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Abstract

A series of zinc complexes containing the tripodal heteroscorpionate ligand bis(3,5-dimethylpyrazol-2-yl)diphenylmethanol (L2H)
have been synthesized and characterized by X-ray crystallography. The L2H/Zn complexes were designed to model the N2OX coordi-
nation (with the zinc-bound O being a reactive nucleophile) that is characteristic of many protease and amidase zinc enzymes. The
pseudotetrahedral mononuclear complexes characterized include [(L2)ZnI] (1), [(L2)Zn(CH3)] (2), and [(L2)Zn(SPh)] (3). Alkylation
of (1) with methyl iodide has revealed a modest nucleophilicity of the chelated zinc-bound alkoxide, and produces the penta-coordinate
[(L2OCH3)ZnI2] (4) which contains a weakly bound ether in the fifth coordination site. However, when the coordination sphere also
includes a thiolate sulfur as in (3), reaction with methyl iodide produces exclusive alkylation at the sulfur to produce thioanisole and
(1). The coordination of the ether in the neutral (4) can be strengthened by reaction with various silver salts, Ag+X�, to produce other
penta-coordinate complexes [(L2OCH3)ZnI(Tf)] (5) and [(L2OCH3)ZnI(H2O)]BF4 (6) which show enhanced coordination of the ether.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

It has become quite apparent over the last several years
that the zinc ion plays a critical role with many divergent
functions, both structural and catalytic. Examples of the
structural importance of zinc include: aspartate transcarba-
moylase (ATcase), the zinc fingers, or in the coenzyme
domain of liver alcohol dehydrogenase (LADH) [1]. Typi-
cally, when playing a structural role the metal ion is four
coordinate surrounded completely by donor atoms origi-
nating from amino acid side chains of the protein back-
bone. Alternatively, if a functional role is evident, the
structure of the active site remains four coordinate, but
with a reactive nucleophile (most frequently a hydroxide
but in some cases a thiolate) occupying one of the four
0020-1693/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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coordination sites. The remaining three sites are again
occupied by side chain residues of the protein backbone.
Examples of the latter include carbonic anhydrase (CA)
where the donor atoms from the protein backbone are all
histidines, or carboxypeptidase A (CPA) and thermolysin
(TLN) with two histidines and a glutamic acid residue [2–
4]. Thus, in general the structure of the zinc active sites
(both structural and catalytic) can be described as pseudo-
tetrahedral with N, O, or S donor atoms originating from
histidine, tyrosine, aspartic or glutamic acids, cysteine,
and/or water. Given the similarities in the overall geomet-
ric structure of zinc metalloproteins, it is particularly
important to understand how the Zn[NxOySz] donor atoms
modulate the activity of the Zn(II) center.

One-way we, and others, have approached this question
is to design and perform reactivity studies on small syn-
thetic analogues to a variety of zinc metalloprotein active
sites. Some of the most successful of these have used the

mailto:carrano@sciences.sdsu.edu


J.T. Hoffman, C.J. Carrano / Inorganica Chimica Acta 359 (2006) 1248–1254 1249
N3 facial coordination of the tris(pyrazolyl)borate, (Tp),
ligands pioneered by Trofimenko [5], to act as structural
and reactivity models for various zinc metalloenzymes [6].
Notable examples include Parkin, Vahrenkamp�s and Kit-
ajima�s work [7–9] on structural and functional models of
the enzyme CA. While these complexes are excellent mod-
els for some zinc metalloenzymes structure and/or func-
tion, an all nitrogen donating ligand like Tp is
inappropriate for many other zinc enzymes. Consequently,
we and others have begun to synthetically modify tripodal
ligands such as Tp or tris(pyrazolyl)methane to produce
synthetic binding sites with mixed N, O, and/or S donation
to a metal ion but which maintain the overall pseudotetra-
hedral geometry around the zinc [10,11], with the overall
goal of designing more accurate models of the active site
of zinc metalloenzymes for use as catalysts. This has led
to series of mixed ligand systems that incorporate histi-
dine-like nitrogens and one or more thiolate [12,13], car-
boxylate [14,15], and phenolate [16,17] donor atoms to
bind a metal ion (Scheme 1).

Recent attempts to model the chemistry of alcohol dehy-
drogenase has prompted considerable recent interest in
Tp*Zn-OR complexes. However, these complexes are typi-
cally highly moisture sensitive and found to exist only in
very small quantities in solution due to the Tp*ZnOR +
H2O ! Tp*ZnOH + ROH equilibrium which lies far to
the right unless the alcohol contains highly electron with-
drawing groups. Nevertheless Tang, Parkin, Kimura, and
more recently Vahrenkamp, in a series of detailed papers
have succeeded in isolating and characterizing both the
structure and reactivity of these species [18–22]. One of
the seminal results of this work is the observation that a
Zn bound alkoxide is an extremely reactive nucleophile in
its own right as well as being a good leaving group. Indeed
Zn-OR appears to be far more nucleophilic than Zn-OH
Scheme 1.
itself. Thus, methylations of Tp*Zn-OR with MeI proceed
readily to yield the corresponding methyl ethers. Having an
alcohol pendant member of our N2X ligand family in L2
(Scheme 1), we thought it would be useful to compare
the properties of a chelated versus unchelated alkoxide in
a Zn environment otherwise very similar to that presented
by Tp*. The results of this study are presented herein.

2. Experimental

All syntheses were carried out in air and the reagents
and solvents were purchased from commercial sources
and used as received unless otherwise noted. Toluene and
THF were distilled under N2 over Na/benzophenone prior
to use. The ligand, bis(3,5-dimethylpyrazol-2-yl)diphenyl-
methanol L2H, was prepared as described for its unsubsti-
tuted counterpart using benzophenone in place of
paraformaldehyde [23].

2.1. [(L2)ZnI] (1)

To a stirring solution of L2H (1.00 g, 2.59 mmol) in
50 mL of anhydrous THF under argon was added NaOMe
(140 mg, 2.59 mmol). The resulting solution was stirred for
20 min and added dropwise to a THF solution of ZnI2
(0.828 g, 2.59 mmol). The resulting mixture was stirred
overnight, and reduced to dryness. The yellow crude prod-
uct was taken into the dry box, dissolved in anhydrous
CH2Cl2, and passed through a plug of Celite. The filtered
solution was dried under reduced pressure to yield 0.75 g
(50.3% yield) of white product. X-ray quality crystals of
[(L2)ZnI] were grown by slow evaporation of a 1:1 solution
of concentrated solution in CH2Cl2 and hexanes. 1H NMR
(CDCl3) d 7.56 (dd, 4H, ArH), 7.24 (m, 4H, ArH), 7.20 (m,
2H, ArH) 6.62 (s, 1H, –CH–), 5.80 (s, 2H, PzH), 2.45 (s,
6H, Pz–CH3), 2.07 (s, 6H, Pz–CH3).

13C NMR (CDCl3)
d 150.37, 144.05, 141.66, 127.35, 126.89, 126.64, 105.99,
84.36, 70.75, 13.20, 10.84.

2.2. [(L2)ZnCH3] (2)

To a stirring solution of L2H (1.65 g, 4.3 mmol) in
50 mL of anhydrous THF under argon was added drop-
wise Me2Zn (2.5 mL, 2 M in toluene, 0.65 mmol). The
resulting mixture was stirred for 1 h, and reduced to dry-
ness. The white crude product was taken into the dry
box, dissolved in anhydrous CH2Cl2, and passed through
a plug of Celite. The filtered solution was rotary evapo-
rated to dryness to yield 1.44 g (72.3% yield) of white prod-
uct. X-ray quality crystals of [(L2)ZnCH3] were grown by
slow evaporation of a concentrated solution in CH2Cl2.
1H NMR (CDCl3) d 7.51 (dd, 4H, ArH), 7.18 (m, 4H,
ArH), 7.11 (m, 2H, ArH) 6.54 (s, 1H, –CH–), 5.66 (s,
2H, PzH), 2.23 (s, 6H, Pz–CH3), 1.97 (s, 6H, Pz–CH3),
�0.50 (s, 3H, Zn–CH3).

13C NMR (CDCl3) d 148.93,
148.02, 140.56, 127.62, 127.36, 126.72, 105.44, 84.63,
70.88, 13.20, 11.00, �17.09.
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2.3. [(L2)Zn(SC6H5)] (3)

Thiophenol (220 lL, 2.15 mmol) was added to a solu-
tion of (2) (1.0 g, 2.15 mmol) in 50 mL anhydrous CH2Cl2
under inert atmosphere with a gastight syringe. After stir-
ring for 1 h the solution was reduced to dryness and
brought into the dry box. The crude product was dissolved
in anhydrous CH2Cl2, and passed through a plug of Celite.
The filtered solution was reduced to dryness to yield
916 mg (76.1% yield) of white crystalline product. X-ray
quality crystals of [(L2)Zn(SC6H5)] were grown by layering
a concentrated solution of CH2Cl2 with hexanes. Anal.
Calc. for [(L2)Zn(SC6H5)], C32H33N5O2SZn Æ (CH2-

Cl2)2 Æ H2O: C, 64.34; H, 5.40; N, 10.00. Found: C, 65.06;
H, 5.63; N, 10.24%. 1H NMR (CDCl3) d 7.68 (d, 2H,
SArH), 7.61 (d, 4H, ArH), 7.22 (m, 4H, ArH), 7.15 (m,
2H, ArH), 7.10 (m, 2H, SArH), 6.97 (t, 1H, SArH), 6.62
(s, 1H, –CH–), 5.69 (s, 2H, PzH), 2.13 (s, 6H, Pz–CH3),
2.02 (s, 6H, Pz–CH3).

13C NMR (CDCl3) d 149.68,
146.30, 141.17, 140.87, 132.41, 128.09, 127.39, 126.82,
126.31, 122.46, 105.53, 84.50, 70.81, 12.62, 10.71.

2.4. [(L2OCH3)ZnI2] (4)

To a stirring solution of (1) (130 mg, 0.23 mmol) in
30 mL of anhydrous CH3CN under argon was added
MeI (140 lL, 2.59 mmol) with a gas-tight syringe. The
resulting solution was refluxed under argon for 20 h. The
resulting pale yellow solution was reduced to dryness.
The yellow crude product was taken into the dry box, dis-
solved in anhydrous CH2Cl2, and passed through a plug of
Celite. The solvent of the filtered solution was removed by
reduced pressure to yield 0.140 g (86.5% yield) of pale yel-
low product. X-ray quality crystals of [(L2OCH3)ZnI2]
were grown from a 1:2 solution of concentrated solution
in CH2Cl2 and diisopropyl ether. 1H NMR (CDCl3) d
7.27 (dd, 4H, ArH), 7.21 (m, 2H, ArH), 7.04 (m, 4H,
ArH), 6.08 (s, 1H, –CH–), 5.72 (s, 2H, PzH), 3.04 (s, 3H,
–OCH3), 2.59 (s, 6H, Pz–CH3), 1.74 (s, 6H, Pz–CH3).

13C
NMR (CDCl3) d 154.08, 143.76, 134.40, 129.08, 128.90,
128.33, 107.60, 89.53, 72.43, 54.76, 15.26, 11.38.

2.5. [(L2OCH3)ZnI(Tf)] (5)

To a stirring solution of (4) (80 mg, 0.11 mmol) in
30 mL of anhydrous CH2Cl2 under argon was added AgTf
(28.5 mg, 0.11 mmol). The resulting solution was stirred
under argon for 20 h. The resulting pale yellow solution
was filtered to remove AgI and reduced to dryness. The
pale yellow crude product was dissolved in anhydrous
CH2Cl2, and layered with diisopropyl ether. Transparent
block shaped crystals were formed within 24 h. 48 mg
(58.2% yield). 1H NMR (CDCl3) d 7.35 (m, 2H, ArH),
7.33 (m, 4H, ArH), 7.07 (m, 4H, ArH), 6.18 (s, 1H, –
CH–), 5.85 (s, 2H, PzH), 3.16 (s, 3H, –OCH3), 2.56 (s,
6H, Pz–CH3), 1.88 (s, 6H, Pz–CH3).

13C NMR (CDCl3)
d 153.70, 143.86, 133.90, 129.35, 128.66, 128.51, 119.79
(q, J = 319 Hz, –CF3), 107.39, 90.08, 71.77, 54.85, 13.98,
11.27.

2.6. ½ðL2OCH 3ÞZnIðH 2OÞ�þBF 4
� (6)

Compound was synthesized by the same method as for
(5) using (4) (80 mg, 0.11 mmol) and AgBF4 (20.3 mg,
0.104 mmol). X-ray quality crystals were made by layering
a concentrated solution of CH2Cl2 with diisopropyl ether.
Transparent cluster shaped crystals were formed within
24 h. 103 mg (48.4% yield) 1H NMR (CDCl3) d 7.36 (dd,
4H, ArH), 7.35 (m, 2H, ArH), 7.08 (m, 4H, ArH), 6.30
(s, 1H, –CH–), 5.88 (s, 2H, PzH), 3.21 (s, 3H, Pz–CH3),
2.53 (s, 6H, Pz–CH3), 1.94 (s, 6 H, Pz–CH3).

13C NMR
(CDCl3) d 153.19, 144.74, 133.54, 129.51, 128.63, 128.59,
107.48, 90.78, 71.64, 55.31, 13.93, 11.21.

2.7. X-ray crystallography

Crystals of complexes 1–6 were sealed in thin-walled
quartz capillaries or nylon loops (Hampton Research),
and mounted on either a Bruker SMART or X8 APEX
CCD diffractometer. The structures were solved using
direct methods or via the Patterson function, completed
by subsequent difference Fourier syntheses, and refined
by full-matrix least-squares procedures on F2. All non-
hydrogen atoms were refined with anisotropic displacement
coefficients and treated as idealized contributions using a
riding model except where noted. All software and sources
of the scattering factors are contained in the SHELXTL 5.0
program library (G. Sheldrick, Siemens XRD, Madison,
WI). Crystallographic data collection parameters are given
in Table 1, while selected bond lengths and angles for the
complexes 1–3 are shown in Table 2 and for 4–6 in Table
3. The ORTEP diagram for [(L2)ZnI] is shown in Fig. 1;
for [(L2)ZnCH3] in Fig. 2; for [(L2)ZnSPh] in Fig. 3;
[(L2OCH3)ZnI2] in Fig. 4; [(L2OCH3)ZnI(Tf)] in Fig. 5
and ½ðL2OCH3ÞZnIðH2OÞ�þBF4

� in Fig. 6.

2.8. Physical methods

1H and 13C NMR spectra were collected on Varian 200,
300 or 500 MHz NMR spectrometers. Chemical shifts are
reported in ppm relative to an internal standard of TMS.
The 13C quaternary carbon peaks that are not observed
are a result of either poor solubility and/or overlapping sig-
nals. IR spectra were recorded as KBr disks on a Ther-
moNicolet Nexus 670 FT-IR spectrometer and are
reported in wavenumbers.

2.9. Kinetic experiments

All experiments were performed under pseudo-first-
order conditions with the alkylating agent in large excess.
In a typical experiment, 1.8 · 10�5 mol of the metal com-
plex was dissolved in 1 mL of solvent to give an 18 mM
solution. The solution of the metal complex was then trans-



Table 1
Summary of crystallographic data and parameters for complexes 1–6a

1 2 3 4 5 6

Molecular formula C24H25IN4OZn C25H28N4OZn C30H30N4OSZn C25H28I2N4OZn C26H28F3IN4O4SZn C25H28BF4IN4O2Zn
Fw 577.75 465.88 560.01 719.68 741.88 679.62
Temperature (K) 273(2) 213(2) 273(2) 298(2) 298(2) 176(1)
Crystal system orthorhombic orthorhombic orthorhombic monoclinic monoclinic triclinic
Space group Pbca Pbca Pccn P21/n P21/m P�1
Cell constants

a (Å) 9.1234(5) 8.5745(6) 18.1773(12) 17.040(2) 9.5803(2) 10.5368(12)
b (Å) 19.3383(11) 19.2652(14) 18.6396(12) 9.4784(11) 15.8763(3) 10.7734(11)
c (Å) 27.9316(19) 27.771(2) 16.1383(8) 18.200(2) 10.3792(2) 14.9472(17)
a (�) 90 90 90 90 90 73.686(6)
b (�) 90 90 90 107.549(5) 110.8220(10) 78.597(6)
c (�) 90 90 90 90 90 61.558(6)

Z 8 8 8 4 2 2
V (Å3) 4928.0(5) 4587.6(6) 5467.9(6) 2802.7(6) 1475.57(5) 1427.8(3)
R(F)b 0.0547 0.0374 0.07555 0.0798 0.0547 0.0568
Rw(F

2)c 0.1267 0.1029 0.117 0.2281 0.1691 0.1639
Goodness-of-fit wd 0.9 1.025 1.032 1.027 1.028 1.029

a Collected using Mo Ka (k = 0.71073 Å) radiation and refined using full-matrix least-squares of F2.
b R = [

P
jDFj/

P
jF0j].

c Rw ¼
P

wðDF Þ2
P

wF 2
o

� �h
.

d Goodness of fit on F2.

Table 3
Selected bond lengths (Å) and angles (�) for (L2OCH3)ZnI2 (4),
(L2OCH3)ZnITf (5), and [(L2OCH3)ZnI(H2O)]BF4 (6)

4 5 6

Zn–N1 2.024(8) 2.015(2) 2.0245(15)
Zn–N3 2.037(7) 2.015(2) 2.0256(15)
Zn–O1 2.992(*) 2.599(2) 2.575(2)
Zn–I1 2.5221(14) 2.4911(5) 2.4972(3)
Zn–X 2.6320(14) 2.113(3) 2.0643(16)

N1–Zn–N3 93.2(3) 95.74(13) 94.59(6)
N1–Zn–I1 118.5(2) 128.65(7) 139.22(4)
N1–Zn–X 105.4(2) 96.22(10) 93.70(6)
N3–Zn–I1 121.0(2) 128.65(7) 120.46(4)
N3–Zn–X 104.0(2) 96.22(10) 101.64(8)
I1–Zn–X 112.09(5) 102.11(11) 98.37(6)

Table 2
Selected bond lengths (Å) and angles (�) for (L2)ZnI (1), (L2)ZnCH3 (2),
and (L2)ZnSPh (3)

1 2 3

Zn–N1 2.048(7) 2.1404(16) 2.091(4)
Zn–N3 2.071(7) 2.1090(17) 2.052(4)
Zn–O1 1.895(5) 1.9282(14) 1.909(3)
Zn–X 2.4846(11) 1.963(2) 2.2188(15)

N1–Zn–N3 90.2(3) 86.68(6) 87.50(16)
N1–Zn–O1 92.0(3) 87.15(6) 92.04(15)
N1–Zn–X 121.7(2) 125.26(9) 119.94(12)
N3–Zn–O1 93.4(3) 91.53(6) 93.09(15)
N3–Zn–X 121.1(2) 122.99(9) 125.60(13)
O1–Zn–X 128.57(17) 130.44(9) 127.73(11)
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ferred to a NMR tube, and the alkylating agent, methyl
iodide, was added in 10-fold excess via a gas-tight syringe.
The NMR tube was then sealed with a septum. The reac-
tions were monitored by 1H NMR spectroscopy at con-
stant temperature. The kinetic data were least squares fit
to a single exponential to determine the pseudo-first order
rate constant. Data analysis was performed using Sigma-
plot 8.0 (Jandel Scientific) software.

2.10. Computational details

All of the density functional calculations were per-
formed using Becke�s three-parameter hybrid exchange
functional and the Lee–Yang–Parr non-local correlation
functional (B3LYP) within the borders of the restricted-
open Hartree–Hock formalism, without symmetry restric-
tions. For both optimized geometries and single point cal-
culations a B3LYP exchange-correlation functional with a
6-31G** basis set for all non-ECP atoms and a LACVP**
effective core potential on heavy atoms were employed. All
single point and geometry optimized DFT calculations
were performed using the program Jaguar (Schroedinger)
running under a Linux operating system.
3. Results and discussion

3.1. Synthesis and structure

Vahrenkamp et al. [20] have recently reported the high
nucleophilicity of zinc-bound alkoxides in TpRZnOR com-
plexes intended to mimic the zinc enzymes alcohol dehydro-
genase and carbonic anhydrase. In order to compare the
relative nucleophilicity of a chelated versus unchelated alk-
oxide we sought to synthesize zinc-alkoxide complexes of
our L2 ligand. To determine the relative nucleophilicity of
a chelated alkoxide we examined the alkylation rates of
the complex [(L2)ZnI] (1), which contains only one possible
site for methylation. Complex 1 is easily synthesized under



Fig. 1. ORTEP diagram with 50% thermal ellipsoids of (L2)ZnI, (1)
showing complete atomic labeling.

Fig. 2. ORTEP diagram with 50% thermal ellipsoids of (L2)ZnCH3, (2)
showing complete atomic labeling.

Fig. 3. ORTEP diagram with 20% thermal ellipsoids of (L2)ZnSPh, (3)
showing complete atomic labeling.

Fig. 4. ORTEP diagram with 50% thermal ellipsoids of (L2OCH3)ZnI2,
(4) with complete atomic labeling.
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mild conditions by deprotonating our L2 ligand with
sodiummethoxide and reacting it with zinc diiodide in THF.

We have previously exploited complexes of the type
[LZnCH3] as useful stepping stones for the creation of tet-
rahedral zinc complexes with biologically relevant donor
atoms in the fourth coordination site. [(L2)ZnCH3] (2)
was synthesized in high yield by dropping an equivalent
of dimethylzinc into a stirring THF solution of the ligand.
The complex, 2 is stable in non-protic solvents, and is suf-
ficiently stable towards hydrolysis that it can be handled in
the open air. The zinc-methyl bond reacts cleanly with pro-
tic species, HX, to produce complexes of the type
[(L2)ZnX]. Thus, the reaction of 2 with an equivalent of
thiophenol produces [(L2)ZnSPh] (3) in 76% yield. 3 was
designed to model the N2SO coordination sphere of the
zinc enzymes peptide deformylase and bacteriophage T7
lysozyme, with the nucleophilic oxygen in this case being
derived from the chelated alkoxide.
The structures of 1–3 are unexceptional, being very sim-
ilar to each other and to previous heteroscorpionate tetra-
hedral zinc complexes synthesized by us and others [10].
Thus, the zinc alkoxy oxygen bond lengths are all near
1.9 Å, and the zinc pyrazolyl nitrogen bond lengths are
all near 2.05 Å. (The zinc-ligand bond lengths are slightly
longer for 2 due to the strong-donating character of the
carbanion.) All three complexes have distorted tetrahedral
geometry with the ligand ‘‘bite’’ angles (�90�) differing
substantially from the idealized value (109.5�). The only
substantial difference between the structures is the varying
bond length of the Zn–X bond which is 1.96 Å when X is
the carbanion in 2, 2.22 Å when X is the thiolate in 3,
and 2.48 Å when X is the iodide in 1.



Fig. 5. ORTEP diagram with 50% thermal ellipsoids of (L2OCH3)ZnITf,
(5) with complete atomic labeling.

Fig. 6. ORTEP diagram with 50% thermal ellipsoids of
½ðL2OCH3ÞZnIðH2OÞ�þBF4

�, (6) with complete atomic labeling.
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3.2. Coordination of an ether

We have previously shown that when our thiolate ligand
(L4) (Scheme 1) is methylated, the resulting thioether
remains bound to a cationic zinc center [24]. Therefore, upon
discovering the modest nucleophilicity of our zinc bound
alkoxide, we set out to determine whether the alkylated
product remained bound to the zinc center. While an ether
is not expected to be a particularly effective ligand, we have
found that in the absence of other better ligands, it will
indeed coordinate and effectively stabilize electron deficient
zinc centers. When (1) is refluxed in acetonitrile with methyl
iodide it produces the pentacoordinate [(L2OCH3)ZnI2] (4).
The alkoxide becomes methylated via a nucleophilic attack
on the electrophile forming the methyl ether. The freed
iodide anion coordinates to the zinc center creating a neutral
complex. By exchanging one of the iodides in 4 with anions
that are poorer ligands using silver salts, we have been able
to produce complexes with enhanced coordination of the
ether as seen by the shortening of the O1–Zn ‘‘bond’’ length.
Thus, reaction of 4 with silver triflate and silver tetrafluoro-
borate produces [(L2OCH3)ZnI(Tf)] (5) and ½ðL2OCH3ÞZnI-
ðH2OÞ�þBF4

� (6) respectively. Like the iodide in 4, the
triflate in 5 coordinates to the zinc through its anionic oxy-
gen.With the intention of synthesizing a tetrahedral cationic
zinc center with a bound ether we chose the silver tetrafluo-
roborate salt to avoid coordination of the counter ion as in 5.
However, as seen in the ORTEP diagram for 6, the zinc cen-
ter picks up an adventitious water molecule to generate the
same penta-coordinate geometry.

Single crystal X-ray crystallographic analysis of com-
plexes 4–6 confirm their pseudotrigonal bipyramidal coor-
dination geometries, with the equatorial plane made up of
the two pyrazolyl nitrogens and an iodide, and the ether
oxygen coordinated in an axial position. The degree of
coordination of the ether-derived oxygen in the axial posi-
tion, as determined by the Zn–Oether bond length, appears
to be dependent on the strength of the opposing ligand. In
4, when the opposing ligand is the anionic iodide, the Zn–
Oether ‘‘bond’’ length is found to be 2.992 Å. When the
opposing ligand is a triflate anion, which is a less effective
electron donor than the iodide anion, we see a shortening
of the zinc–ether ‘‘bond’’ distance to 2.599 Å in 5. When
the opposing ligand is a neutral water molecule as seen in
6, the Zn–Oether ‘‘bond’’ length is further reduced to
2.575 Å. In all three complexes the zinc atom lies shifted
from the equatorial plane away from the ether derived oxy-
gen. From the observed displacements, 0.665 Å in 4,
0.325 Å in 5, and 0.290 Å in 6, it appears that the degree
of this displacement is also related to the strength of the
opposing ligand.

3.3. Reactivity with electrophiles

One of the striking features of Zn bound alkoxides as
reported in recent studies by Vahrenkamp others is their
high nucleophilicity. Thus, in alkylation reactions with
MeI, (TpR)ZnOCH3 is far more reactive than the corre-
sponding (TpR)ZnOH and only about two orders of mag-
nitude less reactive than TpRZnSBz [20]. Thus, we were
surprised that while studying the reactivity of [(L2)ZnSPh]
with MeI for entirely different reasons, no NMR evidence
for O-alkylation along with the expected S-alkylation
products were observed. To determine the reactivity of
the coordinated alkoxide without interference from the
more reactive thiolate, we examined the alkylation rate of
[(L2)ZnI] with MeI under similar conditions. Although a
reaction appeared to take place it was extremely slow with
only about 16% completion after several days at room tem-
perature. To speed the reaction up to an experimentally
accessible rate, we raised the temperature to 60 �C. From



Table 4
Comparison of HOMO–LUMO energy gap and Mulliken charges derived
from DFT calculations

Complex DHOMO–LUMOa (eV) Mulliken charge

S O

[(L2 0)ZnSPh]b �0.1379 �0.32
�0.1756 �0.68

[(TpMe,Me)ZnOCH3 �0.1614 �0.73
[(L2 0)ZnI] �0.1769 �0.68
[(TpMe,Me)ZnOH] �0.1843 �0.80

a vs. MeI.
b L2 0 is ligand L2 minus the two alpha phenyl groups.
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this data we estimate that the rate of O-alkylation at room
temperature to be 1.3(2) · 10�8 s�1, or four orders of mag-
nitude slower than S-alkylation under the same conditions.
X-ray crystallography unequivocally showed that the alkyl-
ation of [(L2)ZnI] with MeI produced the expected O-
alkylation product, [(L2OCH3)ZnI2]. To determine why
the chelated alkoxide in L2 complexes was so much less
reactive than a simple TpRZn bound methoxide we per-
formed a series of DFT calculations. Reactivity of O and
S nucleophiles can be related to two major factors, the
magnitude of the negative charge on the nucleophile and
the HOMO–LUMO energy gap between the appropriate
frontier orbitals of nucleophile and electrophile [25]. The
estimated observed order of reactivity with MeI is:

½ðL2ÞZnSPh�� > ½ðTpMe;PhÞZnOCH3 > ½ðL2ÞZnI�
> ½ðTpMe;PhÞZnOH���

where * is the alkylation on sulfur, ** is the estimate based
on data contained in [20] and H. Vahrenkamp, personal
communication.

To simplify the DFT calculations we replaced the com-
putationally expensive TpMe,Ph, and L2 ligands with the
less costly TpMe,Me, and an L2 ligand minus the pendant
phenyl rings. The results are compiled in Table 4. It is clear
that the HOMO–LUMO energy gap is the best predictor of
reactivity for this closely related group of complexes while
both the calculated charge on the nucleophilic S or O,
appears relatively less important. Thus, the substantially
increased reactivity of [(TpMe,Ph)ZnOCH3 towards MeI
versus that of [(L2)ZnI] or [(TpMe,Ph)ZnOH] has its quali-
tative roots in the electronic nature of the complexes in
question.

In conclusion, we have shown that while a chelated zinc-
bound alkoxide displays modest nucleophilicity, it is lower
than the monodentate alkoxides reported by Varhenkamp
and significantly lower than that of zinc-bound thiolates.
One area where the chelated alkoxide seems to be superior
to its simple monodentate counterpart is in its ease of han-
dling. Thus, while simple pyrazolylborate-zinc alkoxides are
so sensitive to hydrolysis by water as to require glove box
techniques for their synthesis and handling, the correspond-
ing complexes of the L2 ligand are easily processed on the
bench top.

4. Supplementary information

Additional crystallographic data for 1–6 are on deposit
with the Cambridge Structural Database under Accession
Nos. CCDC 272465–272470, respectively.
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