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Abstract: A S-cyclodextrin dimer with a linking bipyridyl group is synthesized as a catalyst precursor, a holoenzyme
mimic. It binds both ends of potential substrates into the two different cyclodextrin cavities, holding the substrate
ester carbonyl group directly above a metal ion bound to the bipyridyl unit. The result is very effective ester hydrolysis
with good turnover catalysis. For example, a Cu(ll) complex accelerates the rate of hydrolysis of several nitrophenyl
esters by a factor of #8-10°, with at least 50 turnovers and no sign of product inhibition. In the best case, with an
added nucleophile that also binds to the metal ion, a rate acceleration ok 1185over the background reaction

rate was observed. Hydrolysis by a catalyst with only one cyclodextrin binding group is significantly slower than
in the bidentate binding cases. As expected, the binding of a transition state analogue to these catalysts is stronger
with the metal ion present than without. This and kinetic evidence point to a mechanism in which the metal ion
plays a bifunctional acidbase role, enforced by the binding geometry that holds the substrate functionality right on
top of the catalytic metal ion.

Introduction Computer and solid models indicated that compoLmgbuld
. ) ) fit the requirements, its metal complex being able to place the
Since metal ions are often very effective catalysts, and many meta| ion right on top of the ester group of various substrates

enzymes take advantage of this, it has been attractive 1oy e general forn2. Thus we synthesizetl and examined
synthesize enzyme mimics that combine metal ion catalysis with

substrate binding. In fact, the first compound called an S_Ms
“artificial enzyme” in the literature was such an example, with N N=
a metal ion bound to a ligand that was attached as an ester to
B-cyclodextrint This catalyst was able to use the metal ion to
catalyze the hydrolysis of substrates that would bind into the
cyclodextrin cavity but would not otherwise bind to the metal 0
ion. However, the rate accelerations seen were not high in this Lo
rather flexible case. . \‘

In true enzymes a substrate is rigidly held in the active site,
by multiple binding interactions with the enzyme. The catalytic the binding and catalytic properties of some of its metal ion
groups of the enzyme are held next to the substrate, so thatcomplexes. The complexes indeed proved to be outstanding
little entropy must be expended in approaching the transition catalysts, showing large rate accelerations with high catalytic
state and little conformational enthalpy. In order to achieve turnover and no evidence of inhibition by the product fragments.
this in an enzyme mimic, the catalystubstrate complex must Detailed studies indicate the mechanism of the catalytic précess.
be reasonably stable, and pre-organized into the reactive . .
geometry. Results and Discussion

It seemed to us that such requirements could be achieved if Syntheses.The synthesis of the cyclodextrin bipyridyl dimer
the catalyst was a cyclodextrin dimer, for double binding of 1 is outlined in Scheme 1. The reduction of 2-chloro-5-
the substrate, in which the linker in the dimer carried an effective nitropyridine by iron and ammonium chloride in a water
rigidly held catalytic group. The substrate would have to have methanol mixed solvent gave 5-amino-2-chloropyridiBg(
hydrophobic groups at both ends, to bind into the two cyclo- whose amino group was protected with benzaldehyde to form
dextrin groups, with an ester or other potentially reactive group N-benzylidene-5-amino-2-chloropyridind)( The coupling of
in the middle so it would end up next to the catalytic group. 4 with Ni(ll) —=Zn’ gave the protected bipyridin®. The
Our previous work indicated that various cyclodextrin dimers deprotection ob formed the desired produ6t After conver-
could show very strong binding of suitable ditopic substrates sion of 5,3-diamino-2,2-bipyridine ) into the bis-diazonium
that could occupy both cyclodextrin cavities, and that, once the compound, and reaction of the bis-diazonium salt of-5,5
substrate was cut in half by the catalytic group, the products diamino-2,2-bipyridine with potassium ethyl xanthate following
would bind much more weakR.* Thus product inhibition was

(3) Breslow, R.; Chung, SI. Am. Chem. S0d99Q 112 9659-9660.

not expected to be a problem. (4) Breslow, R.: Halfon, SProc. Natl. Acad. Sci. U.S.A992 89, 6916
6918.
® Abstract published ifAdvance ACS Abstract$ebruary 1, 1997. (5) For a preliminary report of some of this work see the following:
(1) Breslow, R.; Overman, L. El. Am. Chem. Sod97Q 92, 1075~ Breslow, R.; Zhang, BJ. Am. Chem. Sod 992 114, 5882-5883.
1077. (6) Ramadas, K.; Srinivasan, I8yn. Communl992 22, 3189-3195.
(2) Breslow, R.; Greenspoon, N.; Guo, T.; Zarzycki, RAm. Chem. (7) lyoda, M.; Otsuka, H.; Sato, K.; Nisato, N.; Oda, Bull. Chem.
Soc 1989 111, 8296-8297. Soc. Jpnl199Q 63, 80—87.
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(a) Fe/NH,CI, MeOH, H,0.1t; (b) PhCHO, MgSO4, Et;N, CH,Cly, 1t, 24 h; ()
NiBry(PPhs),, ZWEN*I/THF, 50-80 °C, 20 h; (d) | N HCI, reflux; (e) (1) NaNO,/H;"O,
(2) KSC(S)OEt, H,0, 65-70 °C; (f) (1) 20% KOH/EtOH, reflux, (2) CH,COCH, 0-5 °C; (g)
NH3/MeOH, tt, I h; (h) mono-6-iodo-beta-cyclodextrin, DMF, 60-65 °C, 3 h.
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() (1) BuLi/Et,0, -78 °C, (2) (CH3);SnCl, THF, -78 °C; (b) 2-chloro-5-
nitropyridine, Pd(Ph;P),Cl,, THF, reflux, 24 h; (c) Pd® on activated carbon(10%),
NaBHy, MeOH, rt, 5 h; (d) (1) NaNO/H; "0, (2) KSC(S)OEL, H,0, 65-70 °C: (e) (1)
20% KOH/BLOH, reflux; (2) CH;COCI, 0-5 °C; () (1) NH/MeOH, 1t, 1 h; (2) mono-
6-iodo-beta-cyclodextrin, DMT, 60-65 °C, 3 h.
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Katz’s proceduré,2,2-bipyridine-5,5-bis(ethyl xanthate)7)
was obtained in 35% vyield. The bis(ethyl xanthafewas
refluxed with 20% ethanolic potassium hydroxide, then treated
with acetyl chloride to give 2,Dipyridyl-5,5-bisthioacetat®.

J. Am. Chem. Soc., Vol. 119, No. 7, 19¥7

Scheme 3

@'Br 2, @CHQ CHBr,
O
c E
—_— = C—OH —> 0,

20

0

(a) Vinyl bromide, AlBr3, -65 °C; (b) diethylene glycol, KOH, reflux; (c) (1) MeLi/Ethyl
ether; (2) CO,, -78 °C; (3) HCI (aqueous); (d) DCC, DMAP, p-nitrophenol, DMF.
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(a) HNO;, CHCly, 0 °C: (b) (CH3)3CCl, AICls, 100 °C; (c) oxalyl chloride, benzene,
DMF (4 drops); (d) 24, benzene, Et;N.

Ester21 was synthesized as shown in Scheme 3. 1-Bromo-
adamantanel(?) was treated with vinyl bromide; heating the
product with potassium hydroxide yielded 1-adamantylacetylene
(19). Thenl19was converted to 1-adamantylpropiolic ac2d)
by treatment with base, trapping the anion with carbon dioxide,
then acidifying with HCI. Subsequently, carboxylic a@was

Compoundd was deprotected by ammonia saturated methanol coupled withp-nitrophenol, to afford este2l in 67% vyield.

solution into dianior®, which was treateh situ with 6-deoxy-
6-iodo3-cyclodextrir? in DMF to afford the cyclodextrin dimer

1. The dimerl was purified by reverse-phase chromatography,
eluted with a gradient ranging from water to 40% methanol
water.

We also synthesized a bipyridyl cyclodextrin monorir
for comparison with dimed in binding and catalytic studies.
The synthesis of monomdl0 is described in Scheme 2. The
key step is the coupling of two pyridine rings by Pd(ll) catalyst.
2-Bromopyridine 11) was treated witm-butyllithium and then
with trimethyltin chloride in THFX® The coupling reaction of
2-trimethylstannylpyridine 2) with 2-chloro-5-nitropyridine
was catalyzett by Pd(PRP)CI, to give 5-nitro-2,2-bipyridine
(13) with 76% yield. Compound.3 was reduced by sodium
borohydride with catalysis by 10% palladium on activated
carbon to convert it to 5-amino-2;Bipyridine (L4). The
following steps to prepare bipyridyl cyclodextrin mononi€y
were by essentially the same method as was described for the
bipyridyl dimer 1. The 5-amino-2,2bipyridine (14) was
converted to 2,2bipyridine-5-ethyldithiocarbonatd ) through
the diazonium intermediate. The dithiocarbondt® was
hydrolyzed and treated with acetyl chloride to give '2,2
bipyridyl-5-thioacetate 16), which was deprotected by NH
then directly reacted with 6-deoxy-6-iogheyclodextrin to give
the desired bipyridyl cyclodextrin monoma®.

(8) Katz, L.; Schroeder, W.; Cohen, M. Org. Chem1954 19, 710.

(9) Tabushi, I.; Kuroda, Y.; Mochizuki, Al. Am. Chem. So498Q 102
1152-53.

(10) Jutzi, P.; Gilge, UJ. Organomet. Chenl983 246, 163.

(11) Bailey, T. R.Tetrahedron Lett1986 27, 4407.

The synthesis of-(4-tert-butylphenyl)e-nitrophenyl 1-ada-
mantylpropiolate 26) is shown in Scheme 4. 4-Phenylphenol
(22) was employed as the starting material, which was nitrated
in the ortho position to give compour&3; subsequent Friedel
Crafts alkylation furnisheg@-(4-tert-butylphenyl)e-nitrophenol
(24) in good yield. 1-Adamantylpropiolic acid2Q) was
converted to the acyl chlorids, which was then reacted with
nitrophenol24 to afford ester26.

Detailed procedures for these syntheses, and data on char-
acterization of the compounds, are given in the supporting
information section.

Binding Energy of Dimer 1 with Substrates and with
Transition State Analogues. We have investigated the binding
of 1 with the guest27—29 (Scheme 5) with and without Zn(ll).
The results for the binding of dimdrwith guests are listed in
Table 1. Compoundd8and29were selected as transition state

analogues; phosphodiester anions are often used as analogues

€of the tetrahedral transition state for ester and amide hydrolysis
in antibodies and protein enzymatic studies. The binding
constants of dimefl with carbonate27 and phosphat@8 in
HEPES buffer at pH 7.0 are very similar in the absence of
Zn(ll), 1.43 x 10° M1 and 1.0x 10° M1, respectively. The
binding of dimerl and bis(1-adamantylethyl) phosphag9)(
with Zn(l1) is 50-fold stronger than without Zn(ll), and reaches
a binding constant as high as®1M~1. A similar binding
enhancement (55-fold) was obtained with phospB&teinding
into dimer1 in the presence of zinc ion, but the constant for
the neutral carbonat? binding into dimerl is only 5-fold
higher with zinc ion than that without zinc ion.
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Scheme 5 Table 2. Hydrolysis of p-Nitrophenyl 3-Indolepropionate3() at
37°C?
(0]
SHQCHQO-ﬁ—OCHzCHz CHZCH?O—T—OCHZCHZ entry catalyst M(Il) pH Kos (S71)° Kol
@ ° <\/|© m o @ 1 80 1.0x 107 1
H o7 H H 28 N 2 Cu(ll) 8.0 3.2x107 3
o 3 bipyridine Cu(ll) 80 3.7 107 4
0 4 bipyridyl dimerl Cu(ll) 8.0 (1.04+0.02)x 1073 10400
1} I
—p—OCH,CH 3—C—
@ R e @ on—C-0—{ o 5 7.0 3.0x 10°® 1
. 6 Ccu(ll) 7.0 2.5x 107 8
29 7 B-cyclodextrin 70 7.1x107 24
o Q 8 p-cyclodextrin  Cu(ll) 7.0 (7.3% 0.09)x 1077 25
9

CHQCHQ—&—O‘QNoz CHeCHz-C'OQ—F bipyridyl dimer 7.0 (1.81£0.42)x 10° 60

@ @ o 10  bipyridyl dimerl Cu(ll) 7.0 (5.49+ 0.40)x 104 18 300
N N

H 32 @ Reactions were performed at 3 in 10 mM HEPES buffer

ON solution, in 1.0 x 10™* M bipyridyl dimer 1, cyclodextrin, and

o ; bipyridine; 5.0x 10°° M p-nitrophenyl 3-indolepropionate3), 5.0
C_

H 31

CHaCHy—C x 1074 M CuCl,. ® The pH was checked at the beginning and the end
@ of each run to hold to withint0.1 unit.¢ The rate constants were
N obtained by analyzing the data using the Kore program and are averages
H 33 of at least two runs. All correlation coefficients wer®.9999.9 Rate
constants relative to background (no catalyst).

o
O,N

Table 1. Binding Constants of Guests with Dimérin Watef

Table 3. Hydrolysis of Esters Catalyzed by Bipyridyl

guest  Kawith Zn(ll) (M~ Ka(M™) KoZn(IN)/Ka Cyclodextrin Dimerl in the Presence of Cu(ll) at 3TC?
carbonat@7 (7.70+0.10)x 10f (1.43+0.20)x 10° 5 —1\b —1\c d
phosphat@8 (5.47+ 0.17)x 107 (1.00+ 0.34) x 10P 55 entry substrate  pH  ks(S)”  Kn(ST) ke
phosphat@9 (1.024 0.05)x 10° (2.054 0.24) /xx 107 50 1 este3d4 80+01 9.61x 105 1.42x 105 7
: B 2  este3d2 80401 1.35x10* 1.50x 107 900
2 Values determined by competition with DITN&) (see refs 25) 3  este33 80401 1.74x 104 1.00x 107 1740
in 10 mM HEPES buffer solution (pH 7.0) at ambient temperature (25 4 estedl 7.0+ 0.1 549x 10% 3.00x 10® 18 300
°C); average of more than three independent runs. 5 ester3dl 8.04+01 1.04x 103 1.00x 107 10 400
i 6 estel 7.0+0.1 6.76x 10 3.00x 10°® 225000
These results suggest that the two hydrophobic ends of the > cstol BOL01 120w 102 180107 66700

ditopic guests bind strongly into the two cyclodextrin cavities
of dimer 1, and that for phosphodiesters there is an extra aAI;II soéutions were 1.0; 10* M bipy-dimer 1, 2.0 xdlcﬂ (Ij\/l_
interaction of the phosphate anion with the metal cation. This CUCk, and 6.0x 10 M substrates. Reactions were conducted in 10
s . : . mM HEPES buffer solution for substratgg, 31, and34. Reactions
artificial metalloenzyme is thus much like a true enzyme, in o6 carried out in 60% 10 mM HEPES buffer and 40% DMSO
that binding with substrate in the transition state is tighter than sojution for substrate82 and 33. Rate constants were obtained by
in the ground state. This is the first example of an artificial averaging two or more kinetic runs. Standard deviations were less than
metalloenzyme effectively binding a tetrahedral, negatively 8% of the rate constants in the tabtReactions were monitored to
charged phosphate transition state analogue for hydrolysis of > 95% completion. The rate constants were obtained by analyzing the
- T g data using the Kore program; the correlation coefficients w€r€999.
an ester, and indicates that the bipyridyl dindeshould have <y “\vere obtained by calculating the initial rate constant without
catalytic power for ester hydrolysis with metal ions. However, 1-Cu(ll). 9k = kopdKun.

the difference of the binding constants for the carboatand

the transition state analog@8 with the Zn(ll) complex of dimer We have synthesized some other esters (Scheme 5) to study
1 greatly underestimates the magnitude of the rate accelerationgheir hydrolysis catalyzed by bipyridyl dimémwith Cu(ll); their
we observed. pseudo-first-order rate constants are shown in Table 3. The

Ester Hydrolysis. The first investigation of ester hydrolysis  hydrolysis 0f34 showed only a 7-fold rate enhancement (entry
employedp-nitrophenyl 3-indolepropionate) under various 1); it can bind into only one cyclodextrin unit of dimé&r We
conditions in 10 mM HEPES buffer (pH 7.0 or pH 8.0) at 37 expected that est@r, containing an adamantane group, should
°C; the results are listed in Table 2. Comparison of the catalyzed bind more strongly td than31. In fact, the hydrolysis rate of
and uncatalyzed (entry 5) reaction rates obtained at pH 7.0ester21 with 1 and CuC} at pH 7.0 and 37C was 225 000
indicated enhancements of 18 300 for dirhevith Cu(ll) (entry times (entry 6) faster than the rate of uncatalyzed hydrolysis.
11) and 60 for dimet without Cu(ll) (entry 10). When the = When an excess of substra2& was employed, at least 50
reaction catalyzed by and Cu(ll) (entry 4) was conducted at turnovers were seen in the ester hydrolysis catalyzed by dimer
pH 8.0, the rate enhancement was 10400. With simple 1 and CuCj.
f-cyclodextrin, the rate enhancement observed for the hydrolysis Esters32 and 33 contain atert-butylphenyl group which
of substrate81 was only 25 (entries 8 and 9) with and without should bind strongly with dimet. However, the solubility of
Cu(ll) at pH 7.0. With 2,2bipyridine (entry 7), the hydrolysis  substrates32 and 33 is poor in aqueous solution, so the
rate of este31 increased by a factor of only 12 with Cu(ll).  hydrolyses of ester32 and33 were performed in 40% DMS©

The large rate acceleration by our enzyme mimic clearly buffer solution. This solvent system decreases the binding
comes from the combination of the binding sites (two hydro- ability of these esters with bipyridine dimé&r(vide infra), and
phobic cavities) and the catalytic site (metal ion ligand). The decreasegqps
two hydrophobic cavities bind the substrate and juxtapose the Ester26is long enough for binding into two cavities of dimer
ester functional group and the catalytic metal ion of the artificial 1 (Scheme 6). Since the solubility of esg8in water is poor,
metalloenzyme. The Cu(ll) complex of dimeis a successful  the hydrolytic experiments of estg6 were performed in 70%
catalyst for the hydrolysis of this ester and otherislé infra) methanot-aqueous buffer or DMS©aqueous buffer solvent
under physiological conditions of temperature and pH, in systems. The results are listed in Table A (Supporting Informa-
contrast to many enzyme model studies that have employedtion) and plotted in Figure A (Supporting Information). The
extreme conditions. data show that the rate constant for the Cu(ll) complex of dimer
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Scheme 6

Bater 26

Table 4. Pseudo-First-Order Rate Constants for Catalytic
Hydrolysis of Ester26 by Dimer 1 with Cu(ll) in Different
Solvents

Er(30)
entry solvent Kobs (S71)P log kobs  (kcal/molf
1 water 5.10x 1074 —1.2924 63.0
2 ethylene glycol (2.420.05)x 10°%® —2.6073 55.9
3 MeOH (3.40+ 0.06)x 1073 —2.4672 55.5
4  formamide (5.75: 0.30)x 10* —3.2403 55.2
5 EtOH (3.03+:0.15)x 104 —3.5185 51.9
6 DMSO (6.78+ 1.00)x 10> —4.1688 45.0
7 DMF (3.104+ 1.50)x 10°% —5.5086 43.8

aReactions were run at 38 1 °C in 80% organic solvent and 20%
20 mM Hepes buffer (pH- 7.0). Product formation was monitored
by absorbance at 445 nrihkpswas calculated using the Kore program,
with product=95% and the correlation coefficientd.9999.¢ E(30)
values from ref 209 kypsWas calculated by extrapolating ® % volume
of methanol from different % volumes of methantk.pswas calculated
from the initial rate using the Passage fitting program.

1is ca. 100 times higher than that with monomi€x Since

J. Am. Chem. Soc., Vol. 119, No. 7, 19¥P
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Figure 1. Organic solvent effects on the catalytic hydrolysis of ester
26 with bipy-dimer1 and copper(ll) at 30C (data from Table 4).
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Figure 2. Catalytic hydrolysis of este26 by bipy-dimerl (0.05 mM)
with Cu(ll) in 80%(v/v) DMSO/20 mM HEPES (pH 7.0) at 2%.

Best-fit values oiVmax andKy, were obtained by fitting the data to the
Michaelis-Menten equation by the KaleidoGraph program. The

the solvents used decrease hydrophobic binding, the differencecontinuous line corresponds to initial rateVmadester)/Kn + [ester])

could be even larger in water solution.

Solvent Effects on Catalysis. We have carried out kinetic
studies in various organic solvents, employing the Cu(ll)
complex of dimerl as catalyst an@6 as the substrate in 20
mM HEPES (pH 7.0) at 28C. Water is the best solvent for

inducing strong association between apolar binding partners.

Thekqps Of ester26 hydrolysis catalyzed by 1-Cu(ll) decreases
with increasing methanol content (Figure B, Supporting Infor-
mation). Methanol is less polar than water and interferes with
hydrophobic binding of the substrate into the cyclodextrin
cavities.

Apolar complexation is not limited to water or alcohols but
occurs in solvents of all polarit}%13 However, a dramatic

With Vimax = 2.24 x 10°°M st andKy, = 4.69 x 1075 M.

groups, such a large solvent effect reflects primarily the strength
of hydrophobic binding.

Kinetic Characteristics. The dependence of the initial rate
of 1-Cu(ll) -catalyzed hydrolysis of the ester substragéon
the substrate concentration for a typical set of data is shown in
Figure 2 as av vs [S] plot and in Figure C (Supporting
Information) as a 2/vs 1/[S] plot. In each case the continuous
line corresponds to the best fit. Values of the paramétges
and K, were obtained by fitting the initial rate vs [S] data to
the Michaelis-Menten equation. The value &, for the
1-Cu(ll) -catalyzed hydrolytic reaction is 44M, a value

solvent dependence was observed for the catalytic hydrolysisconsistent with strong double binding. The reactions were

of ester26 by dimer1-Cu(ll). When the solvent was changed
from water, the most polar solvent, to DMF, the least polar
solvent, thekgps Of catalytic hydrolysis of este26 by 1-Cu(ll)
decreased from 5.1Q 1072s1to 3.10x 10°%s71 (Table 4),
a factor of over 1

A strong linear relationship exists between thgs and the
solvent polarity parameté&t(30) of the various solvents (Figure
1). The results are in excellent agreement with some binding
data in the literaturé? Strong correlation betwed#r(30) and
binding free energies in related hegfuest systems have also
been found for binary aqueous solvent mixtur&3dé Although

the added solvents may also affect the behavior of the catalytic

(12) Siegel, B.; Breslow, Rl. Am. Chem. So0d.975 97, 6869.

(13) Smithrud, D. B.; Diederich, Rl. Am. Chem. S0d.99Q 112 339.

(14) Diederich, F.; Smithrud, D. B.; Sanford, E. M.; Wyman, T. B;
Ferguson, S. B.; Carcanague, D. R.; Chao, |.; Houk, KAkta Chem.
Scand.1992 46, 205-215.

carried out in 80% DMSO solvent, and in water the binding
affinity would be much higher. Thie,for the ester hydrolysis
catalyzed byl-Cu(ll) is 0.45 s1. The rate enhancemen4/
Kunca) for ester26is 1.45x 107

Mechanism. We have studied ester hydrolysis by dinier
with copper(ll) at 37°C, using este1 in 10 mM buffer at
various pH’'s. The pH vs rate profiles in Figure 3 are for the
hydrolysis ofp-nitrophenyl 3-indolepropionat&{) by bipyridyl
dimer 1 with Cu(ll) and by buffer only. The difference in the
hydrolysis rates between the reaction catalyzed by diaerd
Cu(ll) and the reaction run with only buffer is the greatest in
the pH range of 6.5 to 8.0. With respect to rate, the buffer

(15) Schneider, H.; Kramer, R.; Simova, S.; Schneided.lAm. Chem.
So0c.1988 110, 6442-6448.

(16) Ferguson, S. B.; Seward, E. M.; Sanford, E. M.; Hester, M.; Uyeki,
M.; Diederich, F.Pure Appl. Chem1989 61, 1523-1528.
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.lj Table 5. Catalytic Hydrolysis of Esters by Dimérin pH 7.0
] Buffer at 37°C?
-2
j} entry ligand metalion  Kops(S™%) x 10°¢ Krel
-3 Ester31
= .4 1 0.000036 1
) 2 Ni(l1) 0.30 10 000
i 5 3 Cu(ll) 0.55 18 000
= 4 PAO35 Co(ll) 0.14 4700
g -6 5 PAO35 Cu(ll) 0.27 0900
6 PAO35 Th(lll) 0.55 18 000
-7 7 PAO35 Eu(lln) 0.62 21 000
8 PAO35 Ni(ll) 1.77 59 000
-8 9 PAO35 Zn(ll) 8.89 300 000
9f e - : Ester21
6 7 8 9 10 11 10 0.000030 1
pH 11 Zn(I1) 1.2 40 000
Figure 3. pH—rate (logkosy profile for the hydrolysis op-nitrophenyl ig PAO35 ﬁila(ll)l) 11628 327210(;)&?
3-indolepropionate 31) by bipyridyl cyclodextrin dimerl (M) and 14 PAO35 Zn(ll) 51'.2 1700 000

buffer only @). Reactions were run at 3T in buffer solutions using
10 mM MES for pHs between 5.5 and 6.5, 10 mM HEPES for pHs  2All solutions were 1.0x 107* M in bipy-dimer1, 1.0 x 1073 M
between 6.70 and 8.25, 10 mM CHES for pHs between 8.50 and 9.50, in metal ion and 6.0x 107> M in substrate. Reactions were carried

and 10 mM CAPES for pHs between 10.00 and 10.50. out in 10 mM HEPES buffer solution (pH 7.0) at SC. bPAO35is
2-pyridinecarbaldehyde oximéReactions were monitored t895%

Scheme 7 completion. The rate constants were obtained by analyzing the data
using the Kore program; the correlation coefficient s we@9999,
<r |\ >,5 { NI >,5 and are the average of two or more kinetic experiments. The errors in
=N_ N= =N N= kobs Were <8%. ¢ Uncatalyzed rate constants of esters.

(
O O B O O carbaldehyde oxime (PA@pH) are remarkably active catalysts
A + for the hydrolysis of 8-acetoxyquinoline-5-sulfonate Thus
9 8 we have examined the cleavage of eg#&mwith added PAO
oty L Y 35 bound to the dimerl—metal ion complex (Figure E,
Supporting Information). The cleavage of es2drby dimerl
with various metal ions in the presence of PAZ® was
examined in 20 mM HEPES buffer (pH 70 0.1) at 37.0+
0.2 °C and followed by monitoring the formation of-
i nitrophenoxide by UV at 400 nm. The results are listed in Table
5(,:3 {.>i 5 (and displayed in Figure F of Supporting Information). A
. & - rate enhancement of 17 1%P-fold over the background reaction
poamd, 3 rate was observed for cleavage of e&eby 1-Zn(ll) with PAO
* 35 (entry 14). In line with our previous work, we suggest the
mechanism shown in Scheme 8. As can be seen from Table 5,
hydrolysis of esteB1 shows a linear pH dependence, whereas the relative catalytic activities of metal ions in the presence of
the 1-Cu(ll) -catalyzed ester hydrolysis shows a different pH paQ 35ligand were different from those in the absence of PAO.
dependence. The order of catalytic activity with PA@5 is Zn(Il) > Ni(ll)

The pH profile in Figure D (Supporting Information) is - Eu(ll) > Th(lll) > Cu(ll) > Co(ll). The order of catalytic
expanded from Figure 3 at pH 6.5 to 9.0 for the dimer catalyzed activity without PAO35is Cu(ll) > Ni(ll), Zn(ll). As Scheme
hydrolysis reaction. This pH profile shows a pH_-independent_ 8 shows, we propose that the Zn(ll) becomes pentacoordinate
plateau anpl a pH-depend(_ant range. The expenmer_ltal_ data f"ﬁn the transition state, which is less likely for Cu(ll). Without
the theoretical curve described by eq 1, whiéres the binding PAO, four-coordination by the metal ion is enough. In our

constant ofL-Cu(ll) with ester31, K, is the acid dissociation . .

constant for the(cc))ordinated wateramolecule anis the rate previous work® we sh(_)wed that the acyIaFed catalyst that is
constant of the rate-determining step. The best fitting of the formed by the mechanlsm of Scheme 8, with an acy_l group on
data gave . = 7.15,k = 2.05 x 104 5%, andK; = 7.0 x the oxygen of PAO, is then hydrolyzed by the metal ion. Thus
100 M2 ' ' turnover catalysis was seen with such systems, but we have

not examined this question in the present case.

a Summary. The catalysts that can bind a substrate at both
Kobs = lef—+ (1) ends so as to hold a substrate ester group right above a catalytic
Kot [H'] functionality are the most effective. They perform ester
hydrolysis with turnover and very high rate accelerations. When
We propose the mechanism shown in Scheme 7, in which the catalytic group is only a metal ion, Cu(ll) is more effective
the substrate binds to the dimer and is attacked by hydroxidethan zn(Il) or Ni(ll). However, when the catalyst also carries
bound to copper, from a bound water witkgp=7.151" There 5 hycleophilic bound oxime ligand, the best metal ion is Zn(ll).
are other kinetically equivalent mechanisms that seem less likely.the gifferences are reasonable in terms of the mechanisms

Effects of Metal lons and Ligand. In 1965 we reported i\ qved and the coordinating abilities of the different metal
that the zinc or nickel ion complexes oE)2-pyridine- ions

Estor 31
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Experimental Section

General. 'H-NMR spectra were recorded on a Varian VXR 200 or
400 MHz spectrometerst3C-NMR spectra were recorded on a 75 MHz

spectrometer. All spectra were with the residual solvent peaks as

J. Am. Chem. Soc., Vol. 119, No. 7, 1981

Kinetics. Aqueous buffers were prepared with deionized water and
pH value were adjusted vhitl N NaOH @ 1 N HCI solution. Stock
solutions of metal ions, substrates, and catalysts were prepared in the
appropriate buffer solution, except for water insoluble substrates which
were prepared in C¥H or DMF. The pH was checked at the
beginning and the end of each run to hold to withif.1 unit.

All reactions forp-nitrophenol product were monitored by following
absorbance change against time at 400 nm. A kinetic run was initiated
by adding 1.00 mL of 10«M bipy-dimer 1 dissolved in 10 mM
HEPES solution and 1@L of metal ion stock solution to make the
solution 500uM in metal ion and brought to 3Z& 0.1 °C in the
spectrophotometer chamber. A« sample of substrate solution was
injected (to make the solution 6M in substrate), shaken vigorously,
and the absorbance at 400 nm monitored as a function of time.

For the catalytic reactions (fast reactions), the pseudo-first order rate
constants were obtained by analyzing the data using the Kore prégram.
For the uncatalytic reactions (slow reactions), the rate constants were
obtained by an initial rate treatment. The final product absorbance
was determined by making a solution with the same concentrations of
products and catalyst, and with the same buffer solution used as the
kinetic runs.

Syntheses. The synthetic sequences are outlined in the paper. The

reference signals. Mass spectra were recorded on a Nermag R-101Qetailed procedures are available in Supporting Information.

instrument (for chemical ionization(Cl) or electron impact ionization(El)
spectra) or a Jeol IMS-DX-303 HF instrument (for FAB spectra). pH
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