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5.10 (d, 3.5, OH on C-1), 4.42 (dt, 10.5/3.5, H-l), 4.04 (dd, 10.5/4.0, 
H-14), 3.10 (m, H-7), 3.07 (m, H-20), 3.04 (a, OMe on C-14), 2.83 
(m, 10.7, H-3,16), 2.08 (m, -13.9/10.5/4.3, H-15), 2.01 (m, 
-13.9/10.5/3.7, H-2), 1.84 (m, -13.9/4.0, H-15), 1.84/1.56 (m, 
H&19), 1.81 (m, -13.9/3.5, H-2'),1.60/1.50 (m, Hr17), 1.60/1.45 
(m, Hr4), 1.81/1.39 (m, H2-27,31), 1.52/0.55 (m, H-5,18), 1.25 (m, 
H2-29,33), 1.18 (m, H2-28,32), 0.77/0.76 (t, H3-30,34). 

'9C NMR (DMSO-ds): b 157.4 (8,  C-13), 157.2 (8, C-26), 155.6 
(8, C-9), 155.3 (8, C-22), 142.0 (8, C-24), 138.2 (8,  C-ll), 115.9 (8,  
C8), 115.0 (8, C-21), 107.1 (d, C-12), 105.6 (d, CW), 103.4 (d, CB), 
102.7 (d, C-lo), 80.8 (d, C-14), 70.4 (d, C-l), 63.2 (d, C-3), 62.7 

(t, C-4,17), 34.8 (d, C-7), 34.7 (d, C-20), 32.6 (t, C-6,19), 32.4 (t, 
C-27,31), 30.0/29.9 (t, C-28,32), 26.6 (t, C-5,18), 22.1 (t, C-29,33), 
13.9 (9, C-30,34). 

(d, C-16), 55.6 (q, OMe on C-14), 47.7 (t, C-2),45.4 (t, C-15), 40.3 

Nostocyclophane D. Recrystallized from aqueous EtOH, mp 
242-3 "C: [aID +10.8O (c 0.4); UV k- 215 nm (t 196001, 228 

[e], -2230, [e], -2600; positive-ion FABMS m/z 653/655/657 
(106.51 MH+ ion clustefl for CseH608Clz), 637/639/641 (M - 
Me), 620/622/624 (M - MeOH), 588/590/592 (M - 2 MeOH), 
553/555 (M - 2 MeOH - Cl), and 518 (M - 2 MeOH - 2 C1) at 
m/z 627,620,588,553, and 518; FDMS m/z 652/654/656 W6.51 
MH+ ion cluster for C98HWOBC12).. 

lH NMR (DMSO-de): 6 (multiplicity, J in Hz, assignment) 
8.82/8.80 (e, phenolic OH), 6.15/6.10 (8,  H-10,12,23,25), 4.05 (dd, 
10.7/3.3, H-1,14), 3.10 (tt, 10.5/3.2, H-7,20), 3.05 (8, OMe on 
C-1,14), 2.82 (tt, 10.5/3.0, H-3,16), 2.08 (m, -11.3/10.3/3.3, 
H,-2,15), 1.85 (m, -11.3/10.7/3.0, Hb-3,15), 1.85/1.58 (m, Hr6,19), 
1.81/1.36 (m, H2-27,31), 1.62/1.51 (m, H2-4,17), 1.48/0.54 (m, 
H2-5,18), 1.23 (m, H2-29,33), 1.18 (m, H2-28,32), 0.77 (t, 7.2, 

~i3500), 276 (20801,283 (2110); CD [elzl8 -28200, [el, -14900, 

H3-30,34). 
"C NMR (DMSO-d,): b 157.5 (8,  C-13,26), 155.6 (8, C-9,22), 

138.0 (8, C-11,24), 116.1 (8, C-8,21), 107.3 (d, C-12,25), 102.8 (d, 

C-10,23),80.9 (d, C-1,14), 62.6 (d, C-3,16), 55.6 (q, OMe on C1,14), 
45.5 (t, C-2,15), 40.3 (t, C-4,17), 34.8 (d, C-7,20), 32.7 (t, C-6,19), 
32.5 (t, C-27,31), 30.0 (t, C-28,32), 26.5 (t, G5,18), 22.1 (t, C-29,33), 
13.9 (9, C-30,34). 

Uniform Enrichment of Noetocyclophane D. N. linckia 
UTEX B1932 was grown in a 10-L glass bottle on 5.0 g of Na- 
Hl3Co3 (99 atom %) and 4.0 g of Na16N03 (99 atom %) as pre- 
viously described! After 28 days the 8-L culture (alga and 
medium) was lyophilized. Extraction and workup resulted in the 
isolation of 2 mg of labeled nostocyclophane D inspection of ita 
I3C NMR spectrum indicated 37% uniform enrichment. 
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Rates of the hydrolysis of m-(2-imidazolylazo)phenyl p-toluenesulfonate (1) were measured in the presence 
of Cu(I1) ion. Saturation behavior was observed for the dependence on [Cu(II)] of the absorbance (Abs) of 1 
or that of the pseudo-first-order rate constant (ko). The formation constant measured from the dependence on 
[Cu(II)] of ko was much smaller than that of Abs. The binding constant reflected in the Abs data indicates the 
formation of a 1:l-type complex. The binding constant estimated with the ko values may be related to the formation 
of a 2:l-type complex. This paseibility, however, is excluded on the basis of the dependence of the binding constanta 
on pH and the dependence of Abs on [Cu(II)]. Instead, the saturation kinetic behavior agrees with the shift 
of the rate-determining step between the formation and the breakdown proce%see of an intermediate upon increase 
in [Cu(II)]. On the basis of the kinetic data, it is shown that the 1:l-type complex is hydrated to form an addition 
intermediate, which is subsequently converted into the hydrolysis producta, and that hydroxocopper(I1) ion 
participates as a general-base catalyst in the rate-controlling proton-transfer process. 

Collection of proofs of existence or nonexistence of in- 
termediates is among the most important tasks in the 
studies of reaction mechanisms. For nucleophilic substi- 
tution on the derivatives of phosphorus oxy acids or sulfur 
oxy acids, whether the reaction proceeds through the ad- 
dition-elimination process involving a pentacovalent 
tzigonal-bipyramidal intermediate or through the concerted 
process involving simultaneous attack of the nucleophile 
and cleavage of the leaving group has been the center of 
the mechanistic studies.' Ft8sult.a of some recent intensive 

investigations supported the concerted mechanism in the 
transfer of phosphoryl, sulfuryl, or sulfonyl groups between 
various nucleophiles."' For nucleophilic reactions on aryl 

(1) Kice, J. L. Adu. Phys. Org. Chem. 1980, 17, 65. 
(2) Skoog, M. T.; Jencks, W. P. J. Am. Chem. Soc. 1983, 105, 3356. 
(3) Bourne, N.; Williams, A. J .  Am. Chem. SOC. 198?i,105,3357. 
(4) Hopkins, A.; Bourne, N.; W h ,  A J. Am. Chem. Soc. 1983,105, 

(5) Hopkins, A.; Day, R. A.; Williams, A. J. Am. Chem. Soc. 1983,106, 
3358. 

6062. 

0022-3263/91/1956-4364$02.50/0 0 1991 American Chemical Society 



General Base Catalysis by Hydroxocopper(I1) Ion 

arenesulfonate esters, the concerted mechanism is also 
supported by several kinetic studies.12J3 Since the con- 
certed mechanism is favored for the nucleophilic substi- 
tution reactions at the phosphorus or sulfur centers by 
many investigations, demonstration of the existence of an 
addition intermediate would make a significant contribu- 
tion to the mechanistic studies in this area. 

From kinetic studies on the catalysis by metal ions that 
act as Lewis acid catalysts in organic reactions, various 
catalytic roles of the metal ions have been elucidated.1616 
In particular, we have reported novel catalytic features of 
metal ions such as the nucleophilic attack by a metal- 
bound water molecule," participation of a binuclear metal 
ion as a catalytic unit,'8 and metal ion catalysis by blockade 
of an inhibitory reverse path,lD 

Although metal-bound hydroxide ions act as nucleo- 
philes in several reactions such as ester hydrolysis, amide 
hydrolysis, phosphate ester hydrolysis, or alkene hydra- 
tion,*= general-base assistance by the metal-bound hy- 
droxide ions has not been demonstrated yet. Metal-bound 
hydroxide ions can be present in neutral or acidic solutions, 
as well as in the active sites of metalloenzymes. Thus, the 
general-base catalysis by a metal-bound hydroxide ion may 
play significant roles in metal ion catalysis. 

Roles of metal ions acting as Lewis acids in the nu- 
cleophilic reactions on carboxylic or phosphoric acid de- 
rivatives have been extensively i n ~ e s t i g a t e d . ' ~ ~ * ~ ~ l ~ ~  
However, those on sulfur oxy acids have been rarely 
studied.16* In this paper, kinetic data measured for the 
hydrolysis of n-(2-imidazolylazo)phenyl ptoluenesulfonate 
(1) in the presence of Cu(I1) ion are presented, together 
with the evidence for the existence of the covalent inter- 
mediate and the general-base catalysis by hydroxo- 
copper(I1) ion. 
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Figure 1. Plot of Abs (So = 1 X l0-C M) (curve a, 0) and ko (curve 
b, 0)  against [Cu(II)] measured for 1 in the presence of Cu(I1) 
ion at  pH 3.46. 

Experimental Section 
Materials. m -(2-Imidazolylazo)phenyl p -Toluene- 

sulfonate (1). Catalytic hydrogenation of m-nitrophenyl p- 
toluenesulfonateS in methanol with the Pd-C catalyst followed 
by filtration and evaporation produced m-aminophenyl p -  
toluenesulfonate. This (1.1 g), without further purification, was 
dissolved in dilute HCl(6 mL), and the pH of the solution was 
adjusted to pH 2. An aqueous solution (5 mL) of NaNOa (0.36 
g) was added to the mixture kept in an ice bath. The resulting 
mixture was added dropwise to a solution of imidazole (0.44 g) 
in 6 mL of 3 N NaOH, maintaining the pH of the imidazole 
solution above pH 10. Thirty minutes after completion of the 
addition, the reaction mixture was neutralized, and the precipitatea 
formed were separated on a silica gel column eluting with 1:3 (v/v) 
ethyl acetate-hexane and further purified by recrystallization from 
ethyl acetate-hexane, mp 190-191 OC. 'H NMR 6 2.5 ( s , 3  H), 
7.0-7.1 (d, 2 H), 7.3-8.0 (m, 8 H). IR (KBr pellet): 1380 cm-' 
(sulfonate ester). Anal. Calcd for C1&H,N@$k C, 56.13; H, 4.12; 
N, 16.37. Found C, 56.38; H, 4.03; N, 16.55. Previous studies 
indicated that the diazotization of imidazole occurs at  position 
2.3031 
m -(2-Imidazolylazo)phenol. Alkaline hydrolysis of 1 in 0.1 

M NaOH at 70-80 OC for 2 h and acidification of the mixture at 
room temperature produced the phenol, which was recrystallized 
from ethyl acetate-hexane, mp 231-233 "C. Anal. Calcd for 
C&N40: C, 57.44; H, 4.28; N, 29.77. Found C, 57.11; H, 4.39; 
N, 29.52. 

Cupric chloride was obtained as reported previously." Water 
was distilled and deionized prior to use in the kinetic studies. 

Kinetic Measurements. Reaction rates were measured 
spectrophotometrically with a Beckman Model DU 64 UV-vis 
spectrophotometer. Stock solutions of 1 were made in dimethyl 
sulfoxide. The reaction mixtures for the kinetic measurements 
contained 1% (v/v) dimethyl sulfoxide. The initially added 
concentration (So) of the substrates was 1 X lo4 M. The de- 
pendence of absorbance of l on [Cu(II)] at various pHs was 
measured immediately after mixing 1 with Cu(11). The kinetics 
of the hydrolysis of 1 in the absence and presence of Cu(I1) ion 
were measured at  450 and 430 nm, respectively. Rates were 
measured at  25 OC and an ionic strength of 0.5 M (adjusted with 
NaC1) in the presence of 0.01 M monochloroacetate (pH 2.2-3.5) 
or acetate (pH 3.6-4.3) buffer, unless noted otherwise. Tem- 
perature was controlled to within AO.1 O C  with a Haake E12 
circulator. Pseudo-fmborder kinetics were observed up to at least 

(29) Drahowzal, F.; Klamann, D. M o n ~ t e h .  1961,82,452. 
(30) Suh, J.; Chung, S.; Lee, S. H. Bioorg. Chem. 1987,16, 383. 
(31) Suh, J.; Hwang, B. K.; Koh, Y. H. Bioorg. Chem. 1990,18,207. 
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Table I. Values of Knam, Kd'P, and kea" Measured for 
the Cu(II)-Catalyaed Hydrolysis of la 

DH KnW (M-9 K,rpP (M-9 (1od 8-l) 

Scheme I1 

2.70 losOf40 ~ 

2.95 1430 f 10 
3.20 1700 f 40 
3.46 1990a 20 95.2 f 22.0 1.55 f 0.14 
3.72 2730f 460 248f 30 1.97 f 0.07 
4.00 4460f540 490f69 1.92 f 0.08 
4.25 5090f 300 555f 21 2.08 f 0.02 

'The estimated values of Kn* are the same aa those of K P ,  
those of Knew are the same aa those of Kfb, and those of k,W are 
the same aa those of k& or ks* (see text). 

3 half-livea The W-vb spectra of the product solutions obtained 
in the kinetic studies agreed with those prepared with the isolated 
hydrolysis products. Kinetic studies in the presence of Cu(I1) 
ion were not extended beyond pH 4.3 due to the limifd solubility 
of the metal ion at higher pHs. 

Results 
Addition of Cu(I1) ion to the solution of 1 resulta in 

changes in the absorbance (Ab) of the substrate (S) as well 
as the pseudo-first-order rate constant (k,) for the hy- 
drolysis of the substrate, as illustrated in Figure 1. The 
saturation behavior observed for the dependence of Abs 
on [Cu(II)Im indicates formation of a complex (Cu(1I)S) 
between the substrate and metal ion. Thus, the depen- 
dence of Abs on [Cu(II)] is described by Scheme I and eq 
1, in which Ab% and Absm represent the absorbance ob- 
served when the substrate is present exclusively as S and 
Cu(II)S, respectively. 

Scheme I 

~PYcu(=)]. CU(II)S S, 
Abs = ( A b  + Abs&)Lk[Cu(II)])/(l + Kkb[Cu(II)]) 

(1) 
Saturation kinetic behavior observed in the presence of 

a catalyst is most often analyzed by assuming the forma- 
tion of a complex between the substrate and the catalyst. 
A typical example is the analysis of kinetic data for en- 
zymatic reactions in terms of the Michaelis-Menten 
scheme. Similarly, the dependence of ko on [Cu(II)] at a 
constant pH is analyzed in terms of Scheme I1 and eq 2. 

ko = @,p + ~,tKr'd"[Cu(II)I)/(1 + ~ld"[CU(II)l) (2) 

The formation constant (Kkb) revealed by the depen- 
dence of Abs on [Cu(II)] is much greater than that (Kf&) 
by the dependence of ko on [CU(II))].~ At pH 3.46, for 
example, binding of the substrate to the Cu(I1) ion is al- 
most complete at 2 mM Cu(I1) as judged by the depen- 
dence of Abs on [Cu(II)] (Figure 1; curve a), but ko man- 
ifests saturation behavior at much greater [Cu(II)] con- 
centrations (Fi ure 1; curve b). Here, KfAb is 20 times 
greater than Kb. The disagreement between Kpb and 
K)d" indicates that Scheme I1 is not appropriate for the 
description of the kinetic behavior. 

According to the Abs data, formation of the 1:l-type 
complex from Cu(I1) and 1 must be complete when [Cu- 

(32) When the initiall added concentration of the nubatrate wan not 
negh ble compared wid that of Cu(II) ion ([Cu(II)lo), [Cu(II)] was 

for the metal-aubatrate complex. 
(33) Dependence of A b  or &,, on [Cu(m] or the pH dependence of K, 

valuw was analyzed by a com uter program based on the nonlinear 
regredon method reported in &e literature: Yamaoka, K.;Tanigawara, 
Y., Nakagawa, T.; Uno, T. J.  Pharm. Dun. 1981,4,879. 

cal c u t  t4d by correcting [Cu(fnl0 with the estimated formation constant 

hydrolysis A 
products 

Scheme IV 

hydrolysis products 

Scheme V 

Kn'pscu(11)l kn 
S, CU(l1)S = Cu(I1)I 

L hydrolysis producta 

A kdCu(11)l 

(II)] >> 1 / K p .  Thus, the kinetic data measured over this 
range of [Cu(II)] represent the reaction of Cu(1I)S in the 
presence of Cu(I1) ion. If the saturation kinetic data ob- 
served for 1 are to be analyzed in terms of the formation 
of a complex between Cu(1I)S and Cu(I1) ion, a 2:l-type 
complex (Cu(11)fi) is to be involved. Then, the reaction 
of 1 would be described as Scheme 111, for which expres- 
sions of Abs and ko are derived as eqs 3-5.M When [Cu- 

Abs = 

When [Cu(II)] >> l/KflaPP, 
Abs = 

(1111 << l/Kn*PP, 

(Abss + Abs~&n"pp[C~(II)])/(l + K~~*PP[CU(II)]) (3) 

(AbsMs + K~'PPA~sM~[CU(II)]) /( 1 +K~'PP[CU(II)]) 
(4) 

ko = (k,l"PP + kC~"~~K~"~~[CU(I I ) ] ) / (1  + K~"PP[CU(II)]) 
(51% 

Here, A b s m  is the Abs expected when the substrate is 
present exclusively as Cu(II),S. 

Alternatively, the saturation kinetic behavior observed 
in the presence of a catalyst can be explained by assuming 
that the rate-determining step changes as the concentra- 
tion of the catalyst is raised, as indicated in Scheme IV 
(rate expressions, eqs 6-8) or V (rate expressions, eqs 9 and 
lo).% When [Cu(II)] >> l/KnaPP and ko > k,p, 

ko = kc"PPKnaPPIC~(II)]/(l + KnwP[Cu(II)]) (6) 

Km"PP k 4 / k 3  (7) 

k;PP = k z k s / k 4  (8) 

(34) The general expmion for A b  Q Aba + K  WAkm- 
[Cu(II)] + K .ppK ~PAbs~l(~[Cu(I1)]~)/(;  :"?! f l y  8 u(II)] + 
KflwKnT[Cu(fh]3. $01 derivation of eqn 3 and 4, it Q considered that 
A b  18 S& to Ah- and thet Ab- Q ~ t e r  than A h  ( F ~ ~ u I o  
1). 

(35) For derivation of eq 5, it b taken into consideration that &,, > 
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a 

PH 
Evgure 2. pH rofdes of log Kfl- (01, log Kn'pp (01, log lo%,- 
(01, and log 1&, (,). Curves a and c are constructed aocordiig 
to eqs 11 and 12, respectively, on the basis of the parameter values 
summarized in Table 11. Theoretical curve for log KnaW built 
with eq 13 is almost identical with curve a Linear line b is drawn 
with slope of 1.0 and linear line d with slope of 0. The values 
of k, measured in the presence of 0.01 or 0.03 M buffer indicate 
that the general-acid-base catalysis by the buffer may be re- 
sponsible for up to 20% of the k,p values (.) measured in the 
presence of 0.01 M buffer. 

When [Cu(II)] >> 1/Kflw and ko > k,, ko is also expremed 
as eq 6, but KnaPP and k:PP are given as 

KfpP = ks/k-2 (9) 

k,.W = k2 (10) 
Analysis of Abs data in terms of Scheme I11 produced 
Kfi'pp values that were the same as Kkb values obtained 
on the basis of Scheme I. Analysis of the rate data in tenas 
of Scheme IV or V led to the values of KR'pp and k c w  that 
were identical with Kn'pp and ka-, respectively, estimated 
by Scheme III, or with K P  and k,, respectively, analyzed 
by Scheme ILm The values of KflqP, Kn'pp, and k,"PP are 
summarized in Table I and Figure 2. The proportionality 
between KnaPP and [OH-] and the pH independence of 
k,"PP are seen in Figure 2. 

Compound 1 contains an imidazole ring that can be 
protonated over the pH range examined. The spectral 

(36) Hydrolyris of Cu(II)S may be included in Schemea IV and V. 
But, ita contribution to the overall rate is not rignificant, and addition 
of thb path to the reaction demea  doa not affect the estimated values 

(97) Aa ?utra.ted in Fm 1, the hydrolysis of 1 in the preaence of 
Cu(II1 ion u donunatd by the reaqon of Cu(II)#, and the reactivity 
(kol*) of Cu(I1)S is dif€idt to eatmate. When k c l ~  = &,w, eq 5 is 
identical with eq 2. 'Ria d u m  of KngD and ICd* are eatimnted by 
muming that k 1- = k are not conaidembly different from thoee 
" a t e d  by n &thg k&. The weighted averages of KR'pp and k p  
d u m  "aJby the two m&& are p-nted in Table I and F'igure 
2. 

Of KagD m d  kc= a p p d b l y .  
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Scheme VI 
K. 

SH+ = So 

products 

titration (not shown) of 1 at 430 nm indicated a pK, value 
of 3.28 for the conjugate acid of 1. In the 1:l- or 2:l-type 
Cu(I1) complex of I, the imidazole NH group may be de- 
protonated over the pH range studied. For example, the 
pKs of the imidazole NH group 2 in the Cu(1I) or Ni(I1) 
complexes of 2-imidazoleazo compounds simii to 1 were 
estimated as 3.5-5.7 in a previous study.go Analysis of the 
pH dependence of Absm at pH 2.7-4.3, however, did not 
indicate ionization of the imidazole NH of Cu(II)l over thie 
pH range. 

.NAN..** 
M 

2 2' 

Spectral titration (not shown) of m-(2-imidazolylazo)- 
phenol revealed pK = 8.76 for the free phenol and pK = 
7.47 for the Ni(I1)-complexed phenol. The spectral titra- 
tion of the Cu(I1)-complexed phenol was not performed 
due to the low solubility of Cu(I1) ion at pH > 4.3. Since 
Cu(I1) ion is a stronger Lewis acid than Ni(I1) ion (Irv- 
ing-Williams order),- the pK of the Cu(I1)-complexed 
phenol should be smaller than that of the Ni(II)-complexed 
one and is estimated as 5-7." 

Discussion 
pH Dependence of Binding Constants. Hydrolysis 

of 1 is accelerated by Cu(II), although the degree of ac- 
celeration is not very large. Much more remarkable to note 
than the degree of acceleration are the participation of two 
Cu(I1) ions in the catalysis and the large apparent binding 
constant for the second Cu(I1) ion. 

The saturation behavior observed for ko for 1 can be 
explained in terms of Scheme 111, IV, or V. The formation 

(38) Basolo, F.; Peareon, R. G. Mechonkma of Inorganic Reactions, 
2nd ed.; Wiley New York, 1967; pp 32 and 80. 

(39) Cotton, F. k; WilLine, G. Advonced Inorganic Chemistry, 3rd d, 
Interscience: New York, 1972; p 596. 
(40) Irving, H.; Williauu, R. J. P. J.  Chem. SOC. 1963,3192. 
(41) The pK of the oxime group in.2-pyridinmboxaldoxime is 10.0, 

whereaa it is 6.3 and 3.2, respectively, m the Ni(IIl and Cu(m complexea 
of 2-pyridinecarboxaldoxime: Suh, J.; Lee, J. D. Znorg. Chem. 1986, U, 
3088. Suh, J.; Clung, B. Bioorg. Chem. 1987, IS, 167. Similarly, the K 
of the Cu(II) complex of m-(2-imidamlyh)phenol would be apprecia!ly 
smaller than that of the corresponding Ni(II) complex. Spectral titration 
of the Cu(I1) complex of the phenol at below pH 4.3 did not indicate 
ionization of the phenol. Thu, the lower limit of the pK of the Cu(II) 
complex of m-(2-imidaeolylazo)phenol is set am 6. 
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Thus, Abs of 1 would not be affected by further increase 
in [Cu(II)], once 1 is fully converted into Cu(II)S, in 
agreement with the data obtained for the dependence of 
Abs on [Cu(II)]. The pH profiles of KnaPP and kCaPP are 
readily explained in terms of Schemes IV and V. The 
proportionality (Figure 2) between KaaPP and [OH-] is 
accommodated by assuming that k-z/k3 (for Scheme IV) 
or k3/k-2 (for Scheme V) is proportional to [OH-], and the 
pH independence of kc= is accounted for by assuming that 
kzk3/k-z (for Scheme IV) or kz (for Scheme V) is inde- 
pendent of pH. 

When Schemes I, IV, and V are modified to include the 
ionization (K,) of 1, the expression of Kkb and, therefore, 
KnaPP is derived as eq 13. 

KfA" = KflaPP = Kf/(l  + [H+]/K,) (13) 

Here, Kf is the constant for the binding of the neutral form 
of 1 to CU(I1). 

Mechanism of Catalysis. If the mechanism of Scheme 
IV is operative, the pH profiles of KnWP and ktm require 
that k-z/k3 be proportional to [OH-] and k2k3/k-Z be in- 
dependent of pH. In the mechanism of 3-4, kz and k3 are 

Table 11. Valuer of Parameters Estimated from the 
Analyrir of the pH Profiles of K p P  and Kae'P According 

to Scheme VI 
~~ ~ ~~ 

parameter value 
PK,' 4.69 * 0.26" 
PK,* 0.69b6 
Kf Of-') 4000 21Pd 
K; (M-9 0.22b 

"Analyzed according to eq 11. bAnalyzed according to eq 12 by 
using the best value of pK,' (4.69) estimated by analysis of the pH 
profile of KnW. cRegardlesa of the assumed value (0-14) of pK,', 
the value of pK,* estimated according to eq 12 does not exceed 1.0. 
dWhen analyzed in terms of eq 13 neglecting the ionization process 
of pK,', K, is estimated as 4440 200 M-l. 

of a stable 2:l-type complex (CU(II)~S) is assumed in 
Scheme 111. Analysis of the kinetic data in terms of this 
scheme leads to the formation constant (KnaPPKnaPP) for 
CU(II)~S of (2-30) X 1P M-z at pH 3.5-4.3, with the sub- 
strate being almost completely converted into Cu(II),S at 
0.02-0.1 M [Cu(II)]. 

In order to analyze the pH dependencies of various 
kinetic parameters illustrated in Figure 2, Scheme I11 is 
to be revised as Scheme VI. Since the azo nitrogen atom 
and the imidazole nitrogen atom are the chelating sites of 
1 ,ma1 protonation of the imidazole portion would inhibit 
complexation of 1 to Cu(I1) ion. 

For Scheme VI, Knm and K@" of eqs 3-5 are expressed 
by eqs 11 and 12, respectively. Analysis of the pH profile 
of KnaPP according to eq 11 by using the value of pK, = 
3.28 obtained from the spectral titration of 1 led to the 
values of Kf and pK,'. From the analysis of the pH profilea 
of K n m  according to eq 12, K; and pK,* were estimated. 
The parameter values thus obtained are summarized in 
Table 11. Without invoking the ionization step of K,* in 
Scheme VI, the shape of the pH profile of KaaPP cannot 
be explained. 

Kn"pP = Kf(1 + K,'/[H+])/(l + [H+]/K,) (11) 

KnaPP = + Ka*/[H+l)/(1 + K,'/[H+l) (12) 
For the mechanism of Schemes 111 and VI, the substrate 

is present as the mixture of the 1:l-type and the 21-type 
complexes when [Cu(II)] >> l/KnaPP, with the 2:l-type 
complex being predominant at larger [ Cu(II)] concentra- 
tions. The dependence of Abs on [Cu(II)] for 1 measured 
at several wavelengths and pH 2.7-4.3 (e.g., line a of Figure 
l), however, indicates that Abs does not change when 
[Cu(II)] is raised once the fraction of the uncomplexes 
substrate becomes negligible ([Cu(II)] >> l/KnaPP). This 
can be explained only when the spectra of the 1:l-type 
complex and the 2:l-type complex are exactly the same 
over the pH range examined. Both the spectral titration 
of the Cu(I1) complex of 1 and the analysis of pH depen- 
dence of KnaPP and Knam indicate that the 1:l-type com- 
plex does not ionize and the 2:l-type complex ionizes 
completely over the pH range investigated in the present 
study if the mechanism of Schemes 111 and VI is operative. 
Since the deprotonation of the imidazole NH group of an 
imidazolylazo metal complex changes the visible spectrum 
of the complex remarkably,90*31 the spectra measured at 
pH 2.7-4.3 for the 1:l-type complex and the 2:l-type 
complex should differ considerably from each other in 
marked contradiction to the Abs data. The mechanism 
of Schemes III and N, which assumea formation of a stable 
Cu(II)2S complex, is therefore incompatible with the re- 
sults. 

In the case of Scheme IV or V, the steady-state con- 
centration of the intermediate (Cu(II)I) would be negligible 
compared with Cu(1I)S if it is an unstable intermediate. 

A A 
II I 

H 

products 

3 4 

proportional to [OH-] and [H+], respectively, and k2 is 
independent of pH, in agreement with the kinetic data. 
According to this mechanism, however, expulsion of the 
phenolate anion from 4 (k3 step) requires assistance from 
H+, whereas that of much more basic OH- ion (k, step) 
does not. This mechanism is, therefore, unlikely. 

The mechanism of 5 may be considered as an alternative 
for Scheme IV. The pK of the Cu(I1)-bound water mol- 
ecule of aquocopper(I1) ion is 6.8,= and [Cu(II)OH-] is 
proportional to [Cu(II)][OH-] at pH < 4.3. This mecha- 
nism appem, however, to be unreasonable since expulsion 
of the phenolate anion from 5 (k3 step) requires assistance 
from H+ whereas that of much more basic OH- from 5 (k, 
step) occurs only with assistance from very weakly acidic 
aquocopper(I1) ion. 

products 

I 

Analysis of the kinetic data in terms of Scheme V re- 
quires that k2 be independent of pH and k3lk-2 be pro- 
portional to [OH-] at pH 3.4-4.3. In the mechanism of 6, 
k2 and k3 are independent of pH and k2 is proportional 
to [H+], in agreement with the kinetic data. This mech- 
anism is also unlikely, as the expulsion of the phenolate 
is assisted by a general acid that is not more acidic (pK 
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of Cu(1I)OH 6.8) than its conjugate acid (pK of the 
phenol, !5-7)!29a 

-- T - products -- T 
N"N... 

M++ w N"N .. 
HN04N...:M" HNAN..*, 
\=I \=I 

Alternatively, the mechanism of 7-8 can be proposed for 
Scheme V. If either 7 or 8 corresponds to Cu(1I)I and the 
breakdown of Cu(1I)I is subject to catalysis by Cu(I1) and 
OH-, the observed kinetic data are accounted for with k2 
and k-2 being independent of pH and k,  proportional to 
[OH-]. If 8 is taken as Cu(II)I, the hydroxocopper(I1) ion 
acts as a general-base abstracting proton from the sul- 
fur-linked hydroxyl group 9. This mechanism, however, 
appears to be unlikelp* since at low [Cu(II)] the k2 step 
is faster than the k3 step and, thus, expulsion of OH- is 
easier than the phenolate anion from 8. 

6 

products 

7 8 

Although several mechanisms that conform to the ki- 
netic data are considered, all except for one mechanism 
are excluded. In the only unexcluded mechanism, 7 rep- 
resents Cu(1I)I and hydroxocopper(I1) ion participates as 
general-base catalyst for the proton-transfer process. A 
possible process involved in the general-base catalysis is 
illustrated in lO.&W There are several p r d e n t s  in which 
addition intermediates revert to reactants very fast and 
the intermediates are trapped by rate-controlling proton 

(42) Jencks, W. P. Chem. Rev. 1972,72,706; J. Am. Chem. SOC. 1972, 
94,4731. 

(43) For the mechanism of 6, the hydration of Cu(II)l might proceed 
through the protonation of the sulfonyl oxygen and the subsequent attack 
by OH- at  the sulfonyl sulfur. For the mechanism of 7-8, the same 
proceeeee would form 8 directly from Cu(1I)l. Thew alternative mech- 
anisms, however, are excluded by the eame argumenta made against the 
assignment of 6 or 8 an Cu(I1)I. 
(44) In order to observe general-baee assistance by hydroxocopper(II) 

ion in the breakdown of 8, the pK of the hydroxyl group connected to the 
sulfur atom in 8 should be considerably greater than 7. In this regard, 
it is noteworthy that the,* of benzeneaulfiic acid (C&S(O)OH) is 2.0: 
Jencke, W. P.; Regenstetin, J. In Handbook of Biochemistry and Molec- 
ular Biology, 3rd ed.; Faeman G. D., Ed.; CRC Press: Cleveland, 1978; 
Vol I, p 317. However, it is not m y  to predict the acidity of the oxyacids 
of pentacovalent sulfur since the apical S-0 bond len in the penta- 

tetrehdrd otructurea ( P e r k ,  C. W.; W h n ,  S. R.; Martin, J. C. J. Am. 
Chem. SOC. 19811,107,320B and referencea therein) and, thus, the atoms 
occupying the apical positions might bear extra negative chargee.' 

(45) If the hydroxyl group linked to the sulfur atom is sufficiently 
acidic, the anion of 8 inatead of 8 itself would be formed ae an interme- 
diate. Then, hydroxoco per(IIl ion would catalyze the deprotonation of 
7 to form this i n t e n d a t e .  
(46) It is pouible thnt the precllleociation catalysii or spectator cata- 

lyrh (Schowen, R. L. In Mechanktic Principles of Enzyme Actioity; 
Liebmnn, J. F., Greenberg, A., Eda.; VCH New York, l9sB; Chapter 4) 
ie involved in the action of the hydroxocopper(I1) ion. 

coordinate species are rubatantially increased over P e lengths in the 

J. Og. Chem., Vol. 56, No. 14, 1991 4369 

transfer catalyzed by general acids or 

9 1 0  1 1  

In s-, the Cu(I1) complex of 1 is hydrated to form 
an addition intermediate 7, which is subsequently con- 
verted into 8 by proton transfer, in the mechanism most 
consistent with the data. Furthermore, the proton-transfer 
process is catalyzed by hydroxocopper(I1) ion and the 
rate-controlling step is shifted from the proton-transfer 
process to the formation of the addition intermediate when 
the proton transfer is accelerated sufficiently. 

Novel Mechanistic Features. Existence of a covalent 
intermediate can be demonstrated by several methods.&m 
If the intermediate is very stable, it may be isolated and 
ita structure can be characterized. In most cases, however, 
the intermediates are very unstable and their existence is 
proved rather indirectly. In the present study, evidence 
supporting existence of the intermediate is obtained by 
changing the rate-controlling step from the breakdown of 
the intermediate to the formation of the intermediate 
through raising the catalyst concentration. This could be 
considered as the first case in which the existence of an 
intermediate is demonstrated in the hydrolysis of an aryl 
sulfonate ester. 

For the hydrolysis of aryl arenesulfonate esters, a wide 
spectrum of mechanisms is available with regard to the 
timing of the attack by the nucleophile and the cleavage 
of the leaving group. The actual reaction path would 
depend on the structure of the substrate in addition to 
several other factors. Thus, the existence of a covalent 
intermediate for the hydrolysis of 1 in the presence of 
Cu(1I) does not necessarily indicate the general applica- 
bility of the addition-elimination mechanism for the 
sulfonate ester hydrolysis. It is possible that the negative 
charge developed on the oxygen atom of addition inter- 
mediate 7 may interact with the metal-bound water 
through hydrogen bonding 10F1 leading to stabilization of 
the intermediate. This may affect the reaction path to tilt 
toward the addition-elimination mechanism. Moreover, 
thii may partly explain why no evidence has been obtained 
for the existence of addition intermediate in the hydrolysis 
of simpler sulfonate esters in the absence of transition 
metal ions. 

Ionization of water molecule is enhanced upon coordi- 
nation to metal ions, and hydroxometal ions can be present 
in high concentrations even in weakly acidic aqueous so- 
lutions.38 The catalytic action of metal-bound hydroxide 
ions has been observed in many organic reactions catalyzed 
by metal ions.m26 In all of the reported reactions, the 
metal-bound hydroxide ions act as nucleophiles. Metal- 

(47) Jencks, W. P. Acc. Chem. Res. 1976,12,425. 
(48) Other general baees may ale0 catalyze the proton-tranafer procegll. 

However, effecta of other general baeee were not studied in the p m n c e  
of Cu(I1) ion as they would not only affect the proton transfer protea 
but also modify the reactivity of Cu(II) ion by coordinating to the metal 
ion. 

(49) Jencke, W. P. Catalysis in Chemietry and Enzymology; 
McGraw-Hilk New York, 1969; pp 44-66. 

(SO) Jones, R A. Y. physical and Mechanistic Organic Chemistry, 2nd 
ed.; Cambridge University Press: Cambridge, 1984, pp 5-9. 

(51) Although a 10-membered ring is proposed in 11, rotation around 
only four single bonds is free, affecting the conformation of the ring. 
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bound hydroxide ions can also act as general bases, but 
this possibility has not been experimentally demonstrated 
yet. The present study of the hydrolysis of 1 in the 
presence of Cu(II) ion is the fmt evidence obtained for the 
general base catalysis by metal-bound hydroxide ions. 

In many metalloenzymes, metal ions act as Lewis acids.& 
In the action of such a metalloenzyme, the metal-bound 

(62) Vallee, B. L.; Wacker, W. E. C. Handbook of Biochemistry and 
Molecular Biology; 3rd ed.; Faeman, G. D., Ed.; CRC Prese: Cleveland, 
1976; Vol. 11, pp 276-292. 

water molecule and the metal-bound hydroxide ion as well 
as the metal ion itself can act as catalytic functional groups. 
The nucleophilic attack by metal-bound water" or hy- 
droxide ion*= has been demonstrated in model systems. 
The general-base action of metal-bound hydroxide ion 
demonstrated in the present study expands the repertoire 
of the catalytic roles of metal ions in metalloenzymes. 
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A stereoselective synthesis of protected (E)-alkene dipeptide isosteres by the reaction of the mesylatm of 
homochiral &aminated y-hydroxy (E)-aJ-enoates with either RCu(CN)Li.BFS or RCu(CN)MgX*BFa reagent 
is described. The degree of diasterewelectivity has been found to be uniformly high except for the serine- and 
threonine-derived acetonidea 77 and 81. The syntheais permits the introduction of sterically hindered appendages 
such as isopropyl and tert-butyl groups at the a position to the ester group. This methodology provides a new 
route to a wide range of modified (E)-alkene peptide mimics that may have biological importance. 

In recent years, increasing interest has been shown in 
the backbone modification of amide bonds in biologically 
active peptides.* The major purpose in this area deals 
with stabilizing a given peptide toward enzymatic degra- 
dation by in vivo proteases or imparting enzyme inhibitory 
activity to the synthesized peptide mimic2 The peptide 
bond in polypeptides and proteins generally assumes the 
trans amide bond configuration 1, since ita cis counterpart 
induces unfavorable steric interactions.- In fexible 
peptides, a proline-generated cis configurational isomer 
generally accounta for up to 30% of the total cis/trans 
population.gd Consequently, free rotation around the 
CO-NH bond axis is retarded (Scheme 

The (E)-CH=CH bonding in a peptide mimic (3) cloeely 
resembles the three-dimensional structure (bond length, 
bond angle, and rigidity) of the parent amide (1 and 2).u 
Thus, replacement of an amide bond by a (E)-CH=CH 
bond should not significantly dter the overall conformation 

(1) (a) Spatola, A. In Chemistry and Biochemistry of Amino Acids, 
Peptides and Proteim; Weinatein, B., Ed.; h4arcel Dekker: New York, 
1989, Vol. 7, p 267. (b) According to IUPAC rules, the structure h i d e  
the bracket followiy&is the unit rubetitutiy for the amide bond. For 
nomenclature, see: AC-IUB Joint Commmion on Biochemical No- 
menclature, Eur. d. Biochem. 1984,198,9. 

(2) Hann, M. M.; S a m " ,  P. 0.; Kennewell, P. D.; Taylor, J. B. J. 
Chem. SOC., Chem. Commun. 1980,234. Hann, M. M.; Sammee, P. G.; 
Kennewell, P. D.; Taylor, J. B. J. Chem. Soc., Perkin %M. I 1982,307. 

(3) (a) Dickenon, R. E.; h i s ,  I. In The Structure and Action of 
Proteim; Harper & Row: New York, Evenaton, London, 1989; p 13. (b) 
Schulz, G. E.; Schirmer, R. H. In Principles of Protein Structure; 
Springer-Verlw New York, Heidelberg, Berlin, 1979; p 18. (c) Suku- 
maran, D. K.; Prorok, M.; Lawrence, D. 9. J. Am. Chem. SOC. 1991, IlS, 
706 and references cited. (d) London, R. E.; Matwiyoff, N. A.; Stewart, 
J. M.; Cann, J. R. Biochemistry 1978,17, 2277. 

Scheme I 

3 4 

5 6 

of a peptide molecule, and, hence, ita biological activity, 
provided that the replaced amide bond is not directly 
involved in either the secondary or tertiary structure of 
the peptide or the mechanism whereby the biological re- 
sponse is elicitd2 It has recently been shown that peptide 
analogues 4 having a (Z)-alkene dipeptide isostere (6) were 
considerably leas bioactive than peptide mimica 3 involving 
an (E)-alkene isostere (6).' The interest in these (E)- 

(4) Kaltenbronn, J. S.; HuLpeth, J. P.; Lunney, E. A,; Michniewicz, 
B. M.; Nicolaidea, E. D.; Repine, J. T.; Raark, W. H.; Stier, M. A; Tlaney, 
F. J.; Woo, P. K. W.; Essenberg, A. D. J.  Med. Chem. 1990, 33, 838. 
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