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a b s t r a c t

A new series of chiral Zn–Schiff base (imine) complexes has been prepared from mono-N-sulfonyl
derivatives of (1R,2R)-diaminocyclohexane, N-heterocyclic aldehydes, and zinc salts. The formation
and characterization of the (L)ZnX2 complexes was established by NMR, IR and HRESI-MS. Spectro-
scopic and kinetic evidence indicates that these ligands may be bidentate or tridentate depending
eywords:
hiral Schiff base
inc catalyst
ster alcoholysis

on conditions of the medium. The methanolysis of a chiral, racemic picolinate ester catalyzed by the
Zn(II)–Schiff base complexes was studied kinetically. The rate constants were found to vary approxi-
mately a hundred-fold and in a complex way depending on the imine ligand and the Zn-counter anion,
kobs = 5.0 × 10−6–4.8 × 10−4 M−1 s−1. A Job plot analysis of ternary complex formation of LZnX2 with two
phosphonate transition state analogs suggests that two types of (imine)Zn(picolinate)X ternary com-
plexes may be intermediates and that varying rate-limiting steps may be involved in the LZnX2-catalyzed

e este
methanolysis of picolinat

. Introduction

In biological systems metalloprotease and -esterase enzymes
atalyze the hydrolysis of amides and esters with remarkable
fficiency by making use of the protein-ligated metal center to
lectrophilically activate the substrate and, in some cases, to
ncrease the acidity and the nucleophilicity of coordinated water
1]. For example, carboxypeptidase A and thermolysin are Zn(II)-

etalloenzymes that catalyze the hydrolysis of peptides and O-acyl
erivatives of �-hydroxycarboxylic acids [2,3]. The zinc cation in
he active site adopts a tetrahedral coordination geometry attached
o the protein backbone by three amino acid residues, two histi-
ine imidazoles and an aspartate or glutamate carboxylate, with the
ourth coordination site occupied by a water molecule. The ubiquity
f zinc in metalloenzymes chemistry has been related to its flex-
ble coordination chemistry, substitutional lability, Lewis acidity,
ntermediate polarizability and lack of redox activity [4]. To better
nderstand the factors that control the detailed properties of the
ctive sites of zinc enzymes, numerous model complexes have been
nvestigated [5]. Studies of scorpionate– and other tripodal–Zn
omplexes have led to the elucidation of key mechanistic features of
he catalysis by Zn-enzymes [6]. These include biomimetic hydrol-

ses as well as the modeling of intermediates of peptidase and
arbonic anhydrase catalytic cycles [7].

The hydrolysis and alcoholysis of esters, often possessing coor-
inating co-functionality, can be catalyzed by divalent metal ions

∗ Corresponding author. Tel.: +1 405 325 3696; fax: +1 405 325 6111.
E-mail address: knicholas@ou.edu (K.M. Nicholas).
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© 2011 Elsevier B.V. All rights reserved.

such as Co2+, Ni2+, Zn2+ and Cu2+ with kcat/kuncat values as large
as 108 [8]. The facility of hydrolytic reactions of picolinate esters
has found use in organic synthesis, as a protecting group for
alcohols (deprotected by MeOH/Zn(OAc)2) [9] and in the Mit-
sunobu stereoinversion of alcohols (the picolinate removed by
MeOH/Cu(OAc)2) [10]. Particularly valuable hydrolytic reactions
are those that are stereoselective, including kinetic resolutions.
Biocatalytic enantioselective hydrolysis, alcoholysis and trans-
esterification reactions have achieved good efficiencies and are
applied in the industrial production of optically active compounds,
yet, their substrate scope is often limited [11]. In contrast, the
development of enantioselective hydrolysis, alcoholysis or transes-
terification reactions using homogeneous metal complex catalysts
has been quite limited with the most notable success being
achieved for the kinetic resolution of alkenyl esters, ethers and
azlactones [12] and of epoxides [13].

We recently reported a new method for the evolution of
hydrolytic catalysts by templating a set of imine–metal com-
plexes, in equilibrium with their constituent aldehydes and amines,
with transition state analogs [14]. A good correlation between
(imine)Zn(TSA) ternary complex formation and the hydrolytic
activity of the (imine)ZnX2 complexes was found as predicted by
the Pauling–Jenks model for enzyme and antibody catalysis [15].
On the way to developing applications of this new homogeneous
catalyst selection technology we hypothesized its potential use for

the kinetic resolution of chiral, racemic alcohols via their picoli-
nate esters, employing homochiral imine–metal complex catalysts
and suitable TSAs. Herein, we report the preparation of new Zn-
complexes of chiral, Schiff base (imine) ligands and their efficacy
as catalysts for the methanolysis of a chiral picolinate ester.

dx.doi.org/10.1016/j.molcata.2011.02.014
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:knicholas@ou.edu
dx.doi.org/10.1016/j.molcata.2011.02.014
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. Experimental

.1. Materials and general methods

Commercially available reagents were used as received. (Rac)-
-phenylethanol picolinic acid ester (PEP), (S)-1-phenylethanol
yridinephosphonic acid ester [16] (PEPP = TSA), and 8-isopropyl-
-quinolinecarboxaldehyde [17] were prepared according to
he literature procedures. (1R,2R)-N-(N,N-dimethylsulfamoyl)-1,2-
iaminocyclohexane (1c) was prepared and purified as previously
18]. Infrared spectra (4000–500 cm−1) were recorded using KBr
ellets. 1H (300 MHz) and 13C (60 MHz) NMR spectra were obtained
nd referenced to TMS as an internal standard. The low- and
igh-resolution mass spectra were acquired on samples dissolved

n methanol or dichloromethane solution by the ESI ionization
ethod.

.2. Synthetic procedures

.2.1. Preparation of
-(2-amino-cyclohexyl)-4-methyl-benzenesulfonamide (1a) and
-(2-amino-cyclohexyl)-2,4,6-trimethyl-benzenesulfonamide

1b)
The sulfonamides 1a and 1b were prepared from trans-(R,R)-

,2-diaminocyclohexane directly rather than as its l-tartrate
alt as previously reported [19]. To a stirred solution of (R,R)-
,2-diaminocyclohexane (3.00 g, 11.4 mmol) in aqueous NaOH
2 N, 15 mL) was added triethylamine (2.1 mL, 15.2 mmol) and
ichloromethane (100 mL). The mixture was cooled to 0 ◦C and a
olution of p-toluene- or 2,4,6-trimethylphenyl (mesityl) sulfonyl
hloride (7.6 mmol) in dichloromethane (50 mL) was added drop-
ise over 30 min. After the addition was complete, the mixture
as allowed to warm to rt and stirred for 12 h. The resulting mix-

ure was washed with aqueous HCl (2 N, 3 × 50 mL) and the organic
hase was removed. The aqueous phase was adjusted to pH 9 by
ddition of NaOH pellets and the basic aqueous solution was then
xtracted with dichloromethane (3 × 30 mL). The dichloromethane
ayers were combined, dried over anhydrous MgSO4, filtered, and
he solvent was removed under reduced pressure to obtain 1a and
b as yellow solids. The NMR spectra for 1a–c agreed with the
arlier reports [18,19].

.2.2. Preparation of Zn complexes
The synthesis of 2a is described below and the compounds

b–2i were prepared using the same procedure. Monosulfonamide
erivative 1a was dissolved in methanol (0.50 mmol, 50 mL). To
his solution a methanolic solution of 2-pyridinecarboxaldehyde
0.50 mmol, 25 mL) was added, followed by the appropriate zinc
alt dissolved in methanol (0.50 mmol, 25 mL). The resulting mix-
ure was refluxed overnight, then the solvent was evaporated and
he residual solid was triturated with small portions of diethyl ether
o obtain the spectroscopically pure product 2a.

(2a) ESI-HRMS (CH3OH) found: m/z = 456.0504, calcd for
19H23N3O2SZnCl+ = 456.0491; IR (KBr): 3241, 2863, 1643, 1331,
159; 1H-NMR (CD3CN, ıppm): 8.69 (d, J = 4.8 Hz, 1H), 8.34 (s, 1H),
.21 (m, 1H), 7.83 (m, 1H), 7.75 (d, J = 7.5 Hz, 1H), 7.63 (d, J = 8.4 Hz,
H), 7.0 (d, J = 8.1 Hz, 2H), 5.35 (s, 1H), 3.20 (m, 1H), 3.30 (m, 1H)
.19 (s, 3H), 1.73–1.97 (m, 4H), 1.32–1.17 (m, 4H).

(2b) ESI-HRMS (CH3OH) found: m/z = 459.0526, calcd for
18H24N4O2S64ZnCl+ = 459.0600; IR (KBr): 3245, 2863, 1626, 1327,
151; 1H-NMR (CD3CN, ıppm): 8.26 (s, 1H), 7.72 (d, J = 8.1 Hz, 2H),

.31 (d, J = 1.2 Hz, 1H), 7.21 (br, 1H), 7.07 (d, J = 8.1 Hz, 2H), 5.45
s, 1H), 3.66 (s, 3H), 3.42 (m, 2H), 2.29 (s, 3H), 1.98–1.96 (m, 4H),
.32–1.17 (m, 4H).

(2c) ESI-HRMS (CH3OH) found: m/z = 611.1237, calcd for
30H32N4O2S64ZnCl+ = 611.1226; IR (KBr): 3245, 2863, 1618, 1327,
talysis A: Chemical 339 (2011) 72–78 73

1155, 1H-NMR (CD3CN, ıppm): 8.43 (s, 1H), 7.78 (d, J = 8.1 Hz, 2H),
7.73 (d, J = 7.5 Hz, 2H), 7.60–7.54 (m, 4H), 7.51–7.34 (m, 4H), 7.20
(d, J = 7.5 Hz, 2H), 3.60 (s, 3H), 3.45 (m, 1H), 2.93 (m, 1H), 2.44 (s,
3H), 1.98–1.96 (m, 4H), 1.41–1.13 (m, 4H).

(2d) ESI-HRMS (CH3OH) found: m/z = 548.1153, calcd for
C26H31N3O2S64ZnCl+ = 548.1117; IR (KBr): 3257, 2859, 1612, 1331,
1155; 1H-NMR (CD3OD, ıppm): 8.34 (s, 1H), 8.15 (d, J = 8.4 Hz, 1H),
7.76–7.74 (m, 1H), 7.70–7.65 (m, 2H), 7.57 (d, J = 7.5 Hz, 1H), 7.47
(d, J = 8.1 Hz, 2H), 6.76 (d, J = 7.5 Hz, 2H), 4.35 (septet, J = 6.6 Hz, 1H),
3.40 (m, 1H), 3.20 (m, 1H), 1.88 (s, 3H), 1.74 (d, J = 6.0 Hz, 6H),
2.07–1.33 (m, 8H).

(2e) ESI-HRMS (CH3OH) found: m/z = 626.1293, calcd for
C28H31N3O4S64ZnF3

+ = 626.1279; IR (KBr): 3277, 2863, 1701, 1450,
1331, 1194; 1H-NMR (CD3CN, ıppm): 8.43 (d, J = 8.1 Hz, 1H), 8.01 (s,
1H), 7.87–7.69 (m, 3H), 7.55 (d, J = 8.4 Hz, 1H), 7.40 (d, J = 8.1 Hz, 2H),
6.93 (d, J = 6.9 Hz, 2H), 5.56 (b, 1H), 4.50 (septet, J = 6.6 Hz, 1H), 3.45
(m, 1H), 3.0 (m, 1H), 2.26 (s, 3H), 1.97 (d, J = 5.4 Hz, 6H), 2.01–1.74
(m, 4H), 1.74–1.44 (m, 4H).

(2f) ESI-HRMS (CH3OH) found: m/z = 662.0933, calcd for
C27H31N3O5S2

64ZnF3
+ = 662.0949; IR (KBr): 3227, 2870, 1612,

1330, 1159; 1H-NMR (CD3CN, ıppm): 8.43 (s, 1H), 7.8 (d, J = 8.1 Hz,
1H), 7.86 (m, 1H), 7.82 (m, 1H), 7.75 (m, 1H), 7.74 (d, J = 7.5 Hz,
1H), 7.75 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 6.70 (br 1H), 4.45
(septet, J = 6.9 Hz, 1H), 3.07 (m, 2H), 2.42 (s, 3H), 1.70–1.40 (m, 4H),
1.39 (d, J = 6.9 Hz, 6H), 1.30–1.20 (m, 4H).

(2g) ESI-HRMS (CH3OH) found: m/z = 506.0682, calcd for
C23H25N3O2S64ZnCl+ = 506.0647; IR (KBr): 3245, 2853, 1643, 1323,
1155; 1H-NMR (CD3CN, ıppm): 8.80 (d, J = 8.7 Hz, 1H), 8.52 (s, 1H),
8.28 (d, J = 8.7 Hz, 1H), 8.23 (d, J = 8.1 Hz, 1H), 8.11 (m, 1H), 7.91 (m,
1H), 7.84 (d, J = 8.4 Hz, 1H), 7.59 (d, J = 8.0 Hz, 2H), 6.72 (d, J = 8.4 Hz,
2H), 4.91 (s, 1H), 3.65 (m, 1H), 3.50 (m, 1H), 2.20 (s, 3H), 2.35–1.80
(m, 4H), 1.60–1.28 (m, 4H).

(2h) ESI-HRMS (CH3OH) found: m/z = 654.1624, calcd for
C30H35N3O4S64ZnF3

+ = 654.1592; IR (KBr): 3223, 2859, 1601, 1319,
1194; 1H-NMR (CD3OD, ıppm): 8.29 (s, 1H), 8.05 (d, J = 8.7 Hz, 1H),
7.70 (d, J = 8.4 Hz, 1H), 7.64 (d, J = 6.6 Hz, 1H), 7.54 (m, 1H), 7.48 (d,
J = 8.4 Hz, 1H), 6.30 (s, 2H), 5.17 (s, 1H), 4.36 (septet, J = 6.8 Hz, 1H),
3.32 (m, 1H), 3.12 (m, 1H), 2.60 (s, 3H), 2.42 (s, 6H), 3.20–2.8 (m,
4H), 1.66 (d, J = 6.3 Hz, 6H), 1.80–1.20 (m, 4H).

(2i) ESI-HRMS (CH3OH) found: m/z = 564.1211, calcd for
C25H31N5O2S64ZnCl+ = 564.1178; IR (KBr): 3227, 2942, 1618, 1331,
1147; 1H-NMR (CD3CN, ıppm): 8.80 (s, 1H), 7.58–7.56 (m, 4H),
7.74–7.25 (m, 6H), 3.76 (s, 3H), 3.45 (m, 1H), 3.25 (m, 1H), 2.80
(s, 3H), 2.67 (s, 3H), 2.30–1.70 (m, 4H), 1.60–1.30 (m, 4H).

2.3. Kinetics for methanolysis of 1-phenylethyl picolinate (PEP)
catalyzed by Zn–imine complexes

The methanolysis of rac-1-phenylethyl picolinate (PEP) was car-
ried out three times consecutively at the same substrate/catalyst
concentration; the listed rate constant (Table 1) is the average
from the three runs. A 100 mM stock solution was prepared by
dissolving 22.7 mg of rac–PEP in 1 mL of CD3OD/CD2Cl2 (1:1). A
20 mM solution of the Zn-complex was prepared in 1.0 mL of 1:1
CD3OD/CD2Cl2. A 1.0 mM stock solution of the complex (Cat-1) was
prepared by diluting 50 �L of the 20 mM solution to 1 mL with
CD3OD/CD2Cl2 (1:1); A 10 mM stock solution of the complex (Cat-
2) was prepared by diluting 500 �L of the 20 mM solution to 1 mL
with CD3OD/CD2Cl2 (1:1). Samples for NMR reaction monitoring
were prepared by pipetting 100 �L of 100 mM substrate stock solu-

tion into an NMR tube and diluting it to 1 mL with CD3OD/CD2Cl2
(1:1); then 100 �L of the catalyst solution (Cat-1 or Cat-2) was
added. NMR spectra were recorded at 2-min intervals (T = 292 K)
while monitoring the disappearance of the substrate methyl sig-
nal at 1.95 ppm and the emergence of the product alcohol methyl



74 R. Kannappan et al. / Journal of Molecular Catalysis A: Chemical 339 (2011) 72–78

NH2

NH2

+ ClSO2R

1a: R = 4-Me-C6H4-
1b: R = 2,4,6-Me3C6H2-

1c: R = NMe2

NaOH, Et3N

CH2Cl2

NH

NH2

O2S
R

NH

N

O2S
R

L

X

Zn
X ZnX2

Cat =

eme 1

p
m
1
r
c
T

c
a
r

2

s
N
0
t
p
(
t
o
m
s

a
t
1

d
s
t
c

T
R

d
P

2

Sch

eak at 1.69 ppm for up to 20% conversion. Initial rates were deter-
ined by plotting the peak integrals versus time (s) for the first

0–15% conversion; the slopes of these plots (averaged for three
uns) divided by the initial concentrations of PEP and the Zn-
omplex 2a–i provided the second order rate constants listed in
able 1.

Separate kinetic runs of the methanolysis of R-PEP and S-PEP
atalyzed by the same chiral Zn-complex, e.g. 2h, were conducted
s described above. In these experiments the rate constants for the
eactions of the R- and S-PEP were within +10% of each other.

.4. Deprotonation of LZnX2

The zinc complexes (25 mg 2b; 29 mg 2d and 37 mg 2e) were
eparately dissolved in 900 �L of CD3CN, the solutions added to
MR tubes, and their 1H NMR spectra recorded. A 100 �L portion of
.50 M sodium methoxide (1.0 equiv.) in methanol was then added
o each tube via syringe and the 1H-NMR spectrum of each sam-
le was recorded. The peak corresponding to the sulfonamide NH
broad singlet, 5.73 ppm) of 2b almost completely disappeared after
reatment with sodium methoxide. Only partial deprotonation was
bserved (ca. 50%) for 2d and 2e; addition of 2 equiv. of sodium
ethoxide to 2d caused the sulfonamide NH peak to disappear with

ome precipitate forming.
Methanolysis of PEP by deprotonated 2b: A 10 �L sample of the

bove solution of deprotonated 2b (10 mol%) was added to a solu-
ion of 10 mM rac-PEP (or R- or S-PEP) in CD3OD/CD2Cl2 (1:1 v/v).

H-NMR spectra of the solution were used as above to monitor the
isappearance of substrate and appearance of product. A rate con-
tant of 3.0 × 10−5 M−1 s−1 was determined, virtually identical to
hat obtained with the original (non-base treated) complex 2b as
atalyst

able 1
ate constants for methanolysis of rac-PEP catalyzed by Zn-complexes 2.

Entry Catalyst (loading) krac (M−1 s−1)a

1 2a (10 mol%) 1.4 × 10−5

2 2b (10 mol%) 2.6 × 10−5

3 2c (10 mol%) 5.0 × 10−6

4 2d (1 mol%) 4.8 × 10−4

5 2e (1 mol%) 5.6 × 10−5

6 2f (1 mol%) 6.4 × 10−5

7 2g (1 mol%) 1.7 × 10−4

8 2h (1 mol%) 1.9 × 10−4

9 2i (10 mol%) –

a The rate constants were determined by 1H NMR integration of the growing
oublet signal of the product methyl group from three independent runs; [rac-
EP]0 = 10 mM, [2] = 1.0 mM or 0.1 mM in 1:1 CD3OD/CD2Cl2 (T = 292 K).
L CHO

.

2.5. Analysis of LZnX2(TSA) ternary complex formation

Job plot analysis: A 10 mM stock solution of the LZnX2 complex 2
was prepared in 1.5 mL of C6D6/CD3OD (2:1); a 10 mM stock solu-
tion of S-TSA was prepared in 1.5 mL of C6D6/CD3OD (2:1). The
NMR Job plot samples were prepared by combining the zinc com-
plex and S-TSA stock solutions in the proportions 450 �L/50 �L,
350 �L/150 �L, 250 �L/250 �L, 150 �L/350 �L, 50 �L/450 �L, keep-
ing the total concentration of LZnX2 plus S-TSA constant at
10 mM. Samples were analyzed by 1H-NMR monitoring of the
chemical shift (ı) of the p-toluenesulfonamide aromatic proton
signals as a function of the Zn/TSA ratio. The plots of �ı × [cat]0

versus [cat]0/([cat]0 + [S-PEPP]0) for 2b and 2g are given in
Fig. 3.

ESI–MS of ternary complex from deprotonated 2b: Complex 2b
(25 mg) in 900 �L methanol (50 mM) was treated with sodium
methoxide in methanol (1 equiv.); a 50 mM solution of phenyl 2-
pyridylphosphonate (TSA’) was prepared in methanol. A 100 �L
portion of each solution was added to 800 �L methanol and then
analyzed by ESI–MS; found (m/z) = 658.13, 660.15, 662.15; calcu-
lated for (2b)64Zn(TSA)+, C29H33N5O5PS64Zn: 658.12

3. Results and discussion

3.1. Preparation and characterization of the complex catalysts

The zinc complexes were prepared by combining a monosulfon-
amide derived from trans-1,2-R,R-cyclohexyldiamine (1a–c) with
one of several N-heterocyclic aldehydes, and a zinc salt in methanol
(Scheme 1, Fig. 1). The reaction products obtained after workup
were analyzed spectroscopically to confirm complex formation and
to probe their structures. Their 1H-NMR spectra in CD3CN or CD3OD
exhibited signals for the N C–H proton at 8.0–8.8 ppm and for the
–NHSO2R proton at ca. 5.8 ppm, indicating binding of the Schiff base
ligands in a bidentate fashion in these solvents. This is noteworthy
in light of the role of sulfonamides as inhibitors of Zn-enzymes,
which is established to involve Zn-N,O-binding to the N-H depro-
tonated (anionic) form of the sulfonamide [20]. Although the pKa

of Zn-bound sulfonamides isn’t established, it is likely to be sub-
stantially lower than that of the free sulfonamide (pKa ca. 10) [21].

The potential for the imine ligands of complexes 2 to achieve
tridentate coordination by the deprotonated sulfonamide nitro-

gen was examined by NMR analysis upon treatment with NaOMe
(Scheme 2). The reaction of 2b with 1 equiv. sodium methoxide
resulted in the almost complete disappearance of the sulfonamide
NH resonance (broad singlet, 5.73 ppm). However, only partial
deprotonation (ca. 50%) was observed for 2d and 2e with 1 equiv.
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f sodium methoxide; with 2 equiv. of NaOMe the sulfonamide NH
eak of 2d disappeared.

The infrared spectra of the Zn(II) complexes 2a–2i provide addi-
ional information about the metal-ligand coordination mode. A
harp but weak peak centered in the 3220–3280 cm−1 region is
ost likely due to the N–H stretching vibration of the sulfonamide

roup. The strong �(C N) bands observed at 1601–1628 cm−1 for
a–2i are shifted considerably towards lower frequencies com-
ared to that of the free Schiff base (1643 cm−1), indicating that
he azomethine nitrogen atom is coordinated to the metal [22].
he coordination mode of the trifluoroacetate ions in 2e and 2h
as been determined from the difference in energy (�) between
he asymmetric and symmetric carboxylate stretching frequen-
ies. In general, � for a monodentate carboxylate is greater than
50 cm−1 and for a bidentate carboxylate it is less than 100 cm−1,
hereas � for a bridging carboxylate is close to 150 cm−1 [23].

or the trifluoroacetate complexes (2e, h) � is 251 and 260 cm−1
espectively, indicative of monodentate coordination and a Zn-
oordination number of four.

Positive mode ESI–MS analysis (CH3OH solvent) was used to
robe further the composition and ionizability of the LZnX2 species.
major peak cluster corresponding to LZnX+ was observed in all
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Scheme
–ZnX2 complexes.

the spectra of 2, indicating that one anionic ligand is labile, creat-
ing a cationic species without (RSO2)N–H deprotonation. However,
since proton loss would produce a neutral, MS-undetectable
(L–H)ZnX species, we cannot determine whether such a pro-
cess occurs. In some cases low intensity peaks corresponding to
[LZnX(solvent)]+ were also detected; e.g. for 2i at m/z: 595.12
[L64ZnCl(MeOH)]+.

Attempts to obtain X-ray quality crystals of the LZn(TSA)X
complexes for molecular structure determination have been unsuc-
cessful thus far.

3.2. Ester methanolysis

The long term goal of this project is to elicit catalysts for the
enantioselective reactions of racemic esters via dynamic templat-
ing with transition state analogs. However, the ligand effects on the
catalytic activity and mechanisms of metal-ion catalyzed hydrol-

ysis/alcoholysis of picolinates have received little attention [14].
Therefore, before investigating the formation of ternary complexes
via TSA-templating, we first examined the catalytic activity of the
chiral binary (L)ZnX2 complexes 2a–2i for the methanolysis of the
racemic substrate rac-PEP. Reactions of the ester were conducted
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ig. 2. Time-dependent 1H NMR spectra of rac-PEP reaction in CD3OD/CD2Cl2 (1:1)
ith 1 mol% of 2d spectra, recorded at 2-min intervals.

n 10 mM 1:1 CD3OD/CD2Cl2 at 292 K with 1 and 10 mol% catalyst
oading. The reaction progress was conveniently monitored by 1H
MR via the decreasing/increasing signals of the methyl groups
f the reactant and product respectively (see Fig. 2). Data were col-
ected at low conversion (0–20%) to limit product inhibition and the
ate constants were determined by initial rate methods (Table 1).

The rate constants for the methanolysis of rac-PEP catalyzed
y the LZnX2 complexes 2a–i (Table 1) were found to vary over a
ubstantial range, depending significantly on the imine ligand, the
ounterion and the sulfonamide group. Considering first the effect
f varying the imine ligand (with constant NHSO2Tol and Cl anionic
igand), i.e. 2a–2d and 2g, the catalytic activity ranges approxi-

ately 100-fold in the order 2b > 2g > 2b > 2a > 2c but without an
pparent simple correlation with the electronic character or the
teric demand of the imine ligand. Whereas complexes of the less
asic quinoline ligands, 2d, 2g (pKa 4.6–4.8 [24]), are considerably
ore active than the pyridine-based complex 2a (pKa 5.2 [25]), the

omplex of the more basic imidazole 2b (pKa 7.2) has intermediate
ctivity. Additionally, the most active complex of all, 2d, is derived
rom the sterically hindered 8-isopropyl quinoline ligand. Variation
f the anionic ligand X (with constant imine and NHTos groups) in
he set of quinoline-derived complexes 2d–f shows a nearly 10-
old range of activity in the order 2d > 2f > 2e. This sequence does
ot correlate with the pKa of the corresponding acids (pKa: HCl
7, CF3CO2H 0.3, CF3SO3H −14 [26]), which would normally relate

o the M–X dissociability [27]. The esterolytic catalytic activities
f the complexes 2 also depend significantly on the nature of the
ulfonamide unit as illustrated by the pairs 2h > 2e and 2c > 2i (inac-
ive). This suggests a role for coordination of the –NSO2R unit and
s supported by the deprotonation experiments described below.
uriously, with the 2h/2e pair the more hindered mesityl derivative
hows greater activity, while the complex 2i, having the electron
ich and presumably less acidic –NHSO2NMe2 group, is virtually
nactive vis a vis the –NHTs counterpart 2c.

.3. The nature of catalytically relevant LZn-complexes
An issue key to understanding the structure/activity behavior
f the LZnX2 complexes is the coordination state of the catalyst
pecies, including whether the imine ligand is bi- or tridentate.
lthough the complexes 2a–h as prepared in methanol solu-

ion apparently have bidentate imine coordination, we found that
[CAT]0/[CAT]0+[TSA]0

Fig. 3. Job plots for the complexation of 2b and 2g with S-TSA at a total concentration
of 10 mM in C6D6/CD3OD (2:1).

deprotonation of the sulfonamide nitrogen with probable triden-
tate coordination is achievable by reaction with methoxide base. To
establish whether such deprotonated/tridentate species are viable
catalyst intermediates, the esterolytic activity of the deprotonated
2b was determined, kcat = 3.0 × 10−5 M−1 s−1. This value is compa-
rable to that of 2b in the absence of base (kcat = 2.5 × 10−5 M−1 s−1),
consistent with the deprotonated –NSO2R complex being a com-
mon catalyst species in both reactions.

To gain further insight into the nature of possible catalytic inter-
mediates the stoichiometries of ternary complexes between the
(imine)ZnX2 complexes and esterolytic transition state analogs
were investigated. A Job plot study of the interaction of complexes
2b or 2e with the phosphonate transition state analog S-TSA by 1H
NMR revealed primarily the formation of 1:1 ternary complexes
2b(S-TSA) and 2e(S-TSA) (Fig. 3). In the case of 2g + S-TSA, a major
species of 1:2 stoichiometry, 2g(S-TSA)2, apparently is produced.
This may be due to the stronger Lewis acidity of 2g afforded by the
less basic quinoline donor versus the imidazole of 2b and its more
accessible Zn-center relative to that having the isopropyl-quinoline
ligand of 2e.

The viability of LZn(picolinate)X species with tridentate imine
ligand coordination was tested by examining the interaction of a
deprotonated LZnX complex with a transition state analog. Thus
LZnCl2 complex 2b was treated first with NaOMe followed by the
addition of the TSA, phenyl pyridylphosphonate. ESI–MS analysis
of the resulting solution detected a major species of composition
(2b)Zn(TSA)+ (Scheme 3b), confirming the formation of a ternary
complex between the deprotonated binary complex and the TSA.

3.4. Putative catalytic scheme

Based on the complex structure/catalytic activity results, depro-
tonation experiments, TSA binding analysis and prior studies of
metal catalyzed-picolinate solvolysis, we suggest a tentative mech-
anistic scheme outlined in Scheme 4. The primary steps involve: (1)

coordination of the picolinate substrate (with X− dissociation); (2)
sulfonamide deprotonation/association with X dissociation; either
(3) coordination of methanol, followed by (4) inner sphere attack
of Zn–OMe on the coordinated ester; or (5) direct (outer sphere)
MeOH (or MeO−) attack on the coordinated carboxyl group; (6)
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ollapse of the tetrahedral intermediate to the product alcohol
nd ester complex; and (7) product ester dissociation followed by
ubstrate ester re-association. We suggest that sulfonamide depro-
onation under the catalytic conditions could be driven by the basic
yridine substrate, present in excess relative catalyst. Although we
ave not established here which step(s) is/are turnover-limiting,
revious studies of metal ion-catalyzed ester/amide solvolysis
ave implicated either outer sphere MeOH(H2O) addition to
n-coordinated ester or inner sphere addition of coordinated-
ydroxide/alkoxide as rate-limiting [28]. Additional mechanistic
omplexity could be involved in light of the TSA binding exper-
ments, which indicate the potential formation of bis-ester-Zn

dducts; these are not shown for simplicity and could be relatively
nimportant because the substrate ester probably binds with lower
ffinity than the more basic transition state analog.

Within this mechanistic model the experimentally observed
ffects of variation of the imine ligand, counterion and sulfonate
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group on catalytic activity can be accounted for as follows. The
irregular correlation between the electronic character, e.g. basic-
ity of the L, X, and –SO2R groups and the catalytic activity of
(imine)ZnX2 suggests that there is not a common turnover-limiting
step (TLS) for all the catalysts. The greater activity of the complexes
with less basic imine ligands, e.g. 2g, 2d (quinoline) versus 2a (pyri-
dine), could be the result of outer sphere MeO(H) attack on the
electrophilic cationic complex (step 5) being the turnover-limiting
step. On the other hand the greater activity of the complexes of
more basic imines, e.g. 2b (imid) > 2a (pyr), could derive from rate-
limiting inner sphere methoxide attack (step 4), enhanced by the
greater methoxide nucleophilicity of the (the more electron-rich)

2b. The apparent steric acceleration observed in some cases, e.g.
2d > 2g (i-Pr-quin/quin) and 2h > 2e (SO2Mes/SO2Tol), is consistent
with a step involving decreasing coordination number in or before
the TLS, e.g. step 4. The exceptionally low activity of complexes 2c
and 2i (Ph2-imid) could be the composite result of lower basicity
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f the arylated ligand and increased steric hindrance to external
ethanol attack (step 3 TLS). These activity-suppressing effects

re amplified in 2i by the weak acidity of the –SO2NMe2 group,
hich prevents coordination of the sulfonamide N. The activity
ependence on the X anionic ligand variation, i.e. 2d > 2e > 2f, is
lso unexpected on the basis of basicity/coordinating ability and
ay again be the result of a changing TLS.
Our preliminary experiments to assess the viability of these

omplexes as enantioselective catalysts for the kinetic resolu-
ion of rac-picolinate esters have not been encouraging. The
ate constants for methanolysis of the R- and S-PEP esters
ith a few of the chiral LZnX2 complexes, e.g. 2h, were

ound to be little different, i.e. +10%. Apparently these bi-
tri-dentate ligands fail to provide a sufficiently asymmetric
nvironment to differentiate the diastereomeric transition state
for methanolysis of the chiral picolinate ester. New, more highly
rdered ligand–zinc complexes are being sought to remedy this
eficiency.

. Conclusions

We have synthesized novel sulfonamide-based chiral Schiff
ase–zinc complexes and characterized them by spectroscopic
ethods. These complexes are active catalysts for the methanoly-

is of picolinate esters. A substantial difference in catalytic activity
s found as a function of the steric and electronic properties of the
chiff base ligand, the coordinating anion, and the potentially coor-
inating sulfonamide nitrogen. Studies aimed at selecting active
atalysts for kinetic resolution by templating a dynamic L-Zn library
ith transition state analogs are underway in our laboratory.
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