "’ ~ Soae Ty e
VlSlble absorptlén pectra of bufferec so’ ~ions L W
. . i ‘ u AP . T Q- %‘ . . . .
contalnlng BCP, Zn(ClO ) and QSHCO3 wefe mon torec as . e
ﬁéa functlon of small'allquots of HClOﬁ a2 Flgune,lq_shgy='% ;:;ggf»ﬁfﬁ
&.' that onceuequlllbﬁaum is: attalned the maxlmum absorb: Zé.. f-‘
. changes occur at 600 hm refleotxng (as expected)’the-wrﬁé*vi'*f
change in. BCP anlon conce _ratlon.q Control‘experlmgnts R 'ff‘:”{

PR '."‘ '. Qr? - S s
-jrwand 1nd1cator equlllbrla"_y 5"

" v\' 3

1nd1cate that the varlous buf

»

- ‘ s e .
are establlshed rapldly &Bowever,gan the ?resence of IR S S
‘ ' e, - o KR < S T
haHCO3 spectrai changes depend upon tlme srnce the de- ;~-;. v, R
h"dratzdh process takes about 10 sec; to attaxn equlllb—
DR I I Lot VRSV RPN
rlum”?ﬂﬂluf'l')“flﬂu'..;“:“'”‘.::“"{ \" f;zy.-ql"~ﬂ:3< e b %_:'
) A stopped flow experlment was. perform\d 1n which ) 3‘f;'7,}3rf

absorbance vs.. tlme p01nts were taken at varlous wave—"

1Eﬂgths.,fxgure 14‘showsdthat When two solubaons contaln;rd;ﬂ,j,guf<
1ng 1nd1cator>and metal and HCO3 E :e'rgaldly comblned them-:;;F'V
.. max1ma1 absorbance chanées are: at::70 580 nm (whlch 15 ;'?'rf.

he wavelength used to monztoqﬁthe reactlon) thus 1n—f” f%*
d1cat1n% that.a tra951ent rntermedlate is formed and that .?:f~§ffAf



~ . .
B . .
4 L >

L . 4

G
’ . ‘. ° ’ * - #.’

. . * " ‘ K \ \ ' ot o v

e Rreore®at e T T
.-. ",..‘;v‘." e "..., C - . :. S s A
Vl%fﬁ*% ébsérobaonlgpectra 'showing. the eau1I*br1ur ) w R

51tuatiah for{buffered solutzons of BCP as a fupc}xQ - “?,;“31; ”.;“
of’ added Pﬂj iguots of o. M HClOa'”*(Z 5x10 o j'j ' *ﬂt'n

' ’ T RN

H*PES 2.5x10, M“Bcbf 2 ./5%10°

Jtlallv 2 5;10 }




2 .
e AN TRE S e

Ly
b

e St T, L . e
< !"IGURIZ 14 ST ek R . -

~ . - ‘. ,:‘ s
Py v,

5_¢‘Tran51ent absorptlon speatma of a buffered soLutlon of*

4 !A -§,1 .
Zn(CJ,O4)2 and HCO3 afteférag%d mmkxng w1th a buffered o R

“w " .
' solutxon of BC? (s?pqwlnltlal conﬂiﬂfbns as 1n Flgure‘ LTt
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~ it has d1fferer* speotral characmel: Lj¢%s than the BCEgb @ o

- and Zn‘2

4

comoltx. These obsérvat1o‘s?: eCIude the exact

1] evaluat;on oI kf under the condrtzons empld?ed fdr’the‘ 'f R

oklnet;c studres 51nce the buffer factor of. the ind1cator‘

-

c,@s therefore dependent upon‘the presence of HCO3 . It “'_ R

must be stressed however, that the values obtalped for . c ;-ﬁ}
»u_ ) o - ; u"’w . ' . o . /-‘
"*kob Aare stlll Valld slnce thls 1s a measure of the . -
. - n.:l 4

g

e a“ldlt) wzthlwhlch the entlre %ysteq‘attalns equlllbrlur'“};j .
< . }‘4 Y N ok P L
Y- | ts valu%~1s 1ndependent oj wavqlqu; d} ' I A

QT ; ‘ N i
T B Y
e Based on the experlments performed,and the 11m1-.; ,<‘f§? : .

i ;} ) ‘3 C ' o O )‘
'~€tat1°“5 meﬁF1°“9d abDVe onl) a. qualltatlve drscusﬁ:’ SRR
- g ) ?:' ~ N : .‘ -, N » “ B

. O - Lo
.'the sJ§tem can. be presented A very general scheme pas I B

bee. @kaséd\to account for the dlfferent results.4' ;"j SRPRNE
, : - o m;«a ' [RE o :

L .
{é'~Slnce there 1s ev1dence thaggandlcates that

. i ~A(7_ S . ot

-(Schem&:

.'~}at pH s and anlonlc condltlons where the catalysts«show R
'thelr mam;ma} act1v1t1es 1n promotlng HC03-;:3 C02‘4.;*"? ;:ng§~f

?gffequrllb;aﬂhon,_the complexes are - undergo;ng rapld lléand

o _e;Zhange seweral forms of the cdmplex must be present gtl\v"  ,>;

3 e

f,ln sd?dflon in a dynamlc,egu111br1um. /In order to keep [T A

;the scheme as 51mpAe as péss;ble, only three of these

_forms are presented 1n each cdﬁumn.ﬁkThls should not be

el l . e
Vs . Lo -L' . Sl o

ﬁ&;?lnterpreted as a. dlsmlssal of other forms whlch may be A

)"

e catalytlcally actlve.ﬂ The major dlstlnctlon }nrf

';gre551ng down a glven column 1s 1n the ssate of coordlna-

= + . SR
vﬁtzon number of Zn%.rand number of assoc1ated solvent e
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r-mdlecules asiWeil as-the stste'ef»prptonetrep'df'tﬁe.. : A}fx RN S8

——JAgand l - Q; | = S

Dlsassocaatlon of an 1madazole not. only increasesif

- -accesszblirt¥ of speczes from the solut;cn to the anf\w ; i

" but ceuld'P§§L1de a closely sxtuated baie to assist in.’ }\JJ' #
v§§°t°“ transfer (a role that somewgrdups have a551gnedff‘..i 19”;:§§r

’_to His 64) . When pr%sent in solutlon, HCO3 ‘ceh ’3'“!5;.

;asspgzate w1th any"(or all) of the coordznated L: an

T g RO S
o *xgék to form a’ set of ternaryﬂﬁbmplexeqs(polumn III) ‘,‘_'-- ?”di«

frbﬁighlch expulszon Qf %ﬁgﬁd%curs.r Formatlon of >
. ':"‘; /‘y g '{w ﬁ ‘m“'f" ol
el;m&nat;on and

wolwznz FQH%;_pec1es 15 suggested after CO

fundergoes reﬁ?otonatlon to yleld a méial bOUnd Hzoruf-?

o Inhlbltor) anlons tend to perturb the equlllbrla-
'_>‘—‘ ) . 'w L 'Q'

touards the L Zn2+-A ternary complexes. |These'not only . v R

a"e perturbed ac1d base equlllbéza of thee%}gand ZnZ_-Hzo, K

put glso res;st dlsplacement by'HCO3 both" factors(_

V:G.

to reduced catalytlc acf5v1ty. e,ff§~g?3 [:_d:; N e o
11 - F CONCULSIONS "_'”,,} ] j,;”Qt‘_fyﬁ'p W<;;1 .ti‘i*,“f’.;{

'”‘1ﬂ 1) _The three phosphlnes studled blnd 1n a, 1 1

(. e

A.g_e”v_latlonsh;p to 21nc. The complexes of two of them (5 &'_)

Ik Qo-(Y::"';'{?*.‘, :""1""3-‘:’{‘“‘ <R "l, E :".‘ " .',.»".’.,.'- B v.~v.." o
.. experiers ef-»aff%rs,ﬁf;dy.namie‘*é:’.i,waﬂ
R tlmescale wh11e that of the thlrd (7) éffffif

'hﬂﬁge*of "the dllsopropyl "t:"wg:f?

:jf}lmldazoles on the NM
‘d:;seems te be.a r1g1d trldentate complex.b The complex formed
ent on the ceusterlon.ffﬁ‘lﬁff*f

'le‘by llgands 6 and 7 15 hlghly depend
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n“ :‘.: v'.l '.\ - ﬁ. »: ...' ".\ ; ' '.(’), ‘ : B . v ‘.,‘. A
SR l'v ;:. 4,:9 e v‘. 5 i H ,,»&i-, ‘l(f ‘ S -
{”#]‘g 2)» The comé@exes'Catalyse the equ;l;bratlon of HCO3 ' Tf
Tf';“ C02_1n the ordgrA7 an >5~Zn2 >4c anv?6 anf. ' '
TR
. 3) These results.arg eon$19tent wlth the 1dea that A
R .(. Pl &
’ E .qu f .
sterd&?factors are 1mpogtan 1n the deszgn gf models for

.’é% carbonLCuanhydras% 51n,e 1lgands 5 and 7 accéﬁerate the
. : ey,. . .
2

: '”°'“ '{?

ott ac%le:ate,,thd geactlon BS Lo

> ) u..‘ . g ,' @1
R

» lh NMR expernments on the mode of an blndlng by 6 ﬂﬂ.
oo showed that the 1mldazole 4(5&VH shlfts to lower fleld ~Q;Q
S AR

1n the pgesence of anf»as expected lf the 1m1dazole is

ﬁ
assoczated but broadens con51derably 1nd&catxng some

. .:. _:»t . . o ‘s }/
;{g dynamlc process._ However, 51nce the ac;1v1ty exhlblted
s . \ N : W
by 6 ZhZ* 1s much lower than for 5 an ~1t cannot beuj
contended that any of the conflguratlons of 6 anf;igfj-::ffg;;fyg

e -

tremendously act1ve...ﬂﬂf. |
| .?S)f The system used to monltor the reactlon cannot be

used to determzne 1n1t1al r tes 51nce there appears to be a

Ca o 'ir_'

O

']Short llvedhﬂntermedxate complex between blcaﬁ:onate and

v
[

fthe 1ndlcator-used.,.o
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The next step 1n constructlng a carbonlc anhydrase ) ; 
g Lo ft-‘ N o .
~~_mode ;should be to 1ncreaseﬁthe hydrophobf@@ty of the ' e
cav;ty by hav;ng dlfferent groups subst1tuted to the ' B } .

substltuted aromapgc

1m1dazole such as phenyl and othenv

o,

groups.

Lo
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JrQ

B wIII - A SYNTHESES

Rout;ne IR and 1H NMR spectra were 6bta1ned wzth a"

.. ~w/NlC018t FTIR spectrophotometer and a Bruker WP—BO spectro-

o ‘Mass spectra weré’obtalned on a.

; meter respectlvely.

e#é-?

' QMS-SO spectrometer.N_:f 'k%'f ;7715””j3~*:=. ,f“,Fﬁt

’?qutﬂf-h LAll. the ethereal solvents used were distrlled from LT

,@ﬁp :
Lo Na and benzophenone,lsyringe techniques werg;employed

,};-'Q‘i‘{

o
A
r’ to use (absolute ethanol, phenantrolene ind;cator)

41
A'»uq

prlo

i-;i and flasks were oven drled and nztrogen flushed

.A,u-..'

Eth}l ISObutyrate o

_—-—

BT Thxs was prepared by the ,rosedUre outllned by Vogel55
'.v‘.' .W'. . ‘ r e

rffj' b.p. 110- 111°c (11t.5§:b -®-. 111°C).

(Qgim), sﬂ 5. (lH m),-64 2 (zu q) B Yleld esg.yjfiilav.;.u“]f"

"5‘ c,‘w'.-”ﬁ RS B e

The procedure of Snell and McElvaln
(11¢.§§ b P “80= 86°C @ 12 mm),, 2 MR

”lflsobutyr01n f_,ﬁeffﬁf( ," “j.”,..rsf ol o

B p. 96°C @ 27 mm,

(CDCl ) 50 7 (6H d):
56

63 4 le d),~64 1 (1H q)

278 was employed.,_’

qthroughout. . For" n-Bu Li reactlons, thls wgf titrated ~.4~5~'f';

‘u NMR (coc1 ) : 51 25 3jﬂ .

81.1 (es a), 52 2 (lH m).»62 75 (lH m),;3 -

Yleld 75 4% (11t. > 70%) 3_,i;gT~
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lm;'?:.’ }fm:f
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4 5-91 1so-propy11m1daiole wd

Y [

Thzs was prepared by the procedure of Bredereck and

\-Thellgs M p, 212°c—1I1t.ﬁ}-m—p—«213-214

(coc1 ) 61 3 (12H d), 63 1 (2u m), 67 5. (lH s) Yield :

N-(d;methoxymethyl) 4 5 d1 Jso-propylxmldazole 5;7_iﬁ§.n.)uj*mxmrf~f”

olere oL PRNERNE I

e A procedure slm1lar to the one reported by Brown o
and Curns45 was followed.; 2@ g (0 134 moles) of 4 5-1.

d1 1sc—propy11m;dazole were mixed wlth 250 ml of tolueneg
“%Aate and 2 ml

“_‘ “

-

; se 8 g (0. 54 mol) ‘of trlme yl dgtﬁd ,
gy B L 4'.’,.”"" '
"uformlc ac1d. The mlxture w “”“;gted;n ~'lvno more methanol

v "' ¢ ;
S mlxture Excess solveﬁ&? e o
Tuew ! oo
. PRI -, o q \,;:,_‘_-‘._. o

and orthoformate Were removed by rotary evaporatlon andf

¥ RN

" the resultlng red solut;on was flltered 1nto a flask l;p,;f&fgdA;kﬂ

f; was dlstlllable from the re

The m;xture was vacuum dxstllled fﬂff¢dlﬁ

gl\lng 14 6 g (72 7% overall yleld) (11t.45 yleld-BO%) L;A;fr5;gaﬂ
° ""_u';.% )b é'& 45 .~, -'."
;; of the des;red product, b p 91 ’C @ 3 ‘mm (llt b p.‘-._“:ws“

cL contalnlng 1 g Na2C03

[ . Cw

v

g6 100‘*0@ 0.5 mrn). g NMR\eCDu,,z 61 1 (1za d).,,,__ 500 \»

u(m m). ,63 -25 (6H s). 65 75 (lH s) 57 58 (lH s) ,

f?: : I J“"'u"‘TﬁiT ﬁ{* THYT?”:}Tﬂ{;gJLE>7f,:ng
s N—(dlethoxymemﬁyl)ﬁ@gdazole ,__,,,4. ’ -
45

£ : ‘ B e
The procedure of Brown and Curt1s 'Was followed BRI
p p 52 C @no 02 mm), 1B NMR B

W
-
M
&
I
4.

b p. 82 C\@ 0. 3 mm (11t.;

(CDcl y 51 2 (6H t),v63 6 045 q), 6.1 (lH s);‘a7 3.w:,;j”f;g:;¢

(2H a), 67 6 (15 s) 1 (Yleld 75%,‘11t.4? aos) j*i*gff;Pffifﬁﬁlfgﬁ

Ly UL R e T .
. N o . L ' . . Sy SR FLo o T
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'_Bxs-(d 5 d1 1so-propy1 2-1m1dazolyﬂ)-?-1m1dazoly_ghosph1ne(5)

'vﬁrQ#t wa;atransferfed by izlnge to the flask contalnlng \

f’{fchloro bls-(N—(dletho

ssfgvtemperature and stlrred over the weekend. ;;i»?l[

: Ry
.Th1s soiutlon was then transferred by SMQ’ﬂﬁe to a secont

]dAfter addltlon the mixture was allowed togpom

.,stlrred for 20 mlﬁutes to;Lnsure complete deprotonatzon,,a_rf*w

\;;mldazolyl)phosphlne held at -40°C. The resultant

?corarm

n\ g

"',O
Mo a st:;;ed solution of 16- aa 9. (0,074 mo1). | Cfreshly
;‘distllled N—(dzmethoxymethyl) 4 5 d1 1so-propy1im1dazole :;”ﬂff
" 'fzn 150 ml dry ether held at —40°C was added v1a syrlnge
4 45,37 m! (0. 0747 mol ) of 1.65 N n-Bu L1 in hexane at ldﬁ;.
j_such a'rate that the temperature d1d nbt exéeed -40‘Cd>av_ -jal 
lAfter the add;tlon the resultlng yellowlsolbt1on was _5@," |
starred an add;tzonal 20" mfnutes and thﬁ%ﬁfﬁf H 6C

fLﬁSk~conta1n1ng 2. st1rx1¢ olut;onpoﬂaffﬁ“¢ lfbl")
R SURICEURTRE O G 1 . A8 TR amde - e
_tu_;freshly dlstllled PCl rp 150 ml dry THF. } S okt g ol gﬁ;“f R
= s*The rate of add;tlon was adjustedﬁsofthat the ”#%»“

.temperatunQ 1n the second flask remalned at less than‘-SSPCI“

"d.ttemperature overnlght w1th stlrrlng.e Ini}he‘ﬁornlng vh#fiié?j;af%
:.i"a th1rd flask the anlig'DE;N-(dlethoxymethyl)1m1dazoleb‘? L ,f;
‘“;;; Mas prepared by addltlon.of 31 7 ml QO 052 mol ) of 1 65 k2
£ Qh n.Bu,Le to 8*9 g <of thé 1m1dazole (0 052 mol ) ‘ 'y?
;f'glso ml’ dry THF held at -40°C. Aftermthe m1xture was bﬂdfggdlf? Ei
“&: C

hyl)- 4 , 5= dl-lso-peryl 2f[jﬁlfgng7f,7

-

‘"colored mlxture was allowed to come to room '

~ e

A b e e v R Y S O
RS P . o h N R e



wOrkup of the product was carr;ed out by extract:ng

"fthe reactzon mlxture wlth concentrated NH4OH. sepaf‘t:ng

<

'the organlc layer and removing the solvent “by- rotary

.levaporatlon. The NHAOH 1ayer was extracted w;th 3x100 ml "~vp{”d»§

'CHCI3 and the comb;ned chloroform extracts were strxpped

ffof solvent, the reszdue bezng combzned wlth that £rdm;

oothe ether layer._ Flnal deblocklng was accompllshed by
refluxlng the combzned re51dues wlth 150 ml of l l methanol
.’ R N ’ ‘ . 'v": WY . “.g‘;'l.

water for 45 mlnutes.. After coollng the mlxture, 7 0 g B SRR

“
4

o of yellow powder was collected by*f;lpﬁatlon and waShed

‘..: : w th et}?er tO YJEId 4 g of the crude pIOduct.' " Recrystal- S ’a
‘: llzatlon was effected by d15§olv1ng the crud@ proddcm 1nrb'l '

methanol and addlng water unt;l the solut1on became tudbld

1 Jl -
0 VR

-’After refrlgeratzon for 24 hours, 3 6 g of %Pre productsfﬂ
(overall yleld 24%) were obtalned m é, 194 195°C, %H NVR :(~ 7;fdf

(CD on) €1. 2 (24H 3 of q) 83 % (4H m), 67 1\423 5. Anal.h‘;-f;“

c:lcd for C21H31N6P c 63,,00; 1, 8. 25 N 21 oo Pound c'62 97,

4 o
n 8.39/%,20.98. Maﬁs,spectrum: m/e CdeUIatEd for C21 31“

“6p' 400‘?504, found 400;25a4t IR (cc14
1",/_~ T '

2801 78, 2596 9, 1237 8 cm
e ' N . Ft

; Bls—(4 5- dl lso-propy1:291mldazoiyl) 4(5? hydroxyethyliz-xf,]ffjf'f

. a [

1m1dazolyl phosphlne (6)

8., 7 g ofﬁﬁldlmethoxymethYI—4 5 dl—lso-propyllmldazolefﬁllf"

(‘0,.10_38' mo_l-'.j v 1n dry THF was converted &.o the a'z lJ;t}uo =




IR . .
> . AN . °
i??':_ . " .

"

flSGih n-Bu Li.'

P

derxvatlve by treatment wlth 24 7 ml of

?he anzon was then added via syrlnge at -60?C,to}il?2'g f“ W

‘?o (0. 019 mol. ) of freshly dlstllled 1>c13 Y7100 Ml dry THF

b

“ at such a rate that the temperature d;d ‘not exCeéd~—60°C.

;i. The m;xture was allowed tQ, me to room temperature over--:' r;‘r-
;; -?ga‘ht y;th&o&:rrlng._ In &he‘mornlng, Q9 0 ml (Q 029 mol )' éflk‘ :
ﬂ;ﬁ:w f>1;56 N. n-Bu Li was: added to 5 D g (0 029 mol. ),of the o :Ff
75;[“§§enzc‘am1de acetalho¥;ﬁé§lqudroxyethylamldaiolesa Tﬁi | T; 3
_%h?stpuCture*ts Jin SCheme'l)‘ln loomml dry THF e - ,?
—40°C. The resultant red solutuon.was stlrred %t —40°C ‘ :¢
¢

flrst flask whlch were cooled to -40°C..s“ ﬂ}y_

allowed to é&me to room temperature over—:‘ L
e PR
orangedred solutlon that was st;rrea an T T m e

.. 9

b The mrxtureﬁwas

ijnlght glv1ng an

'yaddltlonal 24 hougs Workup consrstedrof evaporatlng :”“f3 R
Lo el e

e solvent and addlng both CPCl3 nd 106 ml of 'f%ﬁav~{‘§7*=

The NHAOH layer was‘ﬁgtracted w1uﬁ

N

ncentrated hH OHMO

& <‘./ JETE : - :
waShed ;-g[,
/“ w"»' o T

b j’chloroform anq thé comblned organlc layers were
‘{,-‘ .‘ s . :b’ﬂ- .A‘ o

_‘“'wlth saturatéﬁ Na kf'

N -&'\': .

Gl
vw&'ﬁ,VOlatlleSu thé

“:._ ; e i
AL ¢ R
_j:l,ln drchloromethane, xhe 1nsolub1e materlal belng f;ltered ”,?{;;
o off Evaporatlon of the iolvent left 7i2'g of a browni' .
L VanT L e L T
-.-solld whlch was trlturated wath ether to.yzeld 3 - o R e
= ) ' “"“" | PO ) j}

-S,



I e o\ :' . , ’-".

pH meter at

The 1om.c 8

e S
the beginm.ng of each serles,of experlments.'

E o
trength was held congtant,by -us:mg NaClOi J_'f S

e T
-

R Lo e R A g
| ‘a yellow sohd : Recrystalllzatlon from mé‘\:hanol water ’.
. Tas for 5, gave 2. 0 g of pure product (overall YIEld 22. 7%)
o ,m p 187 188°C,, 1H NMR_'_(CDCIM)_GI_.?‘S?—(Zdﬁ a)__62 75“ ~
VE:’ ;‘;5 (‘.en ), 83 78 (2H t), 66 91 (1n, s), Anal calcd for |
L : C53H ‘37N60P.C 62. 16,;H 8. 39N, 18.91.. Found [F 62%9 H 8 39, P
N 18.82. m (cnc13 cast) 3126 6 (br),_.2961 29 2869, 1461,’ i
R ',:__1389, 1059? c@'@ _mass spectrum, m/e caléd, @for c23 37N601;.: "'
i AL @‘“’d Ak, 27.0 g T T
. II12= B POTENTIOMETRIC TI‘I:RATIQNS S
. Ql ) . pKa Determln.:atiq::nsdu " ’ “ ; r W REy 5, o 1
I;"': u*’ \;'hese were performed 1,n, a jac]deted.ueell ke;;t/ Iet 3 B
2 : 25 ‘+ 0 10 C.A Alr wag excluded frem’ the cell by bubblg,ng a- w&
r-.@% “stream ofq nl‘troqen s (purlfled by bubbl»:mg throug‘h' é\lzpsolut:jzobn .’
u of Ba (OH)2 an’é\wan 80% Ethanol and, 20% water sqflut:.on) ° N
1 }Q&hrmg&n the solutlon., The pH wa‘s measurfed us:;.ncj av o
- Rad;.ometer 'J:Tz tﬁt‘rratqr and PHA 9A3.{B g."a}tretlon' mod'u‘]_.e '}; &; - " " «
j v “in ‘c'on:]unC‘r&lgrr*‘?lth aa. ’Radl@me‘tEr CKZAOiiB ;?f?}.natlon h r ’
e’lephrbde .,;'-'_. Th récoras . .‘ S
o .
4 o aellvered by -a rvad:Lometer ABﬁ. 1"2 aﬁtgburette, on’ 'a'f FERIESEPLIRE ,
. Radlometer §hRn3‘ j:lt&lgraaph. Comme,rcxal:ly‘ "aﬂwa-llable 3
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However, under these condutions'the solvent composition

- 81

A
]

‘solutlon The pH meter was cal;brated by preparing 10
.and 10

- Simm' 5 method

X

‘andfionlc strength are changing as the titration is being

carried out. In a secondasetlof experiments this was.
avoided by using OQZVNTNaOH> prepared by dissolVing

a commercxally available DILUT—IT analyt1ca1 concentrate

in the adequate volume of an 80% EtOH - 20% water (v/v)

1 .

-4 M HClO4 solutlons (t1trated w;th standard

'NaOH) in 80% EtOH,-VZO%‘HZO with enough NaClQ4 to make

_ them 0.2 M. in ionic strength’and assignina‘values'of'

4

:pH,l and pH 4. to.theSe SOIutions.. ‘For all of the above

501utions-95%' Ethanol was pur1f1ed by s;mple d1s-

’

. tallatlon at amblent pressure and was assumed to be

the right concentratlon 4 S
' Water used for these experlments was triply

B e

“‘_dlstllled from permanganate.

Data were analyzed w;th a computer vers;on of

4, Reported pKa 5 are the average of at

Z»least three determlnatxons. Typzcally, for the. second

o set of experlments, the cell would contaln 1 ml of D 025 M f

.llgand in an 80% EtOH - 20% nzo (v/v) solut;on 0.2 M 1n.
“sodium perchlorate, 3 2 ml of a stock solutlon of 80% -

EtOH - 20% H 0 (v/v) 0 2 H 1n.sod1um perchlorate, and 0. 8

2
ml. of a 0. ll7 M solut;on of BClO in 80! Etoa - 20% azo
(v/v) thh enough NaClO “to brxng the ionxc strength

‘to 0.2 M.‘
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2.) Metal Binding Constants

S;ock.solutions,of*to(rl) and 2Zn(11) were prepared

\

from their'reagent~grade"perchlorateeaalts.and were

standard;zed by Murex;de59 or EDTAGO titrations.» Typrcally,
a two fold excess Of lagand over metal was titrated as
\above and the data analyzed w;th the aid. of'a computer

)

\program suppl:ed by Prof R. Breslow of Columbia Unzvers;ty

\

\ . : ) . :
pﬁter. The ordering for metal stability eonstantek(pxnz*)‘

fos\the llgands under study is 2n(I1) > Cn(II). "No
second blndlng constants are observed for these compounds
(as expected if the substxtuents encapsulate the metal -
suffzt;ently to 1nh1b1t 2:1 complexat;on). The values

reported in Table 1l are the averace of three determrnatzons-

\ .
for both Sets of cond;t;ons.< \

3;)> Complex T;tratxon

802 ethanol water solutzons contalnlng

LA

equzmolar mounts of lzgand and metal and a known amount

»

~and~mod;f1ed to be.used on a CommodorevPET;qo32 micro com- .

R

of nitric acid were tltrated wrth NaOH (0 1M). o '.?;2

III - C NUCLEAR HAGNETIC RBSONANCE STUDIES OF Zn(II)

COMPLﬁXES.

Typ;cally 4-5 mg of lrgand were d;ssolved ;n
 7 0. 5 ml of methaa\l-d‘ and n;crolxter amounts of ezther .

: 0 25 H zn(clo )2 or ZnCI2 in D,0 were added. a apectrum

e A



‘—‘bezng—recorded after

—spectra-were— >

ol
i
Y

' recorded on a Bruker-wu 200 Fouraer Transform NMR -

spectrometer.

’ . s . : P

T

111 - D . Co(Il) UV-VISIBLE SPECTRA / \\ Ty

These were recorded with a Carey Model 210\spectro—~'

photometer u51ng 1 cm cells. In a typlcal experzment,_a
\ .

~ solution of B0t ethanol water" contalnrng equlmolar ‘ ﬁ

..amounts of llgand and CoCl2 was. placed 1n one’ cel% and
the spectrum recorded agalnst a reference cell contalnlng

‘80% ethanol-water. -The 1on1£ strength was kept at 0 2 M

by addition of NaCl. Spectra were recorded as a‘functlon
\

of pH whlch was changed by addlng mlcrollter allquots.
\

/ T : L

of NaOH to the cell.,p ' _/ -

‘111 - E CATALYTIC STUDIES OF CO, HYDRATION AND nco3“j'

DEHYDRATION

: SOIutlons conszstlng of 80% ethanol water were used‘
for klnetlc runs to ensure SOlUbllltj.n Determ;nat;ons*
‘were performed on a Durrum-Glbson stopped -flow 1nstrument”
thermostated at 25+ 0. 2°C.. Absorb&nce vs. tlme traces !

\

h‘were dlgltally stored WIth a TDI model 1024-C Trans:ent

Recorder havzng 8 b1t resolutron. Data manrpulat;on AU - «g

: and calculatlons were performed on a Commodore PET :

it it

+

: Model 4032 mlcrocomputer 1nterfaced to the system. The

hob; values reported are those calculated by frttlng the

Wm A
Vv L
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absorbance/tzme data té—a—ttindard—frr:t—erder—exponential______w__
.model using a non-linear least equares technxquesl. The.
.values obta;ned are the lverages of 6 to 10 determinatxons

-

. taken at each ngen set of cond;txons.

'co solutzons were prepared by bubblxng Co2 through

2
. an -80% ethanol water solutzon for one hour21 ~The

62

.concentration of - CO2 was determzned by add;ng a known

volume of the saturated solutxon to an exce!s of ‘stan-
:dardlzed Ba(OH)2 solut;ong? conta1n1ng BaCl2 The N "'b,~
—resultxng solut;oa was back-t;trated against srandard;zed ‘
HCl us;ng phenolphthale;n as ;nd;cator. 801utions of
lower concentratxons were prepared by dzlut;on of the
lstock solut;on.' | | - ' | |
- ; SOIutzons of NaHCO3 were prepared by carefully
uelghzng the anhydrous salt and dzssolvxng 1t in an’ BOEI“
‘ethanol-water solutxon whose 1on;c etrength was mazn-'"
tazned constant at 0 2 M by add:tzon of the appropr;ate
"vanount of NaClO‘ o o .’i',.“...“.;; o r_\d’,.
| Since. nexther C02 nor\sco  have eusily non;tOred
Spectral propertzes. well establ;shed 1nd1cltor technxques

" are used21 .28, 30, 6‘ . The change in [a ]l eccampany:ng Co2 o
-;}hydratzon or BCOB, dehydret;oa is monatored by observang
‘:the absorbance change of an indacetor anion (t N ) vhose ‘

‘YGSPDhse to: A[B )} 13 rapxd conpared to the reection - ’p,

o stud;ed (Eq. 14).v
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‘»‘of the reaction t time t and eguilibrium respectively

< R T, S . k (slow) o
AW+ HCO, =L L R £ »—uzo *—C°z—*-4‘—
N "fkf | e

Appropriate buffering conditions were enployed (2 5

x10 2» HEPES) such that during the course of the reaction

- the pH chenge was less than 0 05 units. \Under these: con-

o ditions the reaction reduces to a typical pseudo first .

’ . ke :
, order equilibrium reaction HCO3 : F{-‘—“ coz, and the

irate of change in [HCO3 ] (or rate of Ehange in (A)

.15 given by Eg 15..
o dt - dt {a;- . I

Loe

where X and X, stand for the concentration of the product
Sl'
Typichlly, an experiment was performed by placrng

_1 a solntion consisting of lxlo 3 M 1ndicator (bromo-uw”

' cresolpurple). leo =2 M HEPES, enough NaOH to obtain

the des;red pH, and the appropriate amount of NaClo4 to

vehmaintain a constant 1on1c strength of 0 2 M in one drive

'h, yringe.» The second drive syringe contained a solution
"‘of bicarbonate brought to an ionnc strength of 0 2 M
‘with}Naclo‘ The solvent in bothspyrlnges was 80% dx

‘ethenoi-oater., After rapid mixing of equal volumes of
‘both solutions at 25°C. reaction rates ‘were monitored

. by observ;ng the change in [BCP ] at 580 nm.- Control S



. se

v _ . ‘ |
___exper1ments zn whxch no NaHCO was added to the aecond .

syrznge showed no change in [BCP ] other than that
attr;butable to d11utxon after in1t1a1 rapld m;x;ng
thus indicating. that the various ac;d-base equzl;br1a

were establlshed rapldly relatzvely to the react;on under_}<'

study. i , »
To assess the effect of added catalyst on h;b§; : jih&
= dszerent concentratxons of’ the phosphznes and equlmolar.
"Zn(C104)2 were introduced into the buffer contaznzné
: yr;nge Catalyst solut;ons were used :mmedzately after o
_-;preparatlon sznce they exhzbzt d1m1n15hed act1v1ty on

'--standlng for prolonged perlods, thzs can. be attrlbutable'

| to decomp051tlon of the phosph;ne as discussed 1n the Appendlx '

In order to obtaln a value for the forward rate 'Aba

constant, 1n1t1a1 rate exper;ments were made monztorlng

the react;on in both dlrectlons. Por the dehydratlon
r .

1.ureactlon the rate of d;sappearance of bzcarbonate 1on ‘, {'

- or appearance of 1nd1cator an;on can be expressed as. 1n L RS

j’ Eg. 18a where d(Absseo)/dt is the rate of change 1n,f
'fefmeasured absorbance at 580 nm and’ d[H 1/d(Ab5580) o
';fan exper1menta1 buffer factor relatlng the changes in’ ._gfﬂv

.;absorbance to changes in [H ] ' 'f« N fl  15;g o

~. -d[HCO ] -d[a] d[A] d(kbssso) . d[/l-!
&t dt dt'-*ﬂ —at - H(Absseo)

(-i'sé;,",t.._a n

A diiatiioni sl




v/

. . . ;
@ ) - . . . L. ) : \ -

s;nce_the_solutlonslemployed in th;s study are .

e

: experzmental condltxons by rapldly mxxxng the bufferede,.

) glves the evaluatzon of kf f“l -u.;(7', S

haghly organ;c 1n nature, and the concentration of 1n-*;

"dlcator is large enough to have Substantlal bufferxng

(’, .

'dcapabllltxes, the buffer factors were determined under»

,,:

ndlcator solutron\and a- second solutxon con¥a1n1ng

known [HClO ) in BO% ethanol-water, 0 2 M in ionlc

'strength and then determ1n1ng the f1na1 absorbance Plots
. of [H ] vs. Abs580 are 11near over the range. lxlo -4 to’}
c'lxlo 3 M 1n [H ],.the slope belng the experlmental buffer

' _factor._ In1t1a1 rates were then determrned under identlcal

condltlons by measurlng the réte of change 1n absorbance o

- at. 580 nm over ‘the. f;rst 5% of the reactlon. Eq..le

1

kg = d(AbSSBO)/dt B d[“ J/d(Abs go) 0 (eb) -
| [NaBCO ;o '{af- .

To conflrm the possrble fOrmatxon of a transrent
(_ .

.1ntermed1ate 1n the presence of blcatbonate that rendered

-

.the evaluat;on of kf as meanlngless, transzent v;s;bf

absorptlon spectra vs. tzme were obtaxned by stopped flov

measurements whzch grve absorbance vs. tzme plots ‘88 q

functzon of 165. Typrcally a buffered solution contaxnxng

BCP and Zn(II) would rapidly be combined wzth one con-ﬂ]'

37N5‘ta1n1ng Hco3 and the absorbance changes for the frrst



rl

88

_ few seconds of the reaction would be monitored

ferent wavelengths.

!

. Tghassess_t

+ ' . ez
Na salts were intro uced into the syringe containing

,  buffer, indicator and 1igand and values of k_, . were

=

determined as above. 1

o

at dif-

e effect of inhibitory anions, their
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Appmbzx o

——The—imxdazole—%hofphxne compounds uSed_in_the
‘lpresent study are known to be acxd sens;tlve. Unpublzshed
vobservataons by R.S. Brown 1nd1cate that when'trls(N-
(ethoxymethyl) -2- im;dazolyl)phosphlne is refluxed w;th
HCl, P =C bond cleavage occurs glv1ng 1m1dazole as the
l'product ’ The mechan;sm of thzs process 1s belleved to
slnvolve 1n1t1a1 protonatlon of the 1m1dazole which - |
. eventually leads to- cleavage of the P- C bond._ Thls
observatlon led Brown and co-workers to develop an .'
1ﬁea511y removed protectlng group for :utudazole46 :
Other observatlons of the phosph;ne compounds 1n-
’dzcated that the catalytlc act1v1ty observed for HCO3 |
.;_—: c02
‘was notzced that when solutlons stood overnight, the

~,i observed catalys;s decreased and reprbduc1b1e results

j could only be obta;ned with freshly prepared solut;ons‘:'
An NMR exper;ment was thus performed in order to
c_follou the poss;ble decompos;t;on of the 11gandskihat ;
could account for the observed dxmlnzshed act;v;ty. ngand

5 was chosen to perform the experxment since the x-ray S

qutIUCture °f a crystal obtaxned by slow d;ffusxon of an”‘":”“

'vvethanol solutaon of the compound to. a vater solut;on of
‘72nc12 showed the formatzon of a\lzgand zlnc couplex 1n
.'_WhJCh the phosphorous has oxxdzzed wlth expuls;on of one
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equ:l;bratzon changed as a functlon of tzme SIr o



of the 1m1dazole substltuents. (Flgure 15)

The observed compound is a derlvatlve of phosphlnlcl

-acid (H, P(O)OH) and could presumably be formed in two
f:steps (Eq 23)° ‘
RR'R"P 222> o] RR"‘R'““PO —-%-—9 R R"POZH + R (23)

or HZO

_ The flrst step could be the facmle ox1datlon of the
phosphrne whlch can then be nucleophlllcally attacked by'
"delther hydrox;de 1on or water w1th concomltant expu151on
of the best 1eav1nq group | . ".
| ’ As stated before ‘the decompos;tzon of the 1m1dazoleﬂ

;‘phosphlnes is a’ process catalyzed by ac;d and when zlnc o

"llon complexes w1th the l;gand th;s could have a polarlzxng

"'effect that could lead to a decomp051tlon s;mllar to the o

hone observed WIth H . _ _
In order to assess thls, a solutzon of 2 5x10 -2 M

»HEPES in 80% ethanol water was used as solvent for 5

FTyplcally 4 4 mg of the llgand were dlssolved 1n 0 5 ml

'solutlon and an NMR spectrum was taken at dlfferent tzme

"-1ntervals.» To assess the effect of the zlnc.‘solutzons

.fof 2nC12 and Zn(Clo )2 were prepared in. 020 and enough

' was. added to the llgand solutxons 1n order to’ have a 1 1 :}n: .

*llzgand metal ratzo. The 9—6 ppm region was monatored.~, e

for any s;gnal correspond1ng to an 1m1dazole 2-8 that

: would 1nd1cate decomposltlon._ S ,f



" FIGURE 15
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X=ray structure of Bis-(4.5-di—iso'-prop'y1-

2-imidazolyl) pl}qsphinic ‘acid:ZnCl, .
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L]

‘cz The lagand conta;nxng solut;on showed only one sharp

signal in the 9-6 ppm region correspond;ng to the 4 and

8

’ S\hydrogens of imidazole, thxs remained xnvariant with

L

time. The lxgand ZnCl solut;on showed one broad srgnal o

at 7. 4-7 5 ppm correspondxng to the 4 5 protons of :
.1m1dazole, however, after 48 hours a new peak started-

to develop downf;eld from the orlglnal slgnal at 7. 7 ppm

whlch was 1nterpreted as a 2= H from an 1m1dazole that had »

f7been d;splaced from the phosphlne.¢
Converslon of phosphznes w1th good leavzng groups

'""and phosph;ne oxldes 1nto ‘their correspondlng phosphlnlc

',ac1ds has ample llterature precedent67hf In general,;' fifff.

..—"‘V‘.

the departlng alkyl groupols the one hav;ng the lower .

""afpka and therefore more capable of supportlng negatlve

B charge.{ Thls would explaln why 1t 1s the sxpple 1m1dazole

.z fgrather than a dlxsopropyl 1m1dazole that 1s cleaved from "
- : The decomp051tlon of 5 1n the absence of Zn 5
2\

. proceeds very slowly (exce under hlghly ac1d1c cone
f:dltlons) so that the metal 1dn 1s 1n somé way catalyzlng
f-the process. Th1s could 1nvolve a Lew1s ac1d as-" ‘
| soc1atzon of an and 1mldazole to a551st the latter sh:’
. 1eav1n9 and/or nucleophllxc attack of a chelated Zn?+f"

k (OH ) on the phosphorous as in equatlon 20. t o
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