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For sub sti tuted phenyl-N-butyl car ba mates (1) and 4-nitrophenyl-N-sub sti tuted car ba mates (2), lin ear re la -
tion ships be tween val ues of NH pro ton chem i cal shift ( NH), pKa, and logk[OH] and Hammett substituent con -
stant ( ) or Taft substituent con stant ( *) are ob served.  Carbamates 1 and 2 are pseudo-substrate in hib i tors of
por cine pan cre atic cho les terol esterase.  Thus, the mech a nism of the re ac tion ne ces si tates that the in hib i tor
mol e cule and the en zyme form the en zyme-inhibitor tet ra he dral spe cies at the Ki step of the re ac tion and then
form the carbamyl en zyme at the kc step of the re ac tion.  Lin ear re la tion ships be tween the log a rithms of Ki and
kc for cho les terol esterase by car ba mates 1 and  are ob served, and the re ac tion con stants ( s) are -3.4 and
-0.13, re spec tively.  There fore, the above re ac tion forms the neg a tive-charge tet ra he dral spe cies and fol lows
the for ma tion of the rel a tively neu tral carbamyl en zymes.  For the in hi bi tion of cho les terol esterase by car ba -
mates 2 ex cept 4-nitrophenyl-N-phenyl carbamate and 4-nitrophenyl-N-t-butyl carbamate, lin ear re la tion ships
of -logKi and logkc with * are ob served and the * val ues are -0.50 and 1.03, re spec tively.  Since the above re -
ac tion also forms the neg a tive-charge tet ra he dral in ter me di ate, it is pos si ble that the Ki step of this re ac tion is
fur ther di vided into two steps.  The first Ki step is the de vel op ment of the pos i tive-charge at the carbamate ni tro -
gen from the protonation of the carbamate ni tro gen.  The sec ond Ki step is the for ma tion of the tet ra he dral in ter -
me di ate with the neg a tive-charge at the car bonyl ox y gen.  From Arrhenius plots of a se ries of in hi bi tion re ac -
tions by car ba mates 1 and 2, the isokinetic and isoequilibrium tem per a tures are dif fer ent from the re ac tion tem -
per a ture (25 °C).  There fore, the ob served  and * val ues only de pend upon the elec tronic ef fects of the sub -
stitu ents.  Taken to gether, the cho les terol esterase in hi bi tion mech a nism by car ba mates 1 and 2 is pro posed.

INTRODUCTION

Re cently there has been in creased in ter est in pan cre atic
cho les terol esterase (CEase,b EC 3.1.1.13, also known as bile
salt-activated lipase) due to the cor re la tion be tween en zy -
matic ac tiv ity in vivo and ab sorp tion of di etary cho les terol.3,4

Re sults of a re cent study showed that CEase is re spon si ble for
me di at ing in tes ti nal ab sorp tion of cholesteryl es ters but does
not play a pri mary role in free cho les terol ab sorp tion.5  Phys i -
o log i cal sub strates of CEase in clude cholesteryl es ters, retinyl 
es ters, acylglycerols, vi ta min es ters, and phospholipids.6-9

CEase plays a role in di ges tive lipid ab sorp tion in the up per
in tes ti nal tract, though its role in cho les terol ab sorp tion in par -
tic u lar is con tro ver sial.3,4,10  A re cent re port in di cates that

CEase is di rectly in volved in li po pro tein me tab o lism, in that
the en zyme cat a lyzes the con ver sion of large LDL to smaller,
denser, more cholesteryl es ter-rich lipoproteins, and that the
en zyme may reg u late se rum cho les terol lev els.11  The en zyme
may func tion in these roles by act ing as a cho les terol trans fer
pro tein.12  Serine li pases and CEase share the same cat a lytic
ma chin ery as serine pro teas es13 in that they have an ac tive site
serine res i due which, with a histidine and an as par tic or
glutamic acid, forms a cat a lytic triad.  The con ser va tion of this 
cat a lytic triad sug gests that as well as shar ing a com mon
mech a nism for sub strate hy dro ly sis, that is, for ma tion of a
dis crete acyl en zyme in ter me di ate via the serine hydroxyl
group, serine pro teas es, CEase, serine phospholipase A2, and
li pases may well be ex pected to be in hib ited by the same
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a Two pre lim i nary ac counts of part of the re sults have been pub lished.1,2

b Ab bre vi a tions: ACS, the first alkyl chain bind ing site; , the isoequilibrium or isokinetic tem per a ture; CEase, cho les terol esterase;
CRL, Candida rugosa lipase; , the 1H NMR chem i cal shifts or the in ten sity fac tor of the re ac tion to steric fac tors;
EA, el e men tal anal y sis; ES, the esteratic site; HRMS, high res o lu tion mass spec tra; kc, the carbamylation con stant;
Ki, the in hi bi tion con stant; ki, the bi mo lec u lar in hi bi tion con stant; LHIS, the leav ing group hy dro philic bind ing site;
LHOS, leav ing group hy dro pho bic bind ing site; OH, oxyanion hole; PNPB, p-nitrophenylbutyrate; R, the cor re la tion
co ef fi cient;  or *, the re ac tion con stant; SACS, the sec ond alkyl chain or group bind ing site; , the Hammett
substituent con stant; *, the Taft substituent con stant; TFA, trifluoroacetophenone; TMS, tetramethyl sil ane.



classes of mech a nism-based in hib i tors.  To date, this has been
dem on strated for di ethyl-p-nitrophenol phos phate,14 hex -
adecyl sulfonyl flu o ride,15 fluoroketones,16,17 boronic acid,18

chloroisocoumarin,19 -lac tones,20,21 -lac tams,22 and car ba -
mates.1,2,23-26  CEase has also been used in the res o lu tion of
binaphthols and spirobiindanols.27

Two dif fer ent X-ray crys tal struc tures of bo vine pan cre -
atic CEase have been re ported re cently.28,29  Al though dif fer -
ent bile salt-activation mech a nisms for CEase are pro posed,
the shape of the ac tive site is sim i lar to that of CRL.  CEase,
like other li pases, pos sesses a Ser-His-Asp ac tive site triad
that is in volved in nucleophilic and gen eral acid-base ca tal y -
sis, and a neigh bor ing oxyanion hole (OH), the H-bonding
pep tide NH func tions of Gly 107, Ala 108, and Ala 195, that
sta bi lizes the in cip i ent car bonyl C-O– of the es ter func tion
dur ing turn over.  There fore, the ac tive site of CEase may con -
sist of at least five ma jor bind ing sites (Fig. 1): (a) an alkyl
chain bind ing site (ACS) that binds to the acyl chain of the
sub strate, (b) an OH that sta bi lizes the tet ra he dral in ter me di -
ate, (c) an esteratic site (ES), com prised of the ac tive site
serine which would at tack the re face of the es ter car bonyl, (d)
a leav ing group hy dro pho bic bind ing site (LHOS) that binds
to the hy dro pho bic part of the leav ing group and is in a crev ice 
above the cat a lytic site, (e) a leav ing group hy dro philic bind -
ing site (LHIS) that binds to the hy dro philic part of the leav ing 
group and is lo cated in the op po site di rec tion of ACS, and (f)
the sec ond alkyl chain or group bind ing site (SACS) that binds 
to the sec ond alkyl chain or group of the lipid sub strate or in -
hib i tor.30

The CEase-catalyzed hy dro ly sis of lipid sub strates via a
serine pro te ase mech a nism has been pro posed by Quinn.31  In
the pres ence of sub strate, the mech a nism of tran sient or
pseudo-substrate in hi bi tions of CEase has been pro posed
(Scheme I and Fig. 1).1,2,23-26,30,31

Be cause the in hi bi tion of CEase fol lows first-order ki net ics
over the ob served time pe riod for the steady-state ki net ics, the 
rate of hy dro ly sis of EI  must be sig nif i cantly slower than the

rate of for ma tion of EI  (kc >> k3).32  There fore, val ues of Ki

and kc can be cal cu lated from Equa tion 1:23,24

In Equa tion 1, kapp val ues are the first-order rate con -

stants which can be ob tained ac cord ing to Hosie’s method.23

Bi mo lec u lar rate con stant, ki = kc/Ki, is re lated to over all in -
hib i tory po tency.

Struc ture-activity re la tion ships in serine pro te ase ca tal -
y sis33-38 and acetylcholinesterase39 have been re ported.  For
en zyme in hi bi tion, less at ten tion has been paid to the cor re la -
tion with the struc ture of in hib i tor.34  We and Quinn’s group
have re ported that there ex ist the lin ear free en ergy re la tion -
ships for the in hi bi tions of CEase by sub sti tuted phenyl-N-
 butyl car ba mates (1),1,24 4-nitrophenyl-N-sub sti tuted car ba -
mates (2),2 biphenyl-N-sub sti tuted car ba mates, alkyl-N-
 phenyl car ba mates, and alkyl-N-phenyl thiocarbamates.30  In
this pa per, we fur ther draw at ten tion to the com par i son of the
lin ear free en ergy re la tion ships on the in hi bi tions of CEase by
both car ba mates 1 and 2.  Ac cord ing to these data, the in hi bi -
tion mech a nisms for CEase by aryl car ba mates are pro posed.

RESULTS

Chem i cal prop er ties of car ba mates 1 and 2
Carbamates 1 and 2 are pre pared by con den sa tion of
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Scheme I  Ki netic scheme for the pseudo-substrate in -
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Fig. 1. The pro posed mech a nism for the in hi bi tion of
CEase by car ba mates 1 and 2.  Num bers are re -
ferred to res i due po si tions in CEase.28,29



sub sti tuted phe nols with isocyanates in the pres ence of
pyridine.  All com pounds are char ac ter ized by 1H (300 MHz)
NMR, 13C (75.4 MHz) NMR, mass spec trum, and el e men tal
anal y sis.  Ta ble 1 sum ma rizes some lin ear free en ergy re la -
tion ships for these com pounds.  All NH pro ton chem i cal shifts 
( ) of car ba mates 1 and 2 are cor re lated lin early with  (or *) 
ex cept that of 4-nitrophenyl-N-phenyl carbamate (2b).  All
pKa and logk[OH] (Fig. 2) val ues are cor re lated lin early with 
(or *) with out steric con stants (Ta ble 1).  Mul ti ple lin ear re -
gres sion anal y ses of these data by the Taft-Ingold equa tion
(log(k/k0) = * * +  Es)44-47 or the Järv-Hansch equa tion
(log(k/k0) = * * +  Es + ,39 where  are the hydro pho -
bicity con stants48,49) do not im prove the cor re la tion (data not
shown) based on the R val ues.

In hi bi tion of CEase
Like all aryl-N-alkyl car ba mates,23,24,26 car ba mates 1

and 2 are char ac ter ized as pseudo-substrate in hib i tors of both
CEase and meet three cri te ria pro posed by Abeles and
Maycock.43  First, the in hi bi tion is time-dependent and fol -

lows first-order ki net ics (Fig. 4); sec ond, with in creas ing con -
cen tra tion of in hib i tor the en zyme dis plays sat u ra tion ki net ics
(Fig. 4); third, the en zyme can be pro tected from in hi bi tion by
car ba mates 1 and 2 in the pres ence of a com pet i tive in hib i tor,
TFA (see Re turn of ac tiv ity and pro tec tion by TFA in EX PER -
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Table 1. Some Linear Free Energy Relationships for Carbamates 1 and 2

Compound 1a 2b

NH
c pKa logk[OH] NH

c,d pKa logk[OH]

or * 0.15 0.02 -2.5 0.1 2.77 0.16 0.97 0.06 -1.4 0.2 0.75 0.05
h 4.97 0.01 9.97 0.06 3.55 0.07 5.26 0.01 7.64 0.04 6.09 0.01
R 0.94 0.99 0.99 0.99 0.96 0.99
a For carbamates 1, the Hammett equation ( , logk[OH], or pKa = h + ) was used in correlation. b For
carbamates 2, the Taft equation without steric effects ( , logk[OH], or pKa = h + * *) was used in
correlation. c All 1H chemical shifts ( /ppm) are referenced to internal TMS (300 MHz, CDCl3).

d

Correlation without the data from those of 4-nitrophenyl-N-phenylcarbamate.

Fig. 2.  Plot of logk[OH] of car ba mates 1 against .

Fig. 3. The al ka line-catalyzed hy dro ly sis of car ba mates 
1 and 2 via the E1cB mech a nism.

Fig. 4. Mi chae lis-Menton plot for in hi bi tion of the
CEase-catalyzed hy dro ly sis of PNPB by
carbamate 1i (Ar = 4-NO2-Ph).  First-order rate
con stants (kapp val ues) were cal cu lated as de -
scribed by Quinn et al.23  50 M of sub strate
PNPB was used.  Non lin ear least squares fit ting
to Equa tion 1 of the text gave Ki = 2.6  0.3 M
and kc = 0.0038  0.0002 sec-1.



I MEN TAL SEC TION).17  Thus, the mech a nism of the re ac -
tion re quires that the in hib i tor mol e cule and the en zyme form
the en zyme-inhibitor tet ra he dral spe cies at the first step (Ki)
of the re ac tion and then form the carbamyl en zyme at the sec -
ond step (kc) of the re ac tion (Fig. 1 and Scheme I).

The in hi bi tion data Ki, kc, and ki for CEase by car ba -
mates 1 and 2 are ob tained from non lin ear least squares curve
fit ting of Equa tion 1 as de scribed by Hosie et al.23 (Fig. 4, Ta -
bles 2 and 3).  Af ter lin ear re gres sion anal y ses of these log a -
rith mic data (Figs. 5 and 6), the re sults are also shown in Ta -
bles 2 and 3.  Lin ear re la tion ships be tween -logKi and logkc for 
CEase by car ba mates 1 and  are ob served, and the  val ues
are 3.4 and -0.13, re spec tively (Fig. 5 and Ta ble 2).  Lin ear re -
la tion ships be tween -logKi and logkc for CEase by car ba mates

2 (ex cept 2b and 2c) and * are ob served, and the * val ues
are -0.5 and 0.5, re spec tively (Fig. 6 and Ta ble 3).  Carbamate
2b and 2c like other aryl car ba mates are also char ac ter ized as
pseudo-substrate in hib i tors of CEase from the ex per i ment of
the re turn of ac tiv ity and pro tec tion by TFA.  How ever, the in -
hi bi tion data for these two car ba mates de vi ate from the lin ear -
ity (Fig. 6).  Mul ti ple lin ear re gres sion anal y ses of ki netic data 
in Ta ble 3, ex cept those for carbamate 2b and 2c by us ing the
Taft-Ingold equa tion44-47 or Järv-Hansch equa tion,39 do not
im prove the cor re la tion based on the R val ues (data not
shown).  How ever, mul ti ple lin ear re gres sion anal y ses of all
ki netic data in Ta ble 3 by us ing the Taft-Ingold equa tion (data
not shown)44-47 or Järv-Hansch equa tion39 do im prove the cor -
re la tion based on the R val ues (Ta ble 3).  The * val ues for
-logKi and logki are -0.3 and 0.4, re spec tively.  The  val ues
for -logKi and logki are 0.14 and 0.39, re spec tively.

The isokinetic re la tion ships for the in hi bi tion of CEase
by car ba mates 1 and 2 are fur ther stud ied by Arrhenius plots
(Fig. 7).  Ta ble 4 sum ma rizes all isokinetic and isoequilibrium 
tem per a tures ( s).45-47  All these  val ues are away from the
re ac tion tem per a ture, 25 °C; there fore, some low  (or *)
val ues we ob tained are not due to isokinetic but struc tural ef -
fects.

DISCUSSION

Chem i cal prop er ties of car ba mates 1 and 2
Ta ble 1 sum ma rizes some lin ear free en ergy re la tion -

ships for these com pounds.  All NH pro ton chem i cal shifts ( )
of car ba mates 1 and 2 are cor re lated lin early with  (or *) ex -
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Table 2. Substitutent Constants, Kinetic Data, and Correlation
Results for Inhibitions of CEase by Carbamates 1

X= Ki( M) kc(10-3 s-1) ki(M
-1 s-1)

p-OMe -0.27 (7 1) 103 5.4 0.4 0.8 0.1
H 0 740 70 5.0 0.3 6.7 0.8
m-OMe 0.12 390 30 4.5 0.3 12 1
p-Cl 0.23 82 8 4.4 0.2 54 6
m-Cl 0.37 120 10 4.3 0.2 36 3
m-CF3 0.43 35 5 4.4 0.2 120 20
p-CF3 0.54 4.4 0.3 4.2 0.2 960 80
m-NO2 0.71 3.6 0.3 4.0 0.2 1,100 100
p-NO2 0.78 2.6 0.3 3.8 0.2 1,500 100

-logKi Logkc Logki
a 3.4 0.3 -0.13 0.02 3.2 0.3

ha 3.1 0.1 -2.32 0.01 0.8 0.1
Ra 0.98 0.94 0.97
a Correlations of -logKi, logkc, and logki with the Hammett
equation (logk = h + ).

Fig. 5. Plot of -logKi, logkc, and logki for the in hi bi tion
of CEase by car ba mates 1 against .

Fig. 6. Plot of -logKi, logkc, and logki for the in hi bi tion
of CEase by car ba mates 2 against *.



cept that of 4-nitrophenyl-N-phenyl carbamate (2b).  The ex -
cep tion may be due to the fact that the NH lone pair elec trons
in carbamate 2b hyperconjugate to the phenyl ring.  All pKa
and logk[OH] (Fig. 2) val ues are cor re lated lin early with  (or

*) or with out steric con stants (Ta ble 1).  Mul ti ple lin ear re -
gres sion anal y ses of these data by the Taft-Ingold equa -
tion44-47 or the Järv-Hansch equa tion39 do not im prove the
corre la tion.  There fore, the struc tural ef fect for al ka line-

 catalyzed hy dro ly sis of these car ba mates, ex cept for 2b, is de -
pend ent only upon the elec tronic ef fect but in de pend ent of
both steric and hy dro pho bic ef fects.  The fact that the al ka -
line-catalyzed hy dro ly sis of these car ba mates is in de pend ent
of steric ef fects in di cated that the hydroxy an ion is relatively
small in size com pared to car ba mates and eas ily depro -
tonates the carbamate NH pro ton with out any steric hin drance
from car ba mates.  More over, the al ka line-catalyzed hy dro ly -
sis of these car ba mates pro ceeds via a com mon mech a -
nism-E1cB40-42 (Fig. 3) based on the lin ear cor re la tion be -
tween logk[OH] val ues and  (or *).  Over all, the fact that
some struc ture-reactivity re la tion ships for car ba mates 1 and
2, ex cept for 2b, are lin ear in di cates that these car ba mates
have a struc ture, con for ma tion, and mech a nism sim i lar to al -
ka line-catalyzed hy dro ly sis.  The de vi a tion for carbamate 2b
can be due to steric, hy dro pho bic, and hyperconjugated ef -
fects in the struc ture.
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Table 3. Enzyme Kinetic Data and Correlation Results for the Inhibitions of CEase by
Carbamates 2

R= * Es Ki, ( M) kc (10-3s-1) ki, (M-1 s-1)

t-Bu -0.3 -1.54 5.6 0.5 2.5 0.1 450 40
Et -0.1 -0.07 3.1 0.3 3.85 0.03 1,200 100
n-Pr -0.12 -0.36 2.9 0.3 3.74 0.04 1,300 100
n-Bu -0.13 -0.39 2.6 0.2 3.78 0.04 1,500 100
n-Hex -0.15 -0.40 3.2 0.4 3.00 0.03 900 100
n-Oct -0.13 -0.33 3.6 0.4 3.75 0.04 1,000 100
C2H4Cl 0.39 -0.43 5.8 0.7 1.21 0.04 210 30
CH2Ph 0.22 -0.38 4.4 0.5 8.81 0.09 2,000 200
Allyl 0.1 -0.39 3.8 0.5 6.00 0.05 1,600 200
Ph 0.6 -2.55 9 1 2.6 0.1 290 30

-logKi Logkc LogkI

*a -0.50 0.1 1.03 0.04 0.5 0.1
ha 5.45 0.02 -2.31 0.01 3.15 0.02
Ra 0.920 0.995 0.900

*b,c -0.3 0.1 0.6 0.2 0.4 0.1
b,c 0.14 0.04 0.25 0.06 0.39 0.04

hb,c 5.49 0.04 -2.21 0.06 3.28 0.02
Rb,c 0.910 0.862 0.956
a Correlations of -logKi, logkc, and logki with * (logk = h + * *) for all data except those of
R = Ph and t-Bu. b Correlations of -logKi, logkc, and logki with * and Es (logk = h + * * +
Es) for all data. c Correlations of -logKi, logkc, and logki with *, Es, and (logk = h +
* * + Es + )39 for all data.

Fig. 7. Arrhenius plot of lnkc for in hi bi tions of CEase
by car ba mates 1a, 1b, and 1i against 1/T.  The
isokinetic tem per a ture  = 10 °C.

Table 4. Isokinetic and Isoequilibrium Temperatures for the
Inhibition of CEase by Carbamates 1 and 2

1 2

(Ki) 140 2 C 35 3 C
(kc) 11 1 C 13 1 C
(ki) 106 3 C 36 4 C



In hi bi tion of CEase
The in hi bi tion data Ki, kc, and ki for CEase are ob tained

from non lin ear least squares curve fit ting of Equa tion 1 as de -
scribed by Hosie et al.23 (Ta bles 2 and 3).  The for ma tion con -
stant of E-I (Fig. 1 and Scheme I) is 1/Ki and the  value for
this re ac tion is 3.4 (Fig. 5).  This sug gests that the tran si tion
state for this step is more neg a tive than re ac tants (CEase and
in hib i tor) and the tet ra he dral spe cies is pro posed to be E-I
(Scheme I and Fig. 1).  Like BAC2 of al ka line hy dro ly sis of
sub sti tuted phenyl-N-methyl car ba mates (  = 2.7  0.2),40 the
for ma tions of co va lent E-I in ter me di ate (  = 3.4) and E-I
carbamyl en zyme (  = 3.2) are very sen si tive to struc ture and
rates are strongly ac cel er ated by elec tron-withdrawing
groups.  For Ki the  value we ob tained of 3.4 is in the range of
that ob tained from the in hi bi tion of subtilisin Carsberg by
boronic acid (  = 3.75  0.76).34  Sim i lar re sults of Hammett
anal y sis have been re ported by Feaster et al.24 for in hi bi tion of
por cine and rat CEases by aryl-N-alkyl car ba mates (  = 1.8 
0.4).  That the  val ues in -logKi- -cor re la tion for CEase-
 inhibition by car ba mates 1 (Fig. 5) are greater than one in di -
cates that the carbamylation tran si tion state is more sen si tive
to aryl sub stitu ents than the ref er ence pro cesses, the ion iza -
tions of p-sub sti tuted phe nols and anilinium ions, that are
used to de fine the substituent con stants, .44-47  This likely re -
flects the fact that the phenolate an ion in the carbamylation
tran si tion state is made in a rel a tively hy dro pho bic ac tive site,
whereas upon phe nol ion iza tion the charge on the phenolate
an ion is par tially masked by the hy dro gen bond ing with wa -
ter.24  The greater  val ues ob served also re flects the greater
charge sep a ra tion in E-I in ter me di ate, in volv ing a pos i tively
charged histidine imidazoliun group and the hydroxy group,
than in the cor re spond ing car ba mates-hydroxide ion adduct,
which is sta bi lized by wa ter only.

Mul ti ple lin ear re gres sion anal y ses of ki netic data ex -
cept car ba mates 2b and 2c in Ta ble 3 do not im prove the cor re -
la tion based on the R val ues.  The elec tronic ef fect of the
substituent plays a ma jor role in these struc ture-reactivity cor -
re la tions; how ever, the steric ef fect and the hydrophobicity of
the substituent do not.

The * val ues for -logKi- *-cor re la tion for CEase-
 inhibition are neg a tive (-0.5) (Ta ble 3); there fore, a con certed
mech a nism (Scheme I and Fig. 1) for the Ki step is less pos si -
ble, but a two-step mech a nism for the Ki step may oc cur.
Since the E-I tet ra he dral spe cies carry the neg a tive charge, the 
con certed mech a nism ( * > 0) has been ruled out due to the
fact that the neg a tive * val ues are ob served.  Like AAC2
mech a nism,45 the Ki step for the CEase-inhibition by car ba -
mates 2 is in sen si tive to elec tronic per tur ba tion ( * = -0.5)
(Ta ble 3).  The pos si ble rea son for this is the com pos ite na ture
of the ob served rate con stant.  In other words, elec tronic de -

mands on the first step with a neg a tive * value and the sec ond 
step with a pos i tive * value tend to can cel each other.  Since
the above re ac tion also forms the neg a tive-charge tet ra he dral
in ter me di ate, it is pos si ble that the first step of the Ki step is
the for ma tion of the hy dro gen bond ing be tween the am ide
pro tons of the OH of CEase and the lone pair of the carbamate
ni tro gen and the de vel op ment of the par tial pos i tive-charge at
the carbamate ni tro gen (Fig. 8).  There fore, the * value for
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Fig. 8. The pro posed two-step-Ki-mech a nism for the in -
hi bi tion of CEase by car ba mates 1 and 2.  The
first step of Ki is the protonation of carbamate ni -
tro gen.  The re ac tion con stants of the first step of 
Ki for car ba mates 1 and 2 are de fined as 11 and

*21, re spec tively.  The *21 value is more neg a -
tive than the 11 value be cause the R substituent
of car ba mates 2 is much closer to the pos i tive
charge (RNH2

+) than the X substituent of car ba -
mates 1.  The re ac tion con stants of the sec ond
step of Ki for car ba mates 1 and 2 are de fined as

12 and *22, re spec tively.  The 12 value is more 
pos i tive than the *22 value be cause the X
substituent of car ba mates 1 is much closer to the
neg a tive charge (C-O–) of the EI com plex than
the R substituent of car ba mates 2.  There fore,
the over all re ac tion con stant of -logKi for car ba -
mates 1 is pos i tive (  = 11 + 12 = 3.4) but that
for car ba mates 2 is neg a tive ( * = *21 + *22 =
-0.5).



this step should be neg a tive.  Since the par tial pos i tive ni tro -
gen is away from the sub sti tuted phenyl group, the  value for
the CEase-inhibition by car ba mates 1 should not be af fected
by the first step of the Ki step (   0).  The sec ond step of the Ki

step is the for ma tion of the tet ra he dral in ter me di ate with the
neg a tive-charge at the car bonyl ox y gen and should have pos i -
tive * and  val ues.  Over all, the * value of the Ki step for
the CEase-inhibition by car ba mates 2 is neg a tive ( * = -0.5)
(Ta ble 3).

Carbamates 2b and 2c are also char ac ter ized as pseudo-
 substrate in hib i tors of CEase; how ever, the in hi bi tion data for
these two car ba mates de vi ate from the lin ear ity (Fig. 6).
There fore, the mech a nism for in hi bi tions of CEase by these
two car ba mates may be dif fer ent.  There are three pos si bil i ties 
for these de vi a tions: i) the change of mech a nism that means
the bind ing site is SACS in stead of ACS, ii) the change in rate
lim ited step, and iii) fur ther de pend ence upon both steric and
hy dro pho bic ef fects.  The first and sec ond pos si bil i ties are
ruled out since these two car ba mates like other aryl-N-alkyl
car ba mates are all pseudo-substrate in hib i tors of CEase and
fol low the same mech a nism (Scheme I and Fig. 1).  Mul ti ple
lin ear re gres sion anal y sis of ki netic data in Ta bles 3 and 5 by
us ing Taft-Ingold and Järv-Hansch equa tions im proves the
cor re la tion com pared to sim ple lin ear re gres sion anal y sis by
us ing the Taft-Ingold equa tion with out the steric con stant, Es,
based on the R val ues.  There fore, de vi a tions for in hi bi tions of 
CEase by car ba mates 2b and 2c may come from both steric
and hy dro pho bic ef fects of the substituent.  Thus, these two
car ba mates are still ac com mo dated to the ACS-ES-OH-active
site of CEase (Fig. 1) nevertheless it is cre ated a pro hib i tively
steric hin drance and an un fa vor ably hy dro pho bic en vi ron -
ment for the re ac tion.

Some  (or *) val ues in Ta bles 2 and 3 are very close to
zero; there fore, isokinetic re la tion ships for the in hi bi tion of
CEase by car ba mates 1 and 2 are fur ther stud ied by Arrhenius
plots (Fig. 7).  Ta ble 4 sum ma rizes all isokinetic and iso -
equilibrium tem per a tures ( s).45-47  All these  val ues are
away from the re ac tion tem per a ture, 25 °C.  There fore, the
low  (or *) val ues we ob tained are due to the struc tural ef -
fect.

In con clu sion, the com mon CEase-inhibition mech a -
nism by car ba mates 1 and 2 is pro posed (Fig. 8).  The first step 
of the mech a nism is the de vel op ment of the pos i tive-charge
spe cies at the carbamate ni tro gen from the protonation of the
carbamate ni tro gen and the for ma tion of the en zyme-inhibitor
com plex.  The sec ond step of the mech a nism is the for ma tion
of the tet ra he dral in ter me di ate (EI) with the neg a tive-charge
at the car bonyl ox y gen.  The third step of the mech a nism is the 
for ma tion of the carbamyl en zyme (EI ) from the tet ra he dral

in ter me di ate.  There are two pos si ble rea sons for the for ma -
tion of the pos i tive charge at the carbamate ni tro gen in stead of 
the carbamate car bonyl ox y gen (C=O) or the carbamate ether
ox y gen (Ar-O-C(O)-).  First, the carbamate NH is the most ba -
sic group among the carbamate car bonyl ox y gen, the car ba -
mate ether ox y gen, and the carbamate NH; there fore, the
carbamate NH is protonated but two ox y gen po si tions are not
at pH 7.0 (both car bonyl and ether oxygens may be protonated
in strongly acidic con di tions).  Sec ond, the re ac tion con stants
of -logKi for car ba mates 1 (  = 3.4) and car ba mates 2 ( * =
-0.5) are more likely from the pos i tive carbamate ni tro gen
than from the pos i tive carbamate oxygens.  The re ac tion con -
stants of the first step of Ki for car ba mates 1 and 2 are de fined
as 11 and *21, re spec tively (Fig. 8).  The *21 value is more
neg a tive than the 11 value be cause the R substituent of car ba -
mates 2 is much closer to the pos i tive charge (RNH2

+) than the
X substituent of car ba mates 1.  The re ac tion con stants of the
sec ond step of Ki for car ba mates 1 and 2 are de fined as 12 and

*22, re spec tively.  The 12 value is more pos i tive than the *22

value be cause the X substituent of car ba mates 1 is much
closer to the neg a tive charge (C-O–) of the EI com plex than
the R substituent of car ba mates 2.  There fore, the over all re ac -
tion con stant of -logKi for car ba mates 1 is pos i tive (  = 11 +

12 = 3.4) but that for car ba mates 2 is neg a tive ( * = *21 +
*22 = -0.5).  If the pos i tive-charge is de vel oped at the

carbamate car bonyl or ether ox y gen in stead of the carbamate
ni tro gen, 11 would be more neg a tive than *21 (be cause the X
substituent of carbamate 1 is closer to the pos i tive ox y gen
than the R substituent of car ba mates 2) and *22 would be
more pos i tive than 12, and  of -logKi for car ba mates 1 would
be neg a tive and * of -logKi for car ba mates 2 would be pos i -
tive.  There fore, the first step of the Ki step (Fig. 8) protonates
the carbamate ni tro gen and forms the pos i tive-charge at the
carbamate ni tro gen in stead of ei ther carbamate ox y gen.  The
pre-steady state in hi bi tions of CEase by car ba mates 2 should
be fur ther stud ied to con firm the two-step mech a nism for the
Ki step.

EXPERIMENTAL SECTION

Ma te rials
All chem i cals were of the high est grade avail able.

CEase from por cine pan creas and PNPB were ob tained from
Sigma; other chem i cals were ob tained from Aldrich; sil ica gel 
used in liq uid chro ma tog ra phy (Licorpre Sil ica 60, 200-400
mesh) and thin-layer chro ma tog ra phy plates (60 F254) were
ob tained from Merck; other chem i cals and biochemicals were
of the high est qual ity avail able com mer cially.
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In stru men tal Methods
1H and 13C NMR spec tra were re corded at 300 and 75.4

MHz, re spec tively, on a Varian-XL 300 spec trom e ter.  The 1H
and 13C chem i cal shifts were referenced to in ter nal TMS.
Steady state ki netic data were ob tained from UV-visible
spectro photometer (HP 8452 or Beckman DU-650) with a cell 
holder cir cu lated with a wa ter bath.  The pKa val ues were ob -
tained from the pH-stat ti tra tion (Ra di om e ter PHM 290).

Syn the sis of Carbamates 1 and 2
Carbamates 1 were pre pared from the con den sa tion of

the cor re spond ing phe nol with 1.2 mole equiv a lents of n-butyl 
isocyantate in the pres ence of a cat a lytic amount of pyridine in 
di chloro methane at 25 °C for 48 h (76-85% yield).  Carba -
mates 2 were pre pared from the con den sa tion of 4-nitrophenol 
with 1.2 mole equiv a lents of the cor re spond ing isocyantate in
the pres ence of a cat a lytic amount of pyridine in di chloro -
methane at 25 °C for 48 h (74-90% yield).  All com pounds
were pu ri fied by liq uid chro ma tog ra phy on sil ica gel (hex -
ane-ethyl ac e tate sol vent gra di ent) and char ac ter ized by 1H
and 13C NMR spec tra, high res o lu tion mass spec tra (HRMS),
and el e men tal anal y sis (EA).
Phenyl-N-n-butyl carbamate (1a)

1H NMR (CDCl3, 300 MHz) /ppm 0.95 (t, J = 7 Hz, 3H, 
-CH3), 1.42 (sex tet, J = 7 Hz, 2H, -CH2), 1.56 (quin tet, J = 7 

Hz, 2H, -CH2), 3.22 and 3.27 (ABq, J = 7 Hz, 2H, -CH2),
5.02 (s, 1H, NH), 7.11-7.37 (m, 5H, phenyl-H); 13C NMR
(CDCl3, 75.4 MHz) /ppm 13.60 ( -C), 19.76 ( -C), 31.76
( -C), 40.81 ( -C), 121.57, 125.13, and 129.20 (phenyl
C-2-C-6), 151.01 (phenyl C-1), 154.66 (C=O).  HRMS cal cu -
lated for C11H15O2N: 193.1103, found: 193.1107.  EA cal cu -
lated for C11H15O2N: C, 68.35; H, 7.83; N, 7.25; found: C,
68.27; H, 7.96, N, 7.15.
4-Methoxyphenyl-N-n-butyl carbamate (1b)

1H NMR (CDCl3, 300 MHz) /ppm 0.95 (t, J = 7 Hz, 3H, 
-CH3), 1.38 (sex tet, J = 7.2 Hz, 2H, -CH2), 1.54 (quin tet, J = 

7.2 Hz, 2H, -CH2), 3.22 and 3.28 (ABq, J = 6.6 Hz, 2H,
-CH2), 3.78 (s, 3H, OCH3), 5.04 (s, 1H, NH), 6.84-7.06 (m,

4H, phenyl-H); 13C NMR (CDCl3, 75.4 MHz) /ppm 13.51
( -C), 16.79 ( -C), 31.67 ( -C), 40.75 ( -C), 55.37 (OCH3),
114.14 (phenyl C-3,5), 122.37 (phenyl C-2,6), 144.59 (phenyl 
C-4), 155.06 (phenyl C-1), 156.74 (C=O).  HRMS cal cu lated
for C12H17O3N: 223.1208, found: 223.1201.  EA cal cu lated for 
C12H17O3N: C, 64.54; H, 7.68; N, 6.28; found: C, 64.47; H,
7.76, N, 6.19.
3-Methoxyphenyl-N-n-butyl carbamate (1c)

1H NMR (CDCl3, 300 MHz) /ppm 0.95 (t, J = 7.5 Hz,
3H, -CH3), 1.39 (sex tet, J = 7.5 Hz, 2H, -CH2), 1.55 (quin -
tet, J = 7.5 Hz, 2H, -CH2), 3.24 and 3.30 (ABq, J = 7.2 Hz,

2H, -CH2), 3.79 (s, 3H, OCH3), 5.01 (s, 1H, NH), 6.69-7.27
(m, 4H, phenyl-H); 13C NMR (CDCl3, 75.4 MHz) /ppm
13.66 ( -C), 19.83 ( -C), 31.82 ( -C), 40.91 ( -C), 55.53
(OCH3), 17.55, 111.22, 113.85, and 129.65 (phenyl C-
 2,4,5,6), 152.09 (phenyl C-3), 154.52 (phenyl C-1), 160.40
(phenyl C-1), 156.74 (C=O); HRMS cal cu lated for
C12H17O3N: 223.1208, found: 223.1196.  EA cal cu lated for
C12H17O3N: C, 64.54; H, 7.68; N, 6.28; found: C, 64.44; H,
7.77, N, 6.18.
4-Chlorophenyl-N-n-butyl carbamate (1d)

1H NMR (CDCl3, 300 MHz) /ppm 0.96 (t, J = 7.5 Hz,
3H, -CH3), 1.40 (sex tet, J = 6.9 Hz, 2H, -CH2), 1.56 (quin -
tet, J = 7.2 Hz, 2H, -CH2), 3.24 and 3.30 (ABq, J = 6.9 Hz,
2H, -CH2), 5.00 (s, 1H, NH), 7.05-7.32 (m, 4H, phenyl-H);
13C NMR (CDCl3, 75.4 MHz) /ppm 13.62 ( -C), 19.80
( -C), 31.77 ( -C), 40.93 ( -C), 122.95 (phenyl C-3,5),
129.27 (phenyl C-2,6), 130.48 (phenyl C-4), 149.63 (phenyl
C-1), 154.25 (C=O).  HRMS cal cu lated for C11H14O2NCl:
227.7013, found: 227.7026.  EA cal cu lated for C11H14O2NCl:
C, 58.13; H, 6.21; N, 6.17; found: C, 58.03; H, 6.33, N, 6.07.
3-Chlorophenyl-N-n-butyl carbamate (1e)

1H NMR (CDCl3, 300 MHz) /ppm 0.96 (t, J = 7.5 Hz,
3H, -CH3), 1.40 (sex tet, J = 6.9 Hz, 2H, -CH2), 1.55 (quin -
tet, J = 7.2 Hz, 2H, -CH2), 3.24 and 3.30 (ABq, J = 6.9 Hz,
2H, -CH2), 5.00 (s, 1H, NH), 7.02-7.30 (m, 4H, phenyl-H);
13C NMR (CDCl3, 75.4 MHz) /ppm 13.64 ( -C), 19.82
( -C), 31.78 ( -C), 40.97 ( -C), 119.97, 122.26, 125.48, and
129.98 (phenyl C-2,4,5,6), 134.49 (phenyl C-3), 151.64
(phenyl C-1), 154.05 (C=O).  HRMS cal cu lated for
C11H14O2NCl: 227.7013, found: 227.7026.  EA cal cu lated for
C11H14O2NCl: C, 58.13; H, 6.21; N, 6.17; found: C, 58.05; H,
6.30, N, 6.08.
4-Trifluorophenyl-N-n-butyl carbamate (1f)

1H NMR (CDCl3, 300 MHz) /ppm 0.96 (t, J = 7.5 Hz,
3H, -CH3), 1.40 (sex tet, J = 7.5 Hz, 2H, -CH2), 1.55 (quin -
tet, J = 7.0 Hz, 2H, -CH2), 3.26 and 3.32 (ABq, J = 6.6 Hz,
2H, -CH2), 5.04 (s, 1H, NH), 7.24-7.63 (m, 4H, phenyl-H);
13C NMR (CDCl3, 75.4 MHz) /ppm 13.61 ( -C), 19.80
( -C), 31.73 ( -C), 40.96 ( -C), 121.87 (phenyl C-3,5),
124.24 (q, 1JCF = 300 Hz, CF3), 126.60 (phenyl C-2,6), 126.63
(q, 2JCF = 20 Hz, phenyl C-4), 153.67 (phenyl C-1), 153.82
(C=O).  HRMS cal cu lated for C12H14O2NF3: 261.0976, found: 
261.0988.  EA cal cu lated for C12H14O2NF3: C, 55.15; H, 5.40;
N, 5.36; found: C, 55.09; H, 5.48, N, 5.25.
3-Trifluorophenyl-N-n-butyl carbamate (1g)

1H NMR (CDCl3, 300 MHz) /ppm 0.96 (t, J = 7.5 Hz,
3H, -CH3), 1.41 (sex tet, J = 6.9 Hz, 2H, -CH2), 1.58 (quin -
tet, J = 7.2 Hz, 2H, -CH2), 3.26 and 3.32 (ABq, J = 6.6 Hz,
2H, -CH2), 5.06 (s, 1H, NH), 7.31-7.50 (m, 4H, phenyl-H);
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13C NMR (CDCl3, 75.4 MHz) /ppm 13.56 ( -C), 19.77
( -C), 31.69 ( -C), 40.94 ( -C), 118.78, 121.89, 125.17 and
129.77 (phenyl C-2,4,5,6), 123.55 (q, 1JCF = 230 Hz, CF3),
131.24 (q, 2JCF = 20 Hz, phenyl C-3), 151.21 (phenyl C-1),
154.02 (C=O).  HRMS cal cu lated for C12H14O2NF3: 261.0976, 
found: 261.0985.  EA cal cu lated for C12H14O2NF3: C, 55.15;
H, 5.40; N, 5.36; found: C, 55.06; H, 5.49, N, 5.24.
3-Nitrophenyl-N-n-butyl carbamate (1h)

1H NMR (CDCl3, 300 MHz) d/ppm 0.97 (t, J = 7.2 Hz,
3H, -CH3), 1.41 (sex tet, J = 6.9 Hz, 2H, -CH2), 1.59 (quin -
tet, J = 7.2 Hz, 2H, -CH2), 3.26 and 3.32 (ABq, J = 6.6 Hz,
2H, -CH2), 5.13 (s, 1H, NH), 7.48-8.09 (m, 4H, phenyl-H);
13C NMR (CDCl3, 75.4 MHz) /ppm 13.62 ( -C), 19.80
( -C), 31.70 ( -C), 41.07 ( -C), 117.24, 120.14, 128.08, and
129.81 (phenyl C-2,4,5,6), 148.72 (phenyl C-1), 151.46
(phenyl C-3), 153.61 (C=O).  HRMS cal cu lated for C11H14N2O4:
238.0953, found: 238.0942.  EA cal cu lated for C11H14N2O4:
C, 55.44; H, 5.93; N, 11.76; found: C, 55.33; H, 6.02, N,
11.65.
4-Nitrophenyl-N-n-butyl carbamate (1i or 2a)

1H NMR (CDCl3, 300 MHz) /ppm 0.97 (t, J = 6.9 Hz,
3H, -CH3), 1.41 (sex tet, J = 6.9 Hz, 2H, -CH2), 1.58 (m, 2H, 

-CH2), 3.26 and 3.32 (ABq, J = 6.9 Hz, 2H, -CH2), 5.15 (s,
1H, NH), 7.31 (dd, J = 4.5 and 1.5 Hz, 2H, 2,6-phenyl H), 8.24 
(dd, J = 4.5 and 1.5 Hz, 2H, 3,5-phenyl H); 13C NMR (CDCl3,
75.4 MHz) /ppm 13.59 ( -C), 19.77 ( -C), 31.64 ( -C),
41.02 ( -C), 121.94 (phenyl C-2 and C-6), 125.10 (phenyl
C-3 and C-5), 144.66 (phenyl C-1), 153.16 (phenyl C-4),
156.04 (C=O).  HRMS cal cu lated for C10H14O4N2: 238.0953,
found: 238.0957.  EA cal cu lated for C10H14O4N2: C, 55.44; H,
5.93; N, 11.76; found: C, 55.36; H, 6.01, N, 11.68.
4-Nitrophenyl-N-phenyl carbamate (2b)

1H NMR (CDCl3, 300 MHz) /ppm 7.07 (s, 1H, NH),
7.38 (d, J = 7 Hz, 2H, 2,6-phenyl H), 8.29 (d, J = 7 Hz, 2H,
3,5-phenyl H), 7.15-7.46 (m, 5H, NH-phenyl); 13C NMR
(CDCl3, 75.4 MHz) /ppm 122.13 (phenyl C-2 and C-6),
125.20 (phenyl C-3 and C-5), 145.01 (phenyl C-1), 150.11
(phenyl C-4), 118.94, 124.53, 129.27, and 136.59 (NH-
 phenyl), 155.32 (C=O).  HRMS cal cu lated for C13H10O4N2:
258.0640, found: 258.0650.  EA cal cu lated for C13H10O4N2:
C, 60.45; H, 3.91; N, 10.85; found: C, 60.38; H, 4.05, N,
10.79.
4-Nitrophenyl-N-t-butyl carbamate (2c)

1H NMR (CDCl3, 300 MHz) /ppm 1.37 and 1.31 (s, 9H, 
CH3), 5.12 (s, 1H, NH), 7.30 (d, J = 6 Hz, 2H, 2,6-phenyl H),
8.24 (d, J = 6 Hz, 2H, 3,5-phenyl H); 13C NMR (CDCl3, 75.4
MHz) /ppm 28.65 and 29.58 (CH3), 50.24 and 50.25
(C(CH3)3), 121.00 (phenyl C-2 and C-6), 125.03 (phenyl C-3
and C-5), 144.50 (phenyl C-1), 151.09 (phenyl C-4), 155.94

(C=O).  HRMS cal cu lated for C10H14O4N2: 238.0953, found:
238.0959.  EA cal cu lated for C10H14O4N2: C, 55.44; H, 5.93;
N, 11.76; found: C, 55.34; H, 6.02, N, 11.69.
4-Nitrophenyl-N-n-ethyl carbamate (2d)

1H NMR (CDCl3, 300 MHz) /ppm 1.60 (t, J = 7.5 Hz,
3H, CH3), 3.27-3.36 (m, 2H, CH2), 5.15 (s, 1H, NH), 7.44-
 8.07 (m, 4H, phenyl-H); 13C NMR (CDCl3, 75.4 MHz) /ppm
31.65 (CH3), 41.09 (CH2), 121.95 (phenyl C-2,6), 125.13
(phenyl C-3,5), 144.68 (phenyl C-1), 153.11 (phenyl C-4),
156.01 (C=O).  HRMS cal cu lated for C9H10N2O4: 210.0640,
found: 210.0653.  EA cal cu lated for C9H10N2O4: C, 51.41; H,
4.80; N, 13.33; found: C, 51.30; H, 4.87, N, 13.21.
4-Nitrophenyl-N-n-propyl carbamate (2e)

1H NMR (CDCl3, 300 MHz) /ppm 1.38 (t, J = 7.2 Hz,
3H, -CH3), 1.62 (quin tet, J = 7.5 Hz, 2H, -CH2), 3.29 and
3.35 (ABq, J = 7.0 Hz, 2H, -CH2), 5.16 (s, 1H, NH), 7.46-
 8.05 (m, 4H, phenyl-H); 13C NMR (CDCl3, 75.4 MHz) /ppm
19.67 ( -C), 31.68 ( -C), 41.07 ( -C), 121.92 (phenyl C-2,6), 
125.11 (phenyl C-3,5), 144.69 (phenyl C-1), 153.10 (phenyl
C-4), 156.02 (C=O).  HRMS cal cu lated for C10H12N2O4:
224.0797, found: 226.1278.  EA cal cu lated for C10H12N2O4:
C, 53.55; H, 5.40; N, 12.50; found: C, 53.43; H, 5.51, N,
12.32.
4-Nitrophenyl-N-n-hexyl carbamate (2f)

1H NMR (CDCl3, 300 MHz) /ppm 0.91 (t, J = 6.6 Hz,
3H, -CH3), 1.25-1.40 (quin tet, J = 6.9 Hz, 2H, -CH2),
1.54-1.61 (m, 6H, , , -CH2), 3.26 and 3.32 (ABq, J = 6.9 Hz,
2H, -CH2), 5.13 (s, 1H, NH), 7.48-8.09 (m, 4H, phenyl-H);
13C NMR (CDCl3, 75.4 MHz) /ppm 13.92 ( -C), 22.47
( -C), 26.47 ( -C), 26.47 and 29.60 (  and -C), 41.37 ( -C),
121.95 (phenyl C-2,6), 125.13 (phenyl C-3,5), 144.72 (phenyl 
C-1), 153.11 (phenyl C-4), 156.09 (C=O).  HRMS cal cu lated
for C13H18N2O4: 266.1266, found: 226.1278.  EA cal cu lated
for C13H18N2O4: C, 58.62; H, 6.82; N, 10.54; found: C, 58.50;
H, 6.95, N, 10.45.
4-Nitrophenyl-N-n-octyl carbamate (2g)

1H NMR (CDCl3, 300 MHz) /ppm 0.88 (t, J = 7 Hz, 3H, 
-CH3), 1.22-1.43 (m, J = 6.9 Hz, 2H, -CH2), 1.54-1.61 (m,

10H,  and  to -1-CH2), 3.26 and 3.32 (ABq, J = 6.9 Hz, 2H, 
-CH2), 5.13 (s, 1H, NH), 7.48-8.09 (m, 4H, phenyl-H); 13C

NMR (CDCl3, 75.4 MHz) /ppm 14.01 ( -C), 22.56 ( -C),
26.66 ( -C), 29.12, 29.64, and 31.71 (  to -C), 41.37 ( -C),
121.94 (phenyl C-2,6), 125.13 (phenyl C-3,5), 144.73 (phenyl 
C-1), 153.10 (phenyl C-4), 156.08 (C=O).  HRMS cal cu lated
for C15H22N2O4: 294.1579, found: 294.1592.  EA cal cu lated
for C15H22N2O4: C, 61.19; H, 7.54; N, 9.52; found: C, 61.08;
H, 7.63, N, 9.43.
4-Nitrophenyl-N-2-chloroethyl carbamate (2h)

1H NMR (CDCl3, 300 MHz) /ppm 3.65-3.73 (m, 4H,
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ClCH2CH2), 5.66 (s, 1H, NH), 7.32-8.27 (m, 4H, phenyl-H);
13C NMR (CDCl3, 75.4 MHz) /ppm 42.99 and 43.43
(ClCH2CH2), 122.09 (phenyl C-2,6), 126.21 (phenyl C-3,5),
144.98 (phenyl C-1), 153.51 (phenyl C-4), 155.61 (C=O).
HRMS cal cu lated for C9H9N2O4Cl: 244.0251, found:
244.0262.  EA cal cu lated for C9H9N2O4Cl: C, 44.26; H, 3.72;
N, 11.48; found: C, 44.12; H, 3.81, N, 11.30.
4-Nitrophenyl-N-allyl carbamate (2i)

1H NMR (CDCl3, 300 MHz) /ppm 3.93 (m, 2H,
CH2CH=CH2), 5.21-5.27 (m, 2H, CH=CH2), 5.91 (m, 1H,
CH=CH2), 5.32 (s, 1H, NH), 7.30-8.26 (m, 4H, phenyl-H); 13C 
NMR (CDCl3, 75.4 MHz) /ppm 43.69 (CH2CH=CH2),
117.19 and 133.28 (CH2CH=CH2), 122.03 (phenyl C-2,6),
126.16 (phenyl C-3,5), 144.89 (phenyl C-1), 153.33 (phenyl
C-4), 155.84 (C=O).  HRMS cal cu lated for C10H9N2O4:
221.0562, found: 221.0574.  EA cal cu lated for C10H9N2O4: C,
54.28; H, 4.10; N, 12.67; found: C, 54.16; H, 4.17, N, 12.59.
4-Nitrophenyl-N-benzyl carbamate (2j)

1H NMR (CDCl3, 300 MHz) /ppm 4.48 (m, 2H,
CH2Ph), 5.50 (s, 1H, NH), 7.27-8.26 (m, 9H, phenyl-H); 13C
NMR (CDCl3, 75.4 MHz) /ppm 45.37 (CH2Ph), 117.19 and
133.28 (CH2CH=CH2), 122.03 (phenyl C-2,6), 126.13
121.98, 125.15, 126.13, 127.73, 128.00, 128.91, 144.82, and
153.27 (phenyl), 155.91 (C=O).  HRMS cal cu lated for
C14H12N2O4: 272.0797, found: 272.0809.  EA cal cu lated for
C14H12N2O4: C, 61.75; H, 4.44; N, 10.29; found: C, 61.64; H,
4.52, N, 10.17.

Data Re duc tion
Kaleida GraphTM (ver sion 2.0) and Or i gin (ver sion 4.0)

were used for both lin ear and non lin ear least squares curve fit -
tings.  Stat WorkTM and Or i gin were used for mul ti ple lin ear
least squares re gres sion anal y ses.

pKa and logk[OH]

The pKa val ues were ob tained from the pH-stat ti tra tion. 
The val ues of logk[OH] were ob tained ac cord ing to the pro ce -
dures of Fujita et al.40  The first or der rate con stant, khyd., of the
acyl de riv a tives was ob tained from a UV-visible spectro -
photometer af ter cal cu la tion.  The val ues of logk[OH] were de -
ter mined as the in ter cept of the plot of logkhyd ver sus
log[OH–].  The re ac tion tem per a ture was kept at 25.0  0.1 °C. 
All re ac tions were per formed in so dium phos phate buffer (1
mL, 0.05 M, pH 8.0) con tain ing NaCl (0.2 M), acetonitrile
(2.5% by vol ume), tri ton X-100 (0.5% by weight), and sub -
strate (5 mol).  Re ac tions were mon i tored from 214 to 288
nm ac cord ing to dif fer ent ab sorp tions of X-C6H4-OH.41

Steady-state En zyme Ki net ics
The steady-state CEase in hi bi tions were as sayed by

Hosie’s method.23  The tem per a ture was main tained at 25.0 
0.1 °C by a re frig er ated cir cu lat ing wa ter bath.  All re ac tions
were per formed in so dium phos phate buffer (1 mL, 0.1 M, pH
7.0) con tain ing NaCl (0.1 M), acetonitrile (2% by vol ume),
tri ton X-100 (0.5% by weight), sub strate (50 M of PNPB for
CEase), and vary ing con cen tra tions (from 10-7 to 10-2 M for
car ba mates 1; from 10-8 to 10-3 M for car ba mates 2) of in hib i -
tors.  Req ui site vol umes of stock so lu tion of sub strate and in -
hib i tors in acetonitrile were in jected into re ac tion buff ers via a 
pipet.  Por cine pan cre atic CEase was dis solved in so dium
phos phate buffer (0.1 M, pH 7.0).  Re ac tions were ini ti ated by
in ject ing en zyme (50 g or 1 unit ( mol/min) of CEase) and
mon i tored at 410 nm on the UV-visible spectrophotometer.
First-order rate con stants (kapp val ues) for in hi bi tion of CEase
were de ter mined as de scribed by Hosie et al. (Scheme I).23

Values of Ki and kc can be ob tained by fit ting the data of kapp

and [I] to Equa tion 1 by non lin ear least squares re gres sion
anal y ses (Fig. 3).  Du pli cate or trip li cate sets of data were col -
lected for each in hib i tor con cen tra tion.

Re turn of Ac tiv ity and Pro tec tion by TFA
For the re turn of ac tiv ity study, CEase (50 g) was in cu -

bated with a carbamate 1 or 2 (1 M) in the ab sence and pres -
ence of TFA (2 M), a known com pet i tive in hib i tor of the en -
zyme17 be fore the in hi bi tion re ac tion.  The con cen tra tions of
sub strate (PNPB) were 0.2 mM for CEase, re spec tively.  All
the other pro ce dures fol lowed those of Hosie et al.23

Isokinetic and Isoequilibrium Tem per a tures
The  (Ki),  (kc), and  (ki) val ues (Ta ble 4) were ob -

tained from the Arrhenius plots of -lnKi, lnkc, or lnki by car ba -
mates 1a, 1b, 1i against 1/T (Fig. 7) and those by car ba mates
2a, 2g, and 2i against 1/T.  The CEase in hi bi tions were as -
sayed as de scribed in En zyme Ki net ics.  The tem per a ture was 
main tained at 10.0, 15.0, 20.0, 25.0, or 30.0  0.1 °C by a re -
frig er ated and heated cir cu lat ing wa ter bath.
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