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ABSTRACT

Chapter 1. Magnesium-dependent phosphate ester processing enzymes frequently
employ a carboxylate-bridged dimetallic unit in their active sites. Biomimetic
modelling chemistry of these magnesium centers has not been investigated
previously. An brief introduction of the enzyme systems is presented, along with
the focus of the present work.

Chapter 2. Several dimagnesium(II) complexes were synthesized and characterized
by employing the dinucleating ligand XDK, where HpXDK is m-xylylenediamine
bis(Kemp's triacid imide), to stabilize the {Mg(u-O2CR)}22* unit. A [Mgy(XDK)-
(CH30H)4(H20)2(NO3)]* complex has been prepared and allowed to react with one
or two equivalents of diphenyl phosphate (DPP) to yield [Mgy(XDK)-
(DPP)(CH30H)3(H20)(NO3)] and [Mg2(XDK)(DPP)2(CH30H)3(H20)], respectively.
These are the first structurally characterized phosphate ester-bridged dimagnesium
complexes which are potential phosphatase models.

Chapter 3. The phosphate ester exchange rate of free and bound diphenyl phosphate
in [Mgy(XDK)(DPP),(CH30H)3(H20)] in methanol has been measured by variable
temperature 31P{IH} NMR spectroscopy and compared to that of structurally
analogous dizinc(Il) and dicalcium(II) complexes. The synthesis and structural -
characterization of the dicalcium(Il) complex is presented, along with a discussion
on the differences between the carboxylate- and phosphate ester-bridged
dimagnesium, dizinc, and dicalcium centers.

Chapter 4. Modelling studies of magnesium-dependent phosphatase enzymes were
extended into aqueous media with the synthesis of a water-soluble XDK analog,
WXDK. The synthesis and characterization of the carboxylate-bridged
dimagnesium-WXDK complexes are described. The biological relevance of these
modelling studies is discussed. '
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INTRODUCTION

Magnesium ion is an indispensable cofactor in biology. It participates in
many important biological transformations, including the hydrolysis of phosphate
ester bonds. The carboxylate-bridged dinuclear magnesium unit, {Mg(O2CR)}3+, is
emerging as a ubiquitous structural motif in many phosphate ester processing
enzymes. These magnésium-dependent enzymes include the Klenow fragment of
DNA polymerase I from Escherichia coli,1 ribonuclease H of HIV-1 reverse

2 3

transcriptase,” inositol monophosphatase,” and inositol polyphosphate 1-

phosphatase,4 which have all been structurally characterized to reveal a carboxylate-
bridged dimetallic active site center. These metalloenzymes make up a rapidly
growing class of systems which are postulated to utilize a two-metal-ion mechanism
for phosphate ester hydrolysis. Their dimagnesium centers are believed to sefve
several important functions, including (i) binding, orienting, and activating the
substrate, (ii) modulating the pK, of the incoming nucleophile, (iii) stabilizing the

1

transition state, and (iv) facilitating product release.” Furthermore, studies of the

catalytic RNA systems have suggested a similar requirement for divalent metal

5 and an analogous two-metal-ion mechanism has been proposed for the

6

ions,
ribozymes.

We are particularly interested in studying the manner by which phosphatases
employ a carboxylate-bridged dimagnesium center to catalyze the cleavage of
phosphate ester bonds. Our approach to investigating the underlying structural and
mechanistic principles is to prepare and characterize small molecule inorganic
complexes that contain a carboxylate-bridged dimagnesiuin core to mimic the
biological active sites. Despite the biological importance of such dimagnesium
centers in the active sites of metalloenzymes, examples of structurally characterized
dimagnesium carboxylate compleXes are extremely rare. A search of the Cambridge

Structural Database revealed only one discrete dinuclear magnesium(Il) structure,
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dimagnesium(II) o-phenylenediaminetetraacetate, [Mgz(C14H12N203)(H20)6].7 In
the presence of simple carboxylates such as formate, magnesium ions tend to form
polymeric structures, with the metals coordinating to the anti lone pairs of the
o::arboxyla'tes.8

In order to avoid such polymeric structures in our biomimetic model studies
of magnesium-dependent phosphatase systems, we focused our attention on the
dinucleating ligand XDK (Figure 1), where HpXDK is m-xylylenediamine bis(Kemp's
triacid imide),>10 for the synthesis of discrete carboxylate-bridged, dimagnesium

complexes. This ligand has been used in the preparation of homo-and

heterodimetallic complexes containing Fe(II), Fe(IIl), Co(II), Mn(II), Mn(III), Ni(II),

and Zn(m).11-19
O HO
OH O
— J--<—O 07-1
N N
Jeca

Figure 1. H,XDK

A

This thesis describes the preparation and characterization of the desired -
discrete carboxylate-bridged dinuclear magnesium complexes with the XDK ligand.
In chapter 2, we report the synthesis and structural characterization of carboxylate-
and phosphodiester-bridged dimagnesium complexes as potential models for
magnesium-dependent phosphate ester processing enzymes. In chapter 3, we
describe phosphate ester exchange processes of a bis(phosphate) dimagnesium-XDK
complex together with its dicalcium(Il)- and dizinc(II)-XDK analogs. The
preparation of a water-soluble analog of the XDK ligand, WXDK, where HyWXDK =
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m-xylylenediamine bis(trihydroxymethyl-Kemp's triacid imide), is described in

chapter 4, along with the synthesis and characterization of several dimagnesium-

WXDK complexes containing phosphodiesters.
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INTRODUCTION

Magnesium ion is an important cofactor in many biological systems. It is
often encountered as the carboxylate-bridged dimagnesium(II) unit which is found
in the active sites of many phosphate ester processing metalloenzymes, including
the Klenow fragment of DNA polymerase I from Escherichia coli,! ribonucleasé H of
HIV-1 reverse transctiptase,? rat DNA polymerase B,3 fructose-1,6-bisphosphatase,
inositol monophosphatase,6 and inositol polyphosphate 1-phosphatase.7 These
enzymes have been structurally characterized to reveal two magnesium ions
bridged by carboxylate side chains of aspartate or glutamate amino acid residues with
a metal-metal distance of about 4 A (Table 1). A two-metal-ion mechanism has been
proposed for these enzymes where one metal ion serves to bind, orient, and activate
" the substrate and the other generates the attacking nucleophile.! The dimetallic
center is postulated to stabilize the transition state of such a reaction. Furthermore,
magnesium ions are also required for activity in ribozymes, and a similar two-
metal;ion mechanism has been proposed for the cleavage of phosphate ester bonds
in catalytic RNAs8

Despite the essential roles of magnesium in biology, its biomimetic chemistry
has received less attention by comparison to the transition metal ions and is
generally less well understood.”1® We have therefore initiated a program to
investigate the chemistry of carboxylate-bridged dimagnesium centers by
synthesizing and characterizing such complexes as potential models for phosphatase
systems.

Our biomimetic modelling studies for phosphate ester processing enzymes
began with the synthesis of carboxylate-bridged, dimetallic complexes by employing
- the dinucleating ligand XDK (Figure 1), where HXDK is m-xylylenediamine
bis(Kemp's triacid imide).!1? This ligand has two convergent carboxylate groups,

positioned about 3 A apart, and is useful for assembling discrete dimagnesium units.
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H2XDK has also been employed in the preparation of other carboxylate-bridged

13-18 19-21 complexes. We report here the synthesis and

homo- and heterodimetallic
structural characterization of carboxylate-bridged dinuclear magnesium centers and
their reactions with phosphate esters. A preliminary account of this work has been

communicated.?2

EXPERIMENTAL METHODS
General

All experiments were carried out under aerobic conditions, unless otherwise
indicated. Reagents and solvents were used as purchased. The preparation of
H)XDK was carried out as previously described.!? 1H and 31P{!H} NMR spectra were
obtained on Varian XL-300 or Varian UNITY300 spectrometers. 31P{1H} NMR
spectra were measured at 121.4 MHz with 85% H3POg4 as an external reference.
Infrared spectra were recorded on a Bio-Rad FTS7 Fourier transform instrument.
Conductivity measurements were carried out at 21 °C in methanol with a Fisher
Scientific conductivity bridge model 9-326 with a platinum-black electrode. Molar
conductivities (Q1 cm2 mol-1) were derived from the slopes of a conductivity (Q-1
cm-1) versus concentration (mol cm-3) plot. The assignment of the electrolyte type
was determined by reference to the molar conductivity of [BugyN][PFg] in methanol.
Electronic spectra were recorded on a Hewlett Packard 8452A diode array -
spectrophotometer. Kinetic measurements for the hydrolysis of bis(4-nitrophenyl)-
phosphate (BNPP-) were carried out in methanol by following the appearance of p-

nitrophenolate at 404 nm.

Preparation of [Mg,(XDK)(CH30H)4(H20)2(NO3)1(NO3), 1(NO3)
A methanolic solution (5 mL) of Mg(NO3)2-6H20 (176 mg, 0.689 mmol) was
added to a solution of H,XDK (200 mg, 0.344 mmol) and NaOH (0.689 mmol, 0.5 M
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in MeOH) in methanol (5 mL). The mixture was stirred at room temperature for 30
min. The solvent was removed under vacuum, and the residue was further dried
under vacuum. The dried white powder was treated with excess pyridine (5 mL) in
~ chloroform (10 mL), and the insoluble salt contaminants were removed by
filtration. The py/CHCI3 filtrate containing the desired complex was placed under
vacuum to remove the solvents. The dried sample was then redissolved in
methanol, filtered through Celite, and'vapor diffusion of ethyl ether afforded
colorless crystals in 72% yield (227 mg, 0.248 mmol). The crystals were washed with
Et70 and dried under vacuum. 1H NMR, 300 MHz (CD30D): § 1.19 (s, 6 H), 1.24 (m, 4
H),1.29(s,12H), 1.61 (d,2H, ] =13 Hz),1.93 (s, 6 H),2.15(d,2 H, ] = 13 Hz), 2.85(d, 4
H, ] = 12 Hz), 7.20 (s, 1 H), 7.36 (s, 1 H). IR (Nujol): 3387 (br), 1714 (m), 1680 (s), 1635
(m) (XDK), 1505 (m), 1301 (m), 1191 (m), 1024 (m), 954, 889, 884, 764 cml. Anal.
Calcd. for C36HggN4O20Mgo: C,47.23; H, 6.39; N, 6.12. Found: C, '46.96; H, 6.44; N, 6.14.

Preparation of [Mgz(XDK){u-n2-(PhO)2PO2H(CH30H)3(H20)(NO3)]-3CH;0H,
2:3CH30H

A methanolic solution (5 mL) of Mg(NO3)2-6H20 (44 mg, 0.172 mmol) was
added to a solution of HoXDK (50 mg, 0.0861 mmol) and NaOH (0.172 mmol, 0.5 M
in MeOH) in methanol (5 mL) and stirred for 20 minutes. A methanolic solution (2
ml) of diphenyl hydrogen phosphate (HDPP) (21.5 mg, 0.0861 mmol) and NaOH
().0861 mmol, 0.5 M in MeOH) was then added. The combined solution was stirred
- for 30 minutes, and the solvent was removed under vacuum. The dried compound
was redissolved in methanol, filtered, and vapor diffusion of ethyl ether into the
solution gave crystalline material. The crystals were collected and treated with
excess pyridine (3 mL) in chloroform (5 mL). The salt con'taminants were removed
by filtration, and the py/CHCl3 filtrate containing the complex was placed under

vacuum to remove the solvents. The dried sample was redissolved in methanol,
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and vapor diffusion of ethyl ether afforded single X-ray quality crystals in 36% yield
(36 mg, 0.0313 mmol). 1H NMR, 300 MHz (CD30D): § 1.20 (m, 4 H), 1.23 (s, 6 H), 1.26
(s, 12H), 1.56 (d, 2 H, ] = 13 Hz), 1.90 (s, 6 H), 2.09 (d, 2 H, ] = 13 Hz), 2.90 (d, 4 H, ] = 14
Hz), 7.02 (m, 2 H), 7.12 (m, 5 H), 7.22 (m, 4 H), 7.45 (s, 1 H). 31P{1H} NMR, 121.4 MHz
(CD30D): 4 -15.46 (s). IR (Nujol): 3472 (br), 1720 (m), 1681 (s), 1619 (m) (XDK), 1317,
1263, 1231, 1194, 1128 (m), 1033, 929 (m), 887, 852, 779, 757, 688 cm-1. Elemental
analysis samples were dried under vacuum at 90 ° for 12 h. Anal. Calcd. for

C47HeaN3019MgoP1: C, 53.63; H, 5.94; N, 3.99. Found: C, 53.22; H, 5.60; N, 4.13.

Preparation of [Mga(XDK)}{u-n2-(Ph0)2PO2}n1-(Ph0),PO,}(CH30H)3(H,0)]-CH30H,
3-CH30H

A methanolic solution (2 mL) of HDPP (43 mg, 0.172 mmol) and NaOH (0.172
mmol, 0.5 M in MeOH) was added to a solution of 1 in methanol (5 mL). The
mixture was stirred at room temperature for 30 min. The solvent was removed
under vacuum. The dried powder was dissolved in methanol and vapor diffusion
" of ethyl ether gave crystalline compound. The crystals were collected and dried |
under vacuum, then treated with excess pyridine (3 mL) in chloroform (5 mL), and
any salt contaminants were removed by filtration. The py/CHCI3 filtrate containing
the complex was placed under vacuum to remove the solvents. The dried sample
was then redissolved in methanol, filtered through Celite, and vapor diffusion of
ethyl ether afforded colorless crystals in 32% yield (35 mg, 0.028 mmol). The crystals
were washed with Et7O and dried under vacuum. 'H NMR, 300 MHz (CD30D): §
1.18(d,4 H, ] = 14 Hz), 1.23 (s, 6 H), 1.26 (s, 12 H), 1.56 (d, 2 H, ] = 13 Hz), 1.90 (s, 6 H),
2.09(d,2H,]=13Hz),291(d,4H, ] = 13 Hz), 7.03 (m, 4 H), 7.16 (m, 8 H), 7.24 (m, 9
H), 7.47 (s, 1 H). 31P(1H} NMR, 121.4 MHz (CD30D): § -9.14 (s), -15.45 (s). IR (Nujol):
3468 (br), 1717 (m), 1679 (s), 1633 (m), 1597 (m) (XDK), 1288, 1251, 1205 (m), 1135 (m),
1025, 932 (m), 893, 852, 761, 683 cm-l. Elemental analysis samples were dried under
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vacuum at 90 ° for 12 h. Anal. Calcd. for C59H72N202QMg2P2: C, 57.16; H, 5.85; N,
2.26. Found: C, 56.76; H, 5.47; N, 2.45.

Preparation of [Mg(HXDK)2(H20)2], 4

Method 1: One equivalent of bis(4-nitrophenyl)phosphoric acid (29.3 mg, 0.086
mmol) was added to a methanolic solution (2 mL) of 1. The solution was stirred for
20-30 minutes and filtered through Celite. Vapor diffusion of ethyl ether into this
solution afforded colorless, block crystals in 23% yield (24 mg, 0.020 mmol). Method
2: A methanolic solution (2 mL) of Mg(NO3)2:6H20 (11 mg, 0.043 mmol) was added
to a solution of HoXDK (50 mg, 0.086 mmol) and NaOH (172 pl, 0.5 M in MeOH) in
methanol (3 mL). The off-white product precipitated out of solution. The
compound was washed with ether and dried under vacuum. Yield: 50% (26 mg,
0.022 mmol). TH NMR 300 MHz (CDCly): 8 1.08 (br), 1.26 (br), 1.49 (br), 1.93 (s), 2.02
(br), 2.81 (br), 6.86 (s), 7.15 (s), 19.02 (br). IR (Nujol): 3462 (br), 1731 (m), 1680 (s), 1642
(m) (XDK), 1509, 1311, 1246, 1199 (m), 1085, 1026, 954, 854, 757 cm-1. Anal. Calcd. for
CeaHg2O18NsMg1: C, 63.03; H, 6.78; N, 4.59. Found: C, 62.68; H, 6.86; N, 4.63.

X-ray Diffraction Studies of'[Mgz(XDK)(CH3OH)4(H20)2(N03)](N 03), 1(NO3), [Mg;-
(XDK){u-n?-(Ph0)2PO.(CH30H)3(H20)(NO3)1-3CH30H, 2-3CH3;0H, [Mg>(XDK){-n2-
- (PhO)2PO2}{n1-(PhO)2PO2(CH30H)3(H20)]-CH30H, 3:CH30H, and [Mg(HXDK),-
(H20)2], 4. ,

Crystals of 1(NO3), 2:3CH30H, 3-CH30H, and 4 suitable for X-ray analyses were
grown by ethyl ether diffusion into a methanolic solution of the complex. Single-
crystal X-ray diffraction study were carried out on an Enraf-Nonius CAD-4
diffractometer by using graphite monochromated Mo Ko (A = 0.71069 A) radiation.
General procedures were previously described in detail.? The crystals were

mounted at room temperature on the end of a quartz fiber in paratone and were
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judged to be of acceptable quality on the basis of open-counter omega-scans of
several low-angle reflections and axial photographs. Crystallographic data are given
in Table 2. All reflection data were corrected for Lorentz-polarization. An
absorption correction was only applied to 3-:CH30H. The data for the structures
described in this chapter, including tables of atomic positional parameters and

anisotropic temperature factors, are available on a 4mm DAT tape.

Structure Solution and Refinement of [Mg2(XDK)(CH30H)4(H20)2(NO3)I(NO3),
1(NO3)

All computations were carried out on a DEC VAXstation II or a DEC
VAXstation 3100. Calculations were performed with the TEXSAN crystallographic
software package as described by Carnahan et al., 1992.23 The non-hydrogen atoms
were located by direct methods and a series of least squares refinements. Hydrogen
atoms were located for the two bound water molecules, O4 and O6 (see Figure 2),
and for methyl hydrogens on the methanol ligands. The remaining carbon-bound
hydrogen atoms were calculated at the ideal positions with a C-H distance of 0.95 A.
All hydrogen atoms were refined isotropically, and all non-hydrogen atoms were

refined with anisotropic temperature factors.

Structure Solution and Refinement of [Mg2(XDK){u-n2-(PhO),PO2}(CH30H)3(H,0)-
(NO3)1:3CH30H, 2:3CH30H and [Mg2(XDK){u-12-(Ph0)2P02}{n-(Ph0),P0O,}-
(CH30H);3(H20)]-CH30H, 3-CH30H

All computations were carried out on a DEC VAXstation 4000 or a DEC
VAXstation 3100. Calculations were performed as previously described?? using an
upgraded version of the TEXSAN crystallographic software package (Version 1.6).24
All non-hydrogen atoms were located using direct methods and a series of least

squares refinements. The carbon-bound hydrogen atoms were generated at the ideal
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positions with a C-H distance of 0.95 A, with the exception of solvent molecule
hydrogen atoms. All hydrogen atoms were refined isotropically. The non-hydrogen

atoms were all refined with anisotropic temperature factors.

Structure Solution and Refinement of [Mg(HXDK)z(HzO)2],4

The structure of 4 was solved by similar methods to those used for 2-3CH30H
and 3:-CH30H. The hydrogen atoms were calculated at the ideal positions with a C-H
~ distance of 0.95 A, with the exception of water and carboxylate hydrogens. All
carbon atoms were refined isotropically, with the exception of the methyl carbon
atoms which were refined anisotropically. Other non-hydrogen atoms wére refined

with anisotropic temperature factors.

RESULTS AND DISCUSSION
Synthesis and Characterization of [Mg2(XDK)(CH30H)4(H20)2(NO3)I{(NO3), 1(NO3)

The reaction of Mg(NO3)2:6H20 (2 equiv) with HpXDK (1 equiv) and NaOH (2
equiv) in methanol and subsequent workup gave colorless crystalline material of
[Mg2(XDK)(CH30H)4(H20)2(NO3)1(NO3), 1(NO3). The IR spectrum indicated the
presence of the XDK ligand (1635 - 1714 cm-l), nitrate anions (1301 cm-l), and
hydroxyl groups (~ 3300 - 3400 cm'l). The 1TH NMR spéctrum in CD30D showed a
symmetrical set of XDK resonances, with three singlets for the methyl groups of the
ligand integrating at a ratio of 1:2:1 (5 1.19, 1.29, and 1.93).

Crystals of 1(NO3) were obtained from a methanol/ethyl ether solvent
system, and an X-ray crystallographic analysis of 1 revealed the structural features of
a carboxylate-bridged, dinuclear magnesium complex. The structure of the cation
[Mg(XDK)(CHzOH)4(H20)2(NO3)]* (1) is shown in Figures 2a and 2b. Selected bond
distances and angles are given in Table 3. The magnesium ions in 1 are 4.783(2) A

apart, separated by the two bridging carboxylates of the XDK?2- ligand. There are no
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other ligands bridging the two metal ions. The magnesium ions and the carboxylate
oxygen atoms are approximately coplanar, as indicated by the values of d, the
distance of the Mg atoms from the dicarboxylate plane, and ¢, the dihedral angle
between [Mg1-Mg2-(Oc02)2] and the carboxylate planes (Table 7).14'25 The metal ions
appear to be coordinated to the syn lone pairs of the carboxylates, with Mg-
OCecarboxylate bond angles ranging from 151.8(2) to 161.2(2)".25 Mgl adopts a distorted
octahedral geometry and is coordinated by one bidentate nitrate group (O11, O12),
one methanol (O5), and one water molecule (06). The geometric distortion is a
consequence of the bidentate nitrate group which coordinates unsymmetrically with
relatively long Mg1-O11 and Mg1-O12 bond lengths of 2.144(3) and 2.242(3) A,
respectively. The chelate ring of the nitrate anion is approximately perpendicular to
the [Mg1-0101-0201] plane (dihedral angle, 94°). Bond distances to the XDK2-
carboxylates are Mg1-0101 = 1.956(2) A and Mg1-0201 = 2.003(2) A, which are shorter
than the average Mg-Ocarboxylate bond distance of 2.04 A2 Mg?2 is octahedrally
coordinated by three methanol ligands (O1, 02, and O3) and one water molecule
(O4) in addition to the bridging carboxylates from the XDK2- ligand (0102, 0202).
The Mg2 bond distances to the carboxylate oxygens are Mg2-0102 = 2.013(2) A and
Mg2-0202 = 2.027(2) A. The water molecules on both metal ions (O4 and O6) are
each hydrogen bonded to the imide carbonyl oxygens on the XDK ligand. The
oxygen-oxygen hydrogen-bonded distances from O4 to 0104 and O203 are 2.83 and .
2.78 A, respectively. The distances from O6 to 0103 and 0204 are 2.78 and 2.80 A,
respectively. A packing diagram of 1(NO3) is shown in Figure 3.

Although the crystal structure of 1 reveals the two magnesium ions to be in
different environments, the TH NMR spectrum of this compound in CD30D reveals
that the metal ions are equivalent in solution, since the ligand appears to be in a

symmetrical environment. This result suggests either that the coordinated nitrate
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anion is displaced by methanol in solution or that it exchanges rapidly on the NMR

timescale.

Synthesis and Characterization of [Mgy(XDK){u-n2-(PhO),PO2}(CH30H)3(H,0)-
(NO3)]-3CH30H, 2-:3CH30H

The addition of NaDPP (1 equiv) to a methanolic solution of 1 (1 equiv) gave
the desired diphenyl phosphate-bridged product [Mga(XDK){p-12-(PhO)2PO7}-
(CH30H)3(H20)(NO3)]-3CH30H, (2-3CH30H). The IR spectrum of 2 revealed the
presence of XDK, nitrate, diphenyl phosphate (1231 cm-!), and hydroxyl groups. The
1H NMR spectrum of 2 in CD30D suggested Cy, symmetry for the XDK ligand, as
exemplified by the three singlets observed for the methyl groups of the ligand in a
1:2:1 intensity ratio (§ 1.23, 1.26, and 1.90). The proton NMR spectrum also showed
multiplets in the aromatic region (~ 7.0 - 7.2 ppm) corresponding to the phenyl
groups of diphenyl phosphate. The 31P{1H} NMR spectrum of 2 in CD30D at room
temperature suggested the presence of a coordinated diphenyl phosphate ligand
with a signal at -15.46 ppm, which is 6.32 ppm upfield from that of free diphenyl
phosphate.

Crystals of 2-3CH30H were grown by vapor diffusion of ethyl ether into a
methanolic solution of 2. An X-ray diffraction study confirmed the structure to
contain a dinuclear magnesium XDK complex with a bidentate bridging diphenyl
phosphate ligand. The structure of the complex [Mg2(XDK){p-n2-(PhO),PO7}-
(CH3OH)3(H20)(NO3)] (2) is shown in Figures 4a and 4b. Selected bond distances and
angles are given in Table 4. The magnesium ions in 2 are situated 4.240(5) A apart.
The metal ions are coordinated to the syn lone pairs of the carboxylates and are
displaced from the plane of the carboxylate oxygens by 0.75 and 0.55 A, for Mgl and
Mg2 respectively (Table 7). The dihedral angle of 3.0° between the planes of the two

carboxylate groups indicate that they are approximately coplanar. Mgl has a
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distorted octahedral geometry similar to that of Mgl in compound 1, with one
methanol (O51), one bidentate nitrate group (041, 042), XDK?2- carboxylate oxygen
atoms (0101, O201), and a phosphate ester oxygen atom (O12). The bidentate nitrate
ligand is coordinated unsymmetrically to Mgl, with bond distances of Mg1-O41 =
2.237(8) A and Mgl-O42 = 2.164(8) A. The nitrate anion is approximately
perpendicular to the magnesium-phosphinyl, [Mg1-O12-P1-O11-Mg2], plane (94°)
and roughly parallel to the [Mg1-O101-0201] plane (15°). The Mgl bond lengths to
the XDK?- carboxylates are Mg1-0101 = 1.973(7) A and Mg1-0201 = 1.976(7) A. Mg2 is
octahedrally coordinated by two methanol ligands (O61 and O63), one water
molecule (062), XDK?2- carboxylate oxygen atoms (0102, 0202), and a phbsphate ester
oxygen atom (O11). The Mg?2 bond lengths to the XDK?- carboxylate oxygens are
Mg2-0102 = 2.040(7) A and Mg2-0202 = 2.039(7) A. The Mg-Ophosphate bond
distances are 2.003(7) and 2.003(7) A for Mgl and Mg2, respectively. The O11-P1-O12
‘angle has been deformed from the usual tetrahedral value to 121.2(4)°, whereas two
other angles are only slightly larger than tetrahedral (011-P1-O14 = 110.9(4)° and
- 012-P1-0O13= 110.6(4)°), and three are smaller (O11-P1-0O13 = 104.0(4)°, 012-P1-0O14 =
105.3(4)°, and O13-P1-O14 = 103.5(4)°). The distortion around the phosphinyl center
may result from the constraint imposed by bidentate coordination to the two
magnesium atoms. The O11-P1-O12 bond angle is similar to those found in in
dimetallic complexes containing pu-n? phosphate ester ligands (Table 8). The P1-O11
and P1-O12 bond distances are significantly shorter (1.481(7) and 1.467(6) A,
respectively) than the P1-O13 and P1-O14 distances (1.601(7) and 1.587(7) A). Such
differences in the P-Ometal Versus P-Oc bond distances have also been observed in

| other phosphate-metal coxrlplexes.19'21'26’35
The diphenyl phosphate ligand is coordinated to the magnesium atoms
through its syn lone pairs, which is a common coordination mode for phosphate-

metal ion interactions.® The P1-012-Mg1 and P1-O11-Mg2 bond angles are 141.1(4)
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and 138.8(4)°, respectively, which are comparable to those observed in other
phbsphorus-oxygen-metal bond angles (141°, average value).3® The magnesium
ions are approximately coplanar with the phosphinyl group, as indicated by the
dihedral angle of 4° between the [P1-O11-O12] and [Mgl1-Mg2-011-O12] planes and
the displacement of Mgl and Mg2 from the [P1-O11-O12] plane (0.04 and 0.20 A,
respectively). This "in-plane" coordination mode for the magnesium atoms to
phosphate is less common than the 0.9 A "out-of-plane” location which has been
observed in other phosphate-metal ion c:ompounds.36 The magnesium-phosphinyl

plane is perpendicular to the plane of the xylyl ring (dihedral angle, 90 °).

Synthesis and Characterization of [Mgz(XDK){u-n2-(PhO)2P02}{n-(Ph0)2PO3}-
(CH30H)3(H20)]-CH30H, (3-CH30H)

Addition of 2 equiv of NaDPP to a methanol solution containing 1 gave
[Mg2(XDK){p-n2-(PhO)2PO2H{n!-(PhO)2PO2}(CHzOH)3(H20)*CH3OH, (3-CH3OH). The
IR spectrum of 3 indicated the presence of XDK, diphenyl phosphate, and hydroxyl
groups. The IH NMR spectrum of 3 in CD30D showed three singlets for the methyl
groups of XDK (8§ 1.23, 1.26, and 1.90) integrating at a 1:2:1 ratio, suggesting a
symmetrical Cj, environment for the ligand. The phenyl protons of diphenyl
phosphate appeared as multiplet signals in the aromatic region (~ 7.0 - 7.2 ppm),
integration of which revealed a ratio of 2 DPP to 1 XDK. The 31P{!H} NMR spectrum
of 3 in CD30D at room temperature contained 2 signals at -9.14 and -15.45 ppm,
corresponding to free and bound diphenyl phosphate, respectively. The assignment
was made by using the 31P{1H} NMR spectrum of 2 (3 -15.46).for the bound
phosphate ester. Addition of one equiv of [Me4N]DPP to a sample of 3 gave a
31P{1H} NMR spectrum which integrated for a 2:1 ratio of free-to-bound
phosphodiester groupé. These results indicate that the bridging phosphate ester

ligand is more stable to dissociation than the terminal one. Although the 31P{1H}
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NMR signal of terminally bound diphenyl phosphate may be the same as that of
free DPP-, conductivity measurements of 3 in methanol revealed it to be a 1:1
electrolyte (Figure 5), consistent with the observation of a dissociated diphenyl
phosphate ligand.

Crystals of 3:CH30H were grown from a methanol/ethyl ether solvent
system, and an X-ray crystallographic analysis of 3 revealed its structure to consist of
a dinuclear magnesium center bridged by the carboxylate oxygens of the XDK ligand
and one bidentate diphenyl phosphate. The structure of [Mg2(XDK){p-n2-
~ (PhO)2PO2}{n1-(Ph0)2PO2}(CH30H)3(H20)] (3) is shown in Figures 6a and 6b.
Selected bond distances and angles are given in Table 5. Mgl is additionally
coordinated by a terminal, monodentate DPP ligand (O21) and a water molecule
(O51), which afford trigonal bipyramidal geometry. The Mgl bond distances to the
carboxylate oxygens are Mgl1-O101 = 1.986(4) A and Mg1-0201 = 1.979(4) A. The Mgl-
012 bond length to the bridging diphenyl phosphate ligand is 2.015(4) A, which is
longer than the distance to the terminal DPP (Mg1-O21 = 1.949(4) A). Mg2 has three
methanol ligands (061, 062, and 063) to complete its octahedral coordination
sphere. The Mg2 bond lengths to the XDK carboxylate oxygens are Mg2-O102 =
2.052(5) A and Mg2-0202 = 2.065(4) A. The Mg?2 bond length to O11 of the bridging
diphenyl phosphate is 2.018(5) A. The magnesium atoms are displaced from the
plane of the carboxylates (d = 0.50 and 0.71 A, for Mgl and Mg2 respectively), with a
Mg---Mg separation of 4.108(3) A.

The O11-P1-0O12 angle in the bidentate, bridging diphenyl phosphate ligand in
3 is 118.9(3)°, whereas the other angles only deviate slightly from tetrahedral values
(O11-P1-013 = 109.1(2)°, O11-P1-O14= 112.0(2)°, 012-P1-013 = 111.9(3)°, 012-P1-O14 =
105.4(2)°), with the exception of the O13-P1-O14 angle, which is 97.4(2)°. The P1-O11
and P1-O12 bond lengths are significantly shorter (1.472(4) and 1.470(4) A,
respectively) than the P1-O13 and P1-O14 distances (1.599(4) and 1.586(4) A), similar



32

to those observed in 2. The bridging diphenyl phosphate coordinates to the
magnesium atoms in a syn manner, with P1-O12-Mg1 and P1-O11-Mg2 bond angles
of 141.9(3) and 138.4(3)°, respectively. The [Mgl-O12-P1-O11-Mg2] plane is
approximately perpendicular to plane of the xylyl ring (96°). Mgl and Mg2 have
been displaced from the [P1-011-012] plane by 0.74 and 0.70 A, respectively, which is
similar to that observed for other phosphate-metal complexes.36 |

In the monodentate, terminal diphenyl phosphate ligand, the phosphorus
atom is roughly tetrahedral, with only one deviating angle (021-P2-022 = 115.8(3)
A). The P2-O21 bond length is 1.481(4) A, which is only slightly longer than the P2-
022 bond length of 1.473(4) A. The P2-023 and P2-024 bond lengths are 1.583(5) and
1.598(5) A, respectively. There are relatively few dimetallic complexes containing a

terminally coordinated phosphate 1igand.19'21'37'38 The structurally characterized

examples are listed in Table 8.

Synthesis and Characterization of [Mg(HXDK)2(H20)2], (4)

Addition of one equiv of bis(4-nitrophenyl) hydrogen phosphate (HBNPP) to
a methanolic solution of 1 gave [Mg(HXDK)2(H20)2], (4), the IR spectrum of which
indicated the presence of XDK and hydroxyl groups. The 1H NMR spectrum of 4 in
CD3Cl; showed some broad features which corresponded to the XDK ligand and a
signal at 19.0 ppm consistent with that of a carboxylate proton and characteristic of a
short, low-barrier hydrogen bond.3®

Crystals of 4 were grown by vapor diffusion of ethyl ether into a methanol
solution containing 4. The X-ray crystal structure of 4 revealed a mononuclear
magnesium center coordinated by two HXDK ligands. The structure of
[Mg(HXDK)2(H20)2] (4) is shown in Figure 7. Selected bond distances and angles are
given in Table 6. The magnesium ion sits on an inversion center and is

octahedrally coordinated by the HXDK carboxylate ligands and two water molecules.
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The Mg1-0102 and Mg1-0202 bond distances are 2.043(5) and 2.084(5) A, respectively.
The magnesium atom is displaced 0.38 A from the dicarboxylate plane. The two
carboxylate groups are approximately coplanar, with a dihedral angle of 4.7 °
between them. The distance between 0101 and 0201 is 2.423(8) A.

The magnesium ions in 1 dissociate from XDK under acidic conditions as
structurally evidenced by compound 4. Protonation of one of the XDK carboxylates
under acidic conditions is not unexpected since its pKa value is unusually high (pKa

=11.1 in EtOH/H;0).90

Relevance to Phosphatase Enzymes

The dinuclear magnesium compounds described here are structurally similar
to several phosphate ester processing metalloenzyme active sites.!”? The dinuclear
magnesium complex 1 is a possible structural model for dimagnesium-dependent
metalloenzyme active sites in the absence of bound substrate. Compounds 2 and 3,
the first structurally characterized phosphate ester-bridged dimagnesium complexes,
are potential biomimetic models for the binding of phosphodiesters to magnesium-
dependent phosphatases. The Mg---Mg separations in 2 and 3 are comparable to
metal-metal distances in several dimetallic phosphatase enzymes (Table 1). The
carboxylate-bridged dimagnesium compounds 1 -3 have metal-metal distances
which range from 4.11 to 4.78 A. This range indicates that the carboxylates in the -
XDK ligand can readily accommodate changes in the metal coordination
environment. Such intrinsic flexibility of carboxylate donors may help facilitate
substrate binding and product release at similar carboxylate-bridged dimagnesium
centers in the enzymes.

Whereas the structural models can provide some insightful information
about the phosphatase enzymes, a functional model of these systems would be more

useful for understanding the mechanism by which a dinuclear metal center can
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effect phosphate ester hydrolysis. Reactivity studies of our model cdmpounds
towards phosphate ester substrates were carried out to address possible functional
activity. Compound 1 hydrolyzes bis(4-nitrophenyl)phosphate (BNPP-) under basic
conditions in methanol, and interestingly, there is no rate enhancement with 1 in
comparison with free Mg(NO3)2:6H20. The significance of this observation will be
discussed in chapter 4 of this thesis.

CONCLUSIONS

The dinucleating XDK ligand has been successfully employed in the synthesis
of several novel carbbxylate-bridged dimagnesium complexes. These include the
first phosphate ester-bridged dinuclear magnesium compdunds which are potential
biomimetic models for phosphate ester processing metalloenzymes. Our dinuclear
magnesium complexes should also serve as valuable models for fitting electron
density in protein X-ray crystal structures, since the current resolution of many
dimagnesium-dependent metalloenzymes structures is too low to reveal detailed
geometries around the metal center. The dinuclear magnesium-XDK center was
found to be unstable in the presence of acid, as evidenced by the protonation of the

carboxylate ligand to liberate one magnesium ion.
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Table 1. Examples of Magnesium-Dependent Phosphatase Enzymes.

Enzyme M---M (A)2 | Metal-1 Ligands | Metal-2 Ligands | Ref.
Klenow Fragment of 3.9 Asp 355 Asp 355 1
DNA Polymerase I Asp 357 O-phosphate
Asp 501 O-phosphate
O-phosphate
Water
Ribonuclease H 4 Asp 355 Asp 355 2
' Glu 478 Asp 443
Asp 549
Rat DNA Polymerase 8 4 Asp 190 Asp 190 3
Asp 192 Asp 192
O-phosphate Asp 256
O-phosphate O-phosphate
Water O-phosphate
Water
Fructose-1,6- 43 Asp 118 Asp 118 4-5
Bisphosphatase Glu 97 Glu 97
Asp 121 Glu 98
Glu 280 Leu 120
O-phosphate '
Inositol 3.8 Asp 90 Asp 90 6
Monophosphatase Glu 70 Asp 93
Ile 92 Asp 220
O-phosphate O-phosphate
Water O-inositol
Water
Inositol Polyphosphate 3.9 Glu 79 Glu 79 7
1-Phosphatase Asp 153 Asp 54
Asp 156 Ile 155
Asp 317 Water
Water

AMetal-metal separation.
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Table 3. Selected Bond Distances (A) and Angles (deg) for 1(NO3).%

Bond Distances

Mgl 05 2.098(3) Mg2 o1

Mgl 06 2.056(2) Mg2 02

Mgl o11 2.144(3) Mg2 03

Mgl 012 2.242(3) Mg2 o4

Mgl 0101 2.003(2) Mg2 0102

Mgl 0201 1.956(2) Mg2 0202
Angles

05 Mgl 06 88.24(9) O3 Mg2 0202

05 Mgl o1 84.15(9) O4 Mg2 0102

05 Mgl 012 89.01) ©O4 Mg2 0202

05 Mgl 0101 169.3(1) 0102 Mg2 0202

05 Mgl 0201 92.7(1) Mg2 o1 C1

06 Mgl o1 161.2(1) Mg2 o2 C2

06 Mgl 012 103.96(9) Mg2 03 C3

06 Mgl o101 90.74(9) Mgl 05 C4

06 Mgl 0201 98.7(1) Mgl o1 N11

O11 Mgl 012 58.84(9) Mgl 012 N11

O11 Mgl 0101 93.56(9) Mgl o101 c101

o11 Mgl 0201 98.84(9) Mg2 0102 C101

012 Mgl 0101 80.89(9) Mgl 0201 C201

012 Mgl 0201 157.3(1) Mg2 0202 C201

0101 Mgl 0201 98.0(1)

01 Mg2 02 86.0(1)

01 Mg2 03 91.4(1)

01 Mg2 o4 172.6(1)

o1 Mg2 0102 90.6(1)

01 Mg2 0202 93.4(1)

02 Mg2 03 82.4(1)

02 Mg2 04 88.7(1)

02 Mg2 0102 170.0(1)

02 Mg2 0202 90.9(1)

03 Mg2 O4 82.82(9)

03 Mg2 0102 88.3(1)

2.069(3)
2.119(3)
2.113(2)
2.065(2)
2.013(2)
2.027(2)

171.5(1)
93.8(1)
91.8(1)
98.7(1)
122.9(2)
130.7(2)
128.8(2)
131.6(2)
93.6(2)
90.3(2)
152.1(2)
159.8(2)
161.2(2)
151.8(2)

aEstimated standard deviations are given in parentheses. See Figures 1 and 2 for

atom labels.
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Table 4. Selected Bond Distances (A) and Angles (deg) for 2-3CH30H.#

Bond Distances

Mg(1) 0(12) 2.003(7) Mg(1) 0O(101) 1.973(7)
Mg(1) 0O41) 2.237(8) Mg(1) 0O(201) 1.976(7)
Mg(1) 042) 2.164(8) Mg(2) O(11) 2.003(7)
Mg(1) O(51) 2.118(8) Mg(2) O(61) 2.131(7)
P(1) o1y 1.481(7) Mg(2) 0(62) 2.125(7)
P(1) 0(12) 1.467(6) Mg(2) O(63) 2.121(8)
P(1) 0(13) 1.601(7) Mg(2) 0(102) 2.040(7)
P(1) 0O(14) 1.587(7) Mg(2) 0(202) 2.039(7)
Angles

0O(11) P(1) 0(12) 121.2(4) O(61) Mg(2) 0O(62) 86.4(3)
0O(11) P(1) 0(13) 104.0(4) O(61) Mg(2) 0O(63) 85.3(3)
0(11) P(1) 0O(14) 110.9(4) O(61) Mg(2) 0(102)  85.2(3)
0(12) P(1) 0(13) 110.6(4) O(61) Mg(2) 0(202)  170.1(3)
0(12) P(1) 0(14) 105.3(4) 0O(62) Mg(2) O(63) 87.4(3)
0O(13) P(1) 0O(14) 103.5(4) O(62) Mg(2) 0O(102)  88.4(3)

O(12)  Mg(l) O@l)  8.03) O®B2 Mg  OQ02) 861@)
012)  Mg(l) O@42) 915@3) O@3) Mg  O(102) 169.93)
O(12)  Mg(1) O(Bl)  17633) O®B3) Mg  O@02) 87.9@3)
0(12)  Mg(l) O(101) 946(3) O@102) Mg  O@02) 101.0@3)

O(12)  Mg(l)  O(Q01) 984(3) P(Q1) O(l) Mg  138.8(4)
- 0@41)  Mg(l) O@42)  582(3) P() O(12)  Mg(l)  149.1(4)
O@4l)  Mg(l) O(1)  87.33) PQ) o(13)  C@) 126.9(6)
O@41)  Mg(l) O(101) 1539(3) P(1) o(14) <) 124.8(6)

O@1)  Mg(l) O(201) 944@3) Mg(l) O@l)  N@E1)  91.6(7)
O@2)  Mg(l) O(Bl)  8603) Mg(l) O@2)  N@E1)  93.807)
O@2)  Mg(l) O@101) 959(3) Mg(l) OBl  C(B1)  128.9(7)
0@2)  Mg(l) O(01) 150.83) Mg(2) O(61)  C(61)  130.2(7)
O(1)  Mg(l) - O(101) 8853) Mg(2) O@®3)  C(63)  125.4(7)
O(G1)  Mg(l) O@01) 8253) Mg(l) O@01) C(101) 136.3(7)
O(101) Mg(l) O(01) 11053) Mg(2) O®102) C(101)  153.2(6)
O(11) Mg  O(1)  93.08) Mg(l) O@01) C(01)  140.6(6)
011) Mg2) O(62)  1782(3) Mg(2) O@02) C(01)  150.2(7)
O11) Mg  O®3)  90.93)

011) Mg 0(102) 93.2(3)

o1l Mg  O(02) 943(3)

AEstimated standard deviations are given in parentheses. See Figures 1 and 4 for
atom labels.
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Table 5 Selected Bond Distances (A) and Angles (deg) for 3-CH;OH.#

Mg(1)
Mg(1)
Mg(1)
Mg(1)
Mg(1)
P(1)
PQ1) -
P(1)
P(1)

0(11)
0(11)
0(11)
- 0(12)
O(12)
0(13)
0(21)
0(21)
0(21)
0(22)
0(22)
0(23)
0(12)
0(12)
0(12)
0(12)
0(1)
0(21)

0oQ1)

0(51)
O(51)
0(101)
0(11)
0(11)
0(11)
0(11)

0(12)
0(21)
O(51)
O(101)
O(201)
O(11)
0(12)
0(13)
O(14)

P(1)
P(1)
P(1)
P(1)
P(1)
P(1)
P(2)
P(2)
P(2)
P(2)
P(2)
P(2)

- Mg(1)

Mg(1)
Mg(1)
Mg(1)
Mg(1)
Mg(1)
Mg(1)
Mg(1)
Mg(1)
Mg(1)
Mg(2)
Mg(2)
Mg(2)
Mg(2)

0(12)
O(13)
O(14)
O(13)
O(14)
O(14)
0(22)
0(23)
O(24)
0(23)
0(24)
O(24)
0(21)
O(51)
O(101)

O(201)

O(51)
O(101)
0(201)
O(101)
O(201)
0(201)
O(61)
0(62)
O(63)
0(102)

Bond Distances

2.015(4) Mg(2)
1.949(4) Mg(2)
2.145(5) Mg(2)
1.986(4) Mg(2)
1.979(4) Mg(2)
1.472(4) Mg(2)
1.470(4) P(2)
1.599(4) P(2)
1.586(4) P(2)
P(2)
Angles
118.93) 0O(11)
109.12)  O(s61)
112.02) O(61)
111.93) O(61)
105.4(2) O(61)
974(2) O(62)
115.8(3) 0O(62)
109.93) 0O(62)
111.32) O(63)
112.8(3) O(63)
110.23) O(102)
95.1(2) P(1)
92.6(2) P(1)
176.52) P(1)
93.72)  P(1)
95.6(2) P(2)
84.8(2) P(2)
112.5(2) P(2)
123.92) Mg(2)
85.12) Mg(2)
87.82) Mg(2)
122.2(2) Mg(1)
89.52) Mg(2)
93.6(2) Mg(1)
173.6(3) Mg(2)
95.8(2) :

O(11)
O(61)
0(62)
O(63)

- 0(102)
0(202)
0(21)
0(22)
0(23)
0(24)

Mg(2)
Mg(2)
Mg(2)
Mg(2)

- Mg(2)

Mg(2)
Mg(2)
Mg(2)
Mg(2)
Mg(2)
Mg(2)
o(11)
0(12)
0(13)
0(14)
0(21)
0(23)
0O(24)
O(61)
0(62)
O(63)
0(101)
O(102)
O(201)
0O(202)

0(202)
0(62)
0(63)
0(102)
0(202)
O(63)
0(102)
0(202)
0(102)
0(202)
0(202)
Mg(2)
Mg(1)
C(11)
C(21)

- Mg(1)

C(31)
C(41)
C(61)
C(62)
C(63)
C(101)
C(101)
C(201)
C(201)

2.018(5)
2.153(6)
2.125(5)
2.024(6)
2.052(5)
2.065(4)
1.481(4)
1.473(4)
1.583(5)
1.598(5)

95.0(2)

81.7(2)

84.2(3)

89.0(2)

169.1(2)
86.8(2)

166.8(2)
88.1(2)

82.8(2)
91.5(3)

100.3(2)
138.4(3)
141.9(3)
123.7(4)
127.2(4)
151.7(3)
121.2(4)
119.8(4)
132.7(6)
132.6(4)
129.8(8)
127.7(4)
153.9(4)
146.0(4)
141.8(4)

4Estimated standard deviations are given in parentheses. See Figures 1 and 6 for
atom labels.
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Table 6. Selected Bond Distances (.7\.) and Angles (deg) for 4.4

Bond Distances

Mg(l)  O(1) 2.090(6)
Mg(l) O(102)  2.043(5)
Mg(l) O(202)  2.084(5)

Angles

o(1) Mg(l) O(102)  86.6(2)
o(1) Mg(l)  O(102)* 93.4(2)
0(1) Mg(l) O(202) 88.3(2)
0() Mg(l)  O(202)* 91.7(2)
0(102) Mg(l) O(202) 94.4(2)
O(102) Mg(l) O(202)* 85.6(2)
Mg(l) O®102) C(101)  151.2(6)
Mg(l) O@02) C(01) 149.3(6)

4Estimated standard deviations are given in parentheses. See Figures 1 and 7 for
atom labels.
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Table 7. Structural Parameters of 1(NO3), 2:3CH30H, and 3-CH30H

1 2 3
Mgl--Mg2, A 4.783(2) 4.240(5) 4.108(3)
Mg1-O(XDK) gy, A 2 1.980(3) 1.975(10) 1.983(6)
Mg2-O(XDK)ay, A 4 2.020(3) ©2.040(10) 2.059(6)
0101-Mg1-0201, deg 98.0(1) 110.5(3) 122.2(2)

- 0102-Mg2-0202, deg 98.7(1) 101.0(3) 100.3(2)
011-P1-012, deg | 121.2(4) 118.9(3)
P1-012-Mgl, deg - 149.1(4) - 141.9(3)
P1-011-Mg2, deg 138.8(4) 138.4(3)
¢, deg P 9.8 22.7 194
dMgl), Ac 0.31 0.75 0.50
dMg2), A c 0.21 0.55 0.71
[0(101)0(102)C(101)C(107)] vs 6.5 3.0 8.3

[0(201)0(202)C(201)C(207)], deg 4
4 Average value. Estimated deviations in parentheses are derived from (ca? +
op?)!/2. b Dihedral angle between the [Mg1Mg2(Oco2)2] and the dicarboxylate planes

(average value). ¢ Distance from the metal atom to the dicarboxylate plane.
4Dihedral angle.
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e

Figure 2a. An ORTEP view of [Mgz(XDK)(CH30H)4(H20)2(NO3)]+ (1)

Thermal ellipsoids are drawn at the 50% probability level, and hydrogen
atoms are omitted for clarity.
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Figure 2b. ORTEP view of the dinuclear core of 1. Hydrogen atoms and all
atoms of the XDK ligand, except for the carboxylate groups, have been omitted
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Figure 4a. ORTEP diagram of [Mg,(XDK)(DPP)(CH30H),(H,0)(NO3)] (2).

Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity.
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Figure 4b. An ORTEP plot of the dinuclear center of 2. Hydrogen atoms and all
atoms of the XDK ligand, except the carboxylate groups, are omitted for clarity.
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Figure 6a. An ORTEP diagram of [Mg,(XDK)(DPP),(CH30H)3(H;0)] (3).
Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity.
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Figure 6b. An ORTEP diagram of the dinuclear core of 3. Hydrogen atoms and all
atoms of the XDK ligand, except for the carboxylate groups, are omitted for clarity.
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Figure 7. An ORTEP view of [Mg(HXDK),(H;0),] (4). Thermal ellipsoids
are drawn at the 50% probability level, and hydrogen atoms are omitted
for clarity.
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Chapter 3
Phosphate Ester Exchange Studies of Carboxylate-Bridged Dimetallics
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INTRODUCTION

The interaction of metal ions with phosphate esters is of considerable
importance in biology. These metal ions serve numerous functions, including the
stabilization of the phosphate ester backbone in nucleic acid structures and the

activation of many phosphatase enzymes.1

Phosphate ester processing enzymes,
which include the Klenow fragment of DNA polymerase I from Escherichia coli?
and Staphylococcal nuclease (SNase),® require divalent metal ions such as
magnesium, calcium, and zinc coordinated by carboxylafe amino acid side chains in
their active site cavities. These metal ions are postulated to bind and activate the
phosphate‘ esters, generate the attacking nucleophile, and stabilize the transition
state of the reaction.?* Although Mg?+, Ca2*, and Zn?2+ are believed to have similar
roles these enzymes, the properties of these metal ions are quite different (Table 1).
Despite the importance of divalent metal ions in phosphate ester processing
enzymes, the biomimetic chemistry of such metal complexes, particularly of Mg2+
and Ca2+, as phosphatase models has been slow to develop.1 We became interested
in understanding the chemistry of Mg2+, Ca2+, and Zn2+ coordinated by both
carboxylates and phosphate esters. Toward this end, we initiated a program to
synthesize and characterize structurally such complexes and to investigate the
reactions of these metal complexes in biologically relevant environments. We
report here a comparative study of three such compounds, [Mg2(XDK){u-n2-
(PhO)2PO2}{n!-(PhO)2PO2}(CH3OH)3(H0)]-CH30H (1-CH3OH), [Zna(XDK){u-n2-
(PhO)2PO2H{n!-(PhO),PO2}(CH3OH)2(H20)] (2), and [Caz(XDK){u-n2-(PhO)2PO2}n!-
(PhO)2P02}(MeOH)3(H20)] (3-CH30H), where HoXDK is m-xylylenediamine
bis(Kemp's triacid imide).>® The monodentate diphenyl phosphate ligand in each
of these complexes is dissociated in solution and exchanges with the bridging
bidentate phosphodiester group at elevated temperatures, as revealed by

phosphorus-31 NMR spectroscopy. From variable-temperature 31P{1H} NMR
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experiments, the phosphate ester exchange rates for these complexes were

determined.

EXPERIMENTAL METHODS
Synthesis of [M2(XDK){u-12-(PhO)2P02}{n1-(Ph0)2PO2(CH30H),(H20)] Complexes,
M=Mg(n=3),Zn (n=2),Ca (n =3).

The syntheses of [Mg2(XDK){p-n2-(PhO)2PO2}{n!-(PhO)2PO2}(CH30H)3(H0)]-
‘CH30H (1-CH3OH) and [Zn2(XDK){p-n2-(PhO)2PO2}{n!-(PhO),PO2}(CH3OH)2(H20)]
(2) were previously reported.7'8 In order to prepare [Cap(XDK){u-n2-(PhO)2PO2}{n!-
(PhO)2PO2}(MeOH)3(H20)],,CH30H, (3-CH30H), a methanolic solution (1 mL) of
Ca(NOj3)2:4H20 (41 mg, 0.172 mmol) was added to a solution of H2XDK (50 mg,
0.0861 mmol) and NaOH (350 pl, 0.5 M in MeOH) in methanol (3 ml). The solution
was stirred at room temperature for 10 min and a methanolic solution of NaDPP
(HDPP = diphenyl hydrogen phosphate, 47 mg, 0.172 mmol) was added. This
mixture was stirred for another 10 min and the solvent was removed in vacuo. The
white residue was redissolved in methanol, and vapor diffusion of ethyl ether into
the resulting solution afforded colorless needles. The crystals were collected and
treated with excess pyridine (3 mL) in chloroform (5 mL). The inorganic salt
contaminants were removed by filtration, and the py/CHCI;3 filtrate containing the
complex was placed under vacuum to remove the solvents. The dried sample was
redissolved in methanol. Vapor diffusion of ethyl ether into the solution gave long
colorless block crystals in 32% yield (35 mg, 0.0272 mmol). 'H NMR, 300 MHz
- (CD30D): 61.18 (s, 6 H), 1.18 (d,4 H, ] = 13.5 Hz), 1.25 (s, 12 H), 1.55 (d, 2 H, ] = 13.2 Hz),
190 (s, 6 H), 2.09 (d, 2 H, ] = 13.3 Hz), 2.83 (d, 4 H, ] = 13.1 Hz), 7.03 (m, 4 H), 7.13-7.26
(m, 17 H), 7.47 (s, 1 H). 31P{1H} NMR, 121.4 MHz (CD3OD): § -11.66 (s). IR (KBr): 3485
(br), 3053 (m), 2960 (s), 2918 (s), 2882 (s), 2429 (m), 1784, 1722 (s), 1682 (s), 1603 (s), 1489,
1452, 1414, 1366, 1203 (m, P-O), 1097 (s), 1025 (m), 916 (s), 834, 772, 689, 644, 518, 448
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cm-l. Anal. Calcd. for CgoH78N2022CasPs (3-CIi30H'H§O): C, 54.54; H, 5.95; N} 2.12.
Found: C, 54.26; H, 5.55; N, 2.23.

X-ray Diffraction Study of [Cax(XDK){u-n2-(PhO)2P02}{n1-(PhO)2PO2}(MeOH)3(H20)]-
-CH30H, 3-CH3;0H

Crystals of 3-CH30H were grown by diffusion of ethyl ether info a methanolic
solution of the complex. Single-crystal X-ray diffraction studies of 3 were carried out
on a Siemens CCD X-ray diffraction system controlled by a pentium-based PC
running the SMART version 4.0 software package,9 as previously described in
detail.1® A colorless block crystal of 3 measuring approximately 0.3 x 0.3 x 0.5 mm
was mounted at room temperature on the end of a glass fiber in paratone and data
collection was carried out at -80 °C. The crystals were judged to be of acceptable
quality on the basis of initial unit cell matrices and reflection profiles.
Crystallographic data are given in Table 2. The data for this structure, including
tables of atomic positional parameters and anisotropic temperature factors, are

available on a 4mm DAT tape.

Struéture Solution and Refinement of [Ca2(XDK){u-n2-(PhO),P02}{n1-(Ph0),PO,)-
(MeOH);(H,0)]-CH30H, 3-CH3;0H

Computations were carried out on Silicon Graphics Indy workstations. The -
raw data frames were processed by the SAINT version 4.0 software package!l. All
aspects of the structure solution and refinement were handled by the SHELXTL
version 5.0 software package.12 Non-hydrogen atoms were located by direct
methods and a series of least squares refinements and difference Fourier maps and
were refined with anisotropic temperature factors. The structure of [Caz(XDK){u-n2-
(PhO)2PO2H{n1-(PhO)2PO2}(MeOH)3(H20)] is shown in Figure 2, and selected bond

‘distances and angles are given in Table 3.
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Physical Measurements

1H and 3!P{'H} NMR spectra were recorded on Varian XL-300 and UNITY300
spectrometers. 31P{!H} NMR spectra were measured at 121.4 MHz using 85% HzPO4
as an external reference. The temperature was calibrated with a methanol standard.
The VT-NMR data for 1 and 2 were fit with the DNMR pmgram.13 Infrared spectra
were recorded on a Bio-Rad FTS7 Fourier transform instrument. Conductivity
measurements were carried out at 23 °C in methanol with a Fisher Scientific
conductivity bridge model 9-326 with a platinum-black electrode. Molar
cohductivities (@1 cm? mol-1) were derived from the slopes of a conductivity (Q1
cm-l) versus concentration (mol cm-3) plot. The electrolyte type assignment was

determined by reference to the molar conductivity of [BugN][PFg] in methanol.

RESULTS

The structure of [Mgy(XDK){u-n2-(PhO)2PO2}{n!-(PhO)2PO2}(CH30H)3-
(H20)]*CH30H was described in the preceding chapter.7 The structure of
[Znp(XDK){u-n2-(PhO)2PO2{n1-(PhO)2PO2}(CHzOH)2(H20)] was reported previously.8
It contains a dinuclear zinc center bridged by the carboxylates of the XDK ligand and
a bidentate diphenyl phosphate ligand. @ One zinc is also coordinated by a
monodentate, terminal DPP ligand. This complex is structurally similar to the
dimagnesium analog 1, except that one of the magnesium atoms in 1 adopts a
trigonal bipyramidal geometry whereas tetrahedral geometry is observed for one of
the zinc atoms in 2. The metal-metal distance in 2 is 3.869(2) A, which is shorter
than the Mg--Mg distance of 4.108(3) A in 1. Structural parameters for 1 and 2 are
compared in Table 4.

Reaction of Ca(NO3)2:4H20 (2 equiv) with H2XDK (1 equiv) and NaOH (2
equiv) in methanol, followed by the addition of NaDPP (2 equiv), gave the desired
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calcium analog [Ca(XDK){u-n2-(PhO)2PO2}{n1-(PhO),PO2}(MeOH)3(H70)]-CH30H,
(3-CH30H). The IR spectrum indicated the presence of XDK, diphenyl phosphate,
and hydroxyl groups. The TH NMR spectrum in CD30D showed singlets for the
methyl groups of XDK (8 1.18, 1.25, and 1.90) and doublets for the methylene groups
(d 1.18, 1.55, 2.09, and 2.83), consistent with Cj, symmetry for XDK. The phenyl
protons of diphenyl phosphate gave multiplet signals in the aromatic region, and
integrations showed a DPP:XDK ratio of 2:1. The 31P NMR spectrum of 3 in CD30D
at room temperature exhibited one sharp singlet at -11.66 ppm. Conductivity
measurements of 3 in methanol revealed it to be a 1:1 electrolyte (Figure 1),
suggesting the dissociation of a diphenyl phosphate in solution.

X-ray quality crystals of 3 were grown from a methanol/ethyl ether solvent
system, and a crystallographic analysis revealed its polymeric solid state structure.
The repeating unit comprises a dinuclear calcium center bridged by the carboxylates
of XDK and by a bidentate diphenyl phosphate ligand (Figure 2). We hereafter refer
to this unit as the intramolecularly-bridged dicalcium moiety. The structure of 3
differs slightly from that of the dimagnesium 1 and the dizinc 2 analogs since both
calcium ions are octahedrally coordinated. The other diphenyl phosphate ligand
coordinates to one calcium atom (Cal) and forms a bridge to the calcium (Ca2*) of a
neighboring unit, resulting in a polymeric structure (Figure 3). The carboxylate
groups in 3 are roughly coplanar, with a dihedral angle of 6.1°. Cal and Ca2 are
displaced 0.87 and 0.71 A, respectively, from the dicarboxylate plane. Cal is
octahedrally coordinated by the bridging phosphates (012) and (0O21), the
carboxylates of XDK (0101 and 0201), and two methanol ligands (O51 and 052). The
Cal-012 bond distance is 2.295(3) A, which is similar to that of Cal-021, 2.306(2) A.
The Ca1-0101 and Cal-0201 bond distances of 2.351(2) A and 2.318(2) A, respectively,
are slightly longer. The reported average Ca-Ocarboxylate bond distance is 2.3 Afora

coordination number of 6.!% Ca2 is also octahedrally coordinated by the bridging
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phosphate (O11), the other phosphate of a neighboring molecule (022A), the
carboxylate oxygens of XDK (0102 and 0O202), a methanol (062), and a water
molecule (061). The Ca2 bond distances to O11 and O22A are 2.282(2) and 2.289(2)A,
respectively. The Ca2 bond distances to 0102 and 0202 are 2.298(2) and 2.240(2) A,
respectiv‘ely, which are shorter than those of Cal. The calcium atoms are
coordinated to the syn lone pairs of the carboxylates, as suggested by the average Cal-
and Ca2-OCcarboxylate bond angles of 132.6(3) and 153.4(3)°, respectively. This mode
of calcium binding to carboxylate groups is often observed.!4 The Ca-Ca distance is
4.4628(9) A, which is longer than the MM distance in 1 and 2 (Table 4). The longer
metal-metal separation in 3 may be due to the greater ionic radius of calcium!®
(Table 1) and to the effect of the terminal diphenyl phosphate bridging the calcium
ions in two asymmetric units.

The O11-P1-O12 angle in the bridging diphenyl phosphate in 3 is 118.5(2)°,
which is smaller than that for 021-P2-O22 of the other phosphate (119.67(14)°). The
other angles around P1 and P2 are roughly tetrahedral, except the O13-P1-O14 angle
of 97.52(13)°. The phosphorus-oxygen bond distances are shorter to the metal
coordinated oxygens in both P1 and P2 (Table 3), which is similar to that observed in
other metal-phosphate complexes.7 The calcium ions are coodinated to the syn lone
pairs of the bridging phosphate with Cal- and Ca2-O-P1 bond angles of 151.1(2) and
139.1(2)°, respectively. The Cal and Ca2 atoms lie roughly in the plane defined by
the phosphinyl group [011-P1-O12], as indicated by displacements of 0.27 and 0.37 A
for Cal and Ca2, respectively, and the 8° dihedral angle between the phosphinyl
plane and [Cal-O12-P1-O11-Ca2]. The [Cal-Ca2-O11-O12] plane is approximately
perpendicular to that of the xylyl spacer (89 °). Ca2 and CalA are displaced by -1.1
and 1.0 A from the [021A-P2A-O22A] plane (Figure 4). Ca2 and CalA are
coordinated to the syn lone pairs of the phosphate. The Cal-021-P2 and Ca2-022A-
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P2A bond angles are 151.3(2) and 139.27(14) °. The P2A phosphinyl plane is 87 ° from
the P1 phosphinyl plane.

Vari'ablé Temperature Phosphorus-31 NMR Studies

Samples of 1-3 (30 mM) in CD30D were used for VT 31P{1H} NMR studies.
Each compound exhibited two sharp singlets in its low temperature limiting
spectrum. Compound 1 displayed resonances at § -9.07 and -15.69, corresponding to
free and bound diphenyl phosphate, respectively. This assignment was made vby
addition of (Me4N)DPP to confirm the identity of the free diphenyl phosphate
resonance and by comparison to the 31P chemical shift of [Mga(XDK){p-n2-
(PhO)2PO2}(CH30H)3(H20)(NO3)] at 8 -15.46.7 Complexation of magnesium, zinc,
and calcium to phosphate esters shifts the 31P NMR signals to lower fields.!¢ Figure
4 shows the spectra of 1 over the temperature range -24 < T < 60 °C, indicating
diphenyl phosphate exchange at elevated temperatures. A line shape analysis of the
31P{1H} NMR spectral changes for 1 was carried out, and the free energy of activation
for phosphafe ester exchange was calculated from the coalescence temperature (54
°C) to be 60 kJ mol-1.13 The spectra of 2 are shown in Figure 5, and a value of 45 k]
mol-1 for the free energy of activation for exchange was calculated from the
coalescence temperature (-30 °C). The free energy of activation for phosphodiester
exchange for 3 was determined to be 39 k] mol-l from its coalescence temperature of
-58 °C. These results are summarized in Table 5.

The phosphorus signals for 1 at the low temperature limit integrate to give a
1:1 ratio of free-to-bound phosphate. In the spectra of both 2 and 3, however, the -
intensity ratio for the free phosphate is slightly greater than that for the bound one
(55:45) (Figure 5). The AGH values for 2 and 3 were calculated from the rate constants
determined at the coalescence temperatures based on a 1:1 two-site exchange model

using the equation k = (n/V2)Av, where k is the rate constant for exchange at the
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coalescence temperature and Av is the difference in the chemical shifts (in Hz) of the
two species.13 This procedure is often used for unequally populated two-site cases as
well, since such results have been shown to be in good agreement with those for a
complete line shape analysis." Furthermore, the values of AG# are not highly
sensitive to errors in the rate constant.!®17 The difference in the intensity ratios for
2 and 3 suggests that some fraction of the bridging diphenyl phosphate ligand is
further dissociated from the dinuclear center. This observation indicates that the
diphenyl phosphate ligands are more labile in the carboxylate-bridged dizinc and the

dicalcium complexes than in the dimagnesium analog (vide infra).

DISCUSSION

The carboxylate-bridged dimagnesium, dicalcium, and dizinc phosphate ester
complexes afford a comparison of these metal ions in biologically relevant
environments. To our knowledge, this work provides the first direct comparison of
Mg2+, Ca2+, and Zn2* from a biomimetic perspective.

The solid state structures of 1 - 3 reveal some of the unique characteristics of
the different metal ions. In all three, there is a dinuclear metal center bridged by the
carboxylate oxygen atoms of XDK and a bidentate diphenyl phosphate ligand. In the
dimagnesium complex 1, Mgl has trigonal bipyramidal and Mg2 octahedral
stereochemistry, with the monodentate phosphate ester bound to Mgl. For the
dizinc analog 2, Znl is tetrahedral and Zn2 is octahedral, the terminal diphenyl
phosphate ligand being coordinated to Znl. In the dicalcium analog 3, Cal and Ca2
are both octahderal, with a phosphate group bridging Cal and Ca2* from a
neighboring molecule, leading to a polymeric structure. The results reflect the
preferred coordination numbers for these metals, with calcium adopting the highest

coordination number, followed by magnesium, then zinc.!®
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The metal-metal separations in 1 and 2, 4.108(3) A and 3.869(2) A, respectively,
are comparable to the distances found in phosphate ester processing enzymes
containing similar dimetallic centers in their active sites. Included among these
enzymes is the Klenow 'fragment of DNA polymerase I which can accommodate a 2
Mg2+, 2 Zn?*, or a Mg2*/Zn?* in its carboxylate-bridged center at a MM distance of
3.9 A2 Interestingly, this enzyme is not activated by calcium.'® The Ca-Ca distance
of 4.4628(9) A in 3 suggests that the inability of calcium to activate this enzyme may
be due in part to the larger metal-metal separation required for this carboxylate- |
bridged center.

Currently, there are no examples of carboxylate-bridged dicalcium
metalloenzymes which have been structurally characterized. In‘ SNase, two calcium
ions are required for catalysis of phosphate ester hydrolysis,!® but in the available
crystal structures, only one calcium ion coordinated by two monodentate aspartate
residues has been observéd.?"4 One of the monodentate aspartate residues in the
active site could potentially coordinate to the other required calcium ion in this
enzyme. The dicalcium complex 3 may be a useful model structural model for
biochemists studying SNase and other calcium-dependent enzymes.

Since 1 -3 have structural similarities to phosphate ester processing
metalloenzymes, their phosphodiester ligand exchange properties in solution were
investigated. Solution studies of 1 -3 in methanol are consistent with the .
dissociation of the monodentate diphenyl phosphate iﬁ solution. The two metal
ions are in equivalent environments, as evidenced by their 1TH NMR spectra which
clearly indicate the XDK ligand to be in a symmetrical (C2p) environment. The
31p{1H} NMR spectrum of 1 in CD30D at room temperature showed 2 signals
corresponding to free and bound diphenyl phosphate. Conductivity measurements

revealed 1:1 electrolyte behavior for 1 - 3, supporting the observation of a dissociated
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diphenyl phosphate ligand. These results indicate that the bridging phosphate ester
ligand is more stable to exchange than the terminal one.

A variable temperature 31P{ITH} NMR study of 1 in CD30D revealed that the
bound and free phosphodiester ligands exchange at elevated temperatures (Scheme
1). | Although the details of the exchange mechanism are not known, one reasonable
possibility is shown in Scheme 1. Here, the free diphenyl phosphate associates and
undergoes terminal/bridged ligand exchange. The free energy of activation for this
process was determined to be 60 k] mol-l for 1. This value can be compared with
those estimated for 2 (45 k] moll) and 3 (39 k] mol-1). The phosphate ester exchange
rates at 25 °C were 1.9 x 102 571, 7.5 x 104 571, and 9.1 x 105 s°1, respectively, for 1, 2, and
3. Thus, the phosphate ester exchange rate of the dimagnesium(II) compound (1) is
~ 102 times slower than that of the dizinc(Il) analog (2) and ~ 103 times slower than
that of the dicalcium(II) complex (3). These relative values reflect the differences in
H;0 exchange rates of hydrated magnesium, zinc, and calcium ions, 105, 3 x 107, and
~108 s-1 respectively,20 and is consistent with a mecharﬁsm in which reassociation
of the free DPP- is involved in the rate-determining step. The fact that the
dimagnesium center in 1 is kinetically less labile with respect to diphenyl phosphate
ligand exchange than the dizinc center in 2 and the dicalcium center in 3 may be
useful for understanding the metal ion preferences of phosphate ester processing
enzymes.

In the Klenow fragment of DNA polymerase I, the carboxylate-bridged
dimetallic active site can employ a 2 Mg?2+, 2 Zn2+, or a Mg2+/Zn2* pair. Although
the identity of the metal ions in vivo has not yet been determined, the X-ray
structure of the Klenow fragment complexed with a deoxynucleoside
monophosphate product in the presence of both zinc and magnesium revealed a
pentacoordinate Zn2* ion in one site (site A) and an octahedral Mg2+ ion in the

other (site B).? In the two-metal-ion phosphoryl transfer mechanism proposed for
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this enzyme, the metal ion in site A is postulated to generate the attacking hydroxyl
ion nucleophile, and the metal ion in site B to stabilize the pentacovalent
phosphorus transition state. Our observation that carboxylate-bridged
dimagnesium(II) centers provide a kinetically more stable binding site for phosphate
esters than the corresponding dizinc(Il) center is consistent with this site preference.
Furthermore, our results offer some insight into the inability of calcium ions to
activate the Klenow fragment. The relatively large metal-metal separation in a
dicalcium carboxylate-bridged environment may be incompatible with the enzyme
active site structure, and the more rapid phosphate ester exchange rate may be too
fast to bind and orient the substrate properly.

The faster rate of phosphate ester exchange for the dicalcium complex (3) may
be useful in explaining the metal ion preferences of SNase. This highly proficient
calcium-dependent enzyme accelerates the hydrolysis of phosphodiester bonds by a
factor of 1016.21 Other metal ions such as Co2+ and Mn2* bind competitively at the

Ca2+* binding site, but are at least 105-fold less effective at activating the enzyme.??

- Magnesium ions have been reported to be ineffective at activating this enzyme,?3

and zinc is a potent inhibitor.24

The rate determining step for SNase is believed to
be product release.?’ Our results that carboxylate-bridged dicalcium(II) centers
exchange phosphate esters more rapidly than dimagnesium(Il) and dizinc(Il)

analogs are consistent with the preference of SNase for calcium.

CONCLUSIONS

The carboxylate- and phosphodiester-bridged magnesium, zinc, and calcium
complexes presented here are useful structural models for studying the behavior of
these metal ions in relevant biomimetic environments. The metal-metal
separation in the dimagnesium (1) and the dizinc (2) complexes are comparable to

those found in similar carboxylate-bridged phosphatase active sites. The structural
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features of 1 -3 may also be useful as models for fitting the electron density of
protein crystal structures to provide more detailed geometries around the metal
centers. The observed differences in phosphate ester exchange rates for 1 -3 were
found to be comparable to the differences in water exchange rates for the hydrated
metal ions. The phosphodiester exchange rates of 1 - 3 may be useful to biochemists

studying phosphate ester processing metalloenzymes.
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Scheme 1. Proposed mechanism for phosphate ester exchange.

CD;0D or H,0O

M = Mg(Il), Zn(II), or Ca(II); L
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Table 1. Comparison of Magnesium(Il), Calcium(Il), and Zinc(Il) Properties

Mgz"’ Ca2+ Zn2+
Effective Ionic 0.66 (CN = 5) 1.00 (CN = 6) 0.60 (CN =4)
Radii (A) 0.72 (CN = 6) 1.06 (CN =7) 0.67 (CN = 5)
1.18 (CN =8§) 0.74 (CN = 6)
Water Exchange 105 ~108 3 x 107
Rate (s-1)?

aReference 15. Values for preferred coordination numbers are in bold face.

bReference 20.
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Table 2. Crystallographic and Experimental Data for 3-CH3zOH

compound 3-CH30H
formula CgoH76N2021CasPy
fw 1303.33
crystal size 0.3x03x0.5 mm
crystal system monoclinic
space group P21/n

a, A 16.5471 (3)

b, A 24.3415 (6)

¢, A 16.5865 (3)

B, deg 104.2530 (10)
v, A3 6475.1 (2)

Z 4

T,°C -80

Dcaled, g cm’! 1.34

abs coeff, cm-1 3.00

26 range, deg 3<26<46.53
no. of unique data 9251

no. of obsd data 7858
(I>20(D)

Rpmerge (%) 0.044

no. of variables 764

R# 0.053

wR24 0.142

More details about the weighting scheme and other experimental protocols may be

found in reference 10.
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Table 3. Selected Bond Distances (A) and Angles (deg) for 3-CH30H.4

Bond Distances

Ca(l)  O(12)  2.2953@) Ca(2) 0(202)  2.240(2)
Ca(l)  O@1)  2306Q2) Ca(2) o(11l)  2.282(2)
Ca(l)  O(01) 2.3182) Ca(2) O(22)A  2.289(2)
Ca(l)  O(101) 2.351(2) Ca(2) O(102)  2.298(2)
Ca(l) OGl)  2.3882) Ca(2) 0(62)  2.394(2)
Ca(l) O(2)  2430(2) Ca(2) O(6l)  2.457(2)

P(1) 0(12) 1.472(3) P(2) 0(22) 1.475(2)
P(1) O(11) 1.482(3) P(2) O(21) 1.477(2)
P(1) 0(13) 1.602(2) P(2) 0O(24) 1.594(2)
P(1) 0O(14) 1.603(3) P(2) 0(23) 1.600(3)
Angles

O(12)  Ca(l) O@1)  10431(9) O(02) Ca@ Ol 914109
O(12)  Ca(l)  O(01) 91.31(10) O(02) Ca@2  O@22)A  94.0509)
O(21)  Ca(l)  O(01) 8666(9) O@11) Ca@  O@22A 96319
O(12)  Ca(l)  O@101) 101.57(9) O@02) Ca(2)  O(102)  94.76(9)
O@21)  Ca(l)  O(101) 14645(9) O(11)  Ca(2)  O(102)  100.55(9)
S 0O@01) Ca(l)  O(101) 113.83(9) O(22)A Ca2)  O(102)  160.75(9)

0(12)  PQ) o(11)  11852) O(22) PQ) 0(21) 119.67(14)
O(12)  PQ) O(13)  1108(2) O(22)  P(@) 0(24) 110.11(14)
o(11)  P(Q) O(13)  109.69(14) O21)  P(2) 0(24) 106.92(13)
O(12)  PQ) O(14)  106.69(14) O22)  P() 0(23) 104.71(13)
o(11)  P(Q) O(14)  111.55(14) O@21)  P(Q) 0(23) 110.81(14)
O(13) P(1)  O®14)  9752(13) O(4)  P(2) 0(23) 103.50(14)
P(1) O(ll)  Ca(2 139.1(2) P(2) O(21)  Ca(l) 151.3(2)
P(1) O(12)  Ca(l) 151.1(2) P(2) 0(22) Ca(A  139.27(14)

4Estimated standard deviations are given in parentheses. See Figure 2 for atom
labels.
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Table 4. Structural Parameters of Compounds 1-CH30H, 2, and 3-CH30H.

1 2 3
M1--M2, A 4.108(3) 3.869(2) 4.4628(9)
M1-O(XDK)ay, A 4 1.983(6) 1.938(6) 2.335(3)
M2-O(XDK)ay, A 4 2.059(6) 2.084(7) 2.269(3)
0101-M1-0201, deg 122.2(2) 127.6(2) 113.83(9)
0102-M2-0202, deg 100.3(2) 96.6(2) 94.76(9)
011-P1-012, deg 118.9(3) 118.8(3) 118.5(2)
P1-O-M1, deg 141.9(3) 137.6(3) 151.1(2)
P1-O-M2, deg 138.4(3) 135.8(3) 139.1(2)
¢, deg ? 19.4 21.7 23.7
dM1), A c 0.50 0.70 0.87
dM2), A c 0.71 0.61 0.71
[O(101)O(102)C(101)C(107)] vs 8.3 11 6.1

[0(201)0(202)C(201)C(207)], deg 4
@ Average value. Estimated deviations in parentheses are derived from (cA2 +
op2)1/2. b Dihedral angle between the [MIM2(Oc02)2] and the dicarboxylate planes

(average value). ¢Distance from the metal atom to the dicarboxylate plane.
4Dihedral angle.
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Table 5. Summary of Variable Temperature 31P{IH} NMR Data

compound AGH? (k] mol-1) Kcalc (s71, 25 °C) Coalescence T ( °C)
1-CH30H 60 1.9 x 102 54
2 ' 45 7.5 x 104 -30

3-CH30H 39 9.1x10° -58
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Figure 2. An ORTEP diagram of [Ca)(XDK)(DPP),(CH,OH)5(H,0)] (3).

Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms
are omitted for clarity.



79

‘¢ Jo amyonys ouewiod aip Sunensnypr weiderp JLINO UV ‘¢ 281y




80

"€ Ul J9Jusd winped drrewiAjod oy Jo MatA JHINO “F 9anSiy

g ¥20 k€720
() 4/.«‘ . .
\t‘
0 a7 u
vied %) ‘W 120

/U...W/ 2..-‘




81

SILT parenoreD YINNA Pue HOPHD-T 10§ endads AN {HildieLA 'S 3In31]

Y

wdd 91- - 7~ O &

<\ Jﬁ\ Yo ¥T-=1 :IllJﬂ\ -
% [S0L=A"DTl-=1 Jj N\

ﬁlWNmuv—\Uom.mu.H. "\ \ 1%"‘\1\11
/\/\ 15087 =D 0€ = L }f/\\\«t,\!}/\qxs&z

1-5 0001 =3"D, 5% = L g}é
/\/\ W

[-S00EL=2"D, 05 = L

.H|w 008L =D ¥S = L i

15 0008 =D, 09 = L »3.{5%




82

,k T=94°C
Jk T=-12°C
N  T=-18°C
e T — T =-30°C

MT=-39°C
B N
L

T=-75°C

Bl

| | ] |
-8 -10 12 -14 -16 ppm

Figure 6. VT-31P{1H} NMR Spectra for 2.
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Chapter4
Studies of Water-Soluble Carboxylate-Bridged Dimagnesium(II) Complexes
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INTRODUCTION

The formation and hydrolysis of phosphate ester bonds play important
regulatory roles in biology. Nature employs kinases and phosphatases to catalyze
these reactions under physiological conditions, and many of these enzymes require
metal ions, such as magnesium, as cofactors. Enzymes such as the Klenow fragment
of DNA polymerase I from Escherichia coli' have been structurally characterized to
reveal a carboxylate-bridged dimetallic site responsible for the hydrolysis of
phosphate esters. Several mechanisms have been proposed for phosphate ester
hydrolysis in these enzymes. In the Klenow fragment, a two-metal-ion phosphoryl
transfer mechanism has been postulated where the metal ions bind the substrate,
then one metal ion generates the attacking nucleophile and the other stabilizes the

transition state.l

As shown in Scheme 1, the two carboxylate-bridged metal ions are
proposed to be further bridged by a single oxygen atom of the scissile phosphate
group and form two fused four-membered bidentate chelate rings with the
phosphate. Scheme 2 illustrates the details of an alternative mechanism which has
been recently been proposed to account for the results of phosphate ester hydrolysis

in a dicobalt(Ill) model compound for phosphatases.?

In this mechanism, a
dimetallic center is bridged by a both bidentate phosphodiester ligand and hydroxide
and oxide ions. The oxide ion has been shown to act as an internal nucleophile in
the hydrolysis of the bridging phosphate ester.

We have developed a program to investigate the chemistry associated with
the carboxylate-bridged dimagnesium(II) unit and to evaluate its potential as a
phosphatase model. We began our studies by utilizing the dinucleating ligand XDK,
where HpXDK = m-xylylenediamine bis(Kemp's triacid imide).>* From initial
modelling studies in this laboratory with diiron(IIl) centers, the carboxylate groups
of XDK were found to be highly effective in stabilizing dimetallic units of labile

5

metal ions.”® As we reported in chapter 2 of this thesis, a dimagnesium(II)-XDK
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complex coordinated by labile solvent ligands was prepared and used as a platform
to study phosphate ester chemistry. The stepwise addition of diphenyl phosphate to
this complex afforded the first dimagnesium complexes coordinated by bridging and
terminal phosphate ligands. The phosphate esters in the bis(phosphate)-
dimagnesium compound exchanged with one another at elevated temperatures in
methanol, and a similar phenomenon was examined for the dicalcium(Il) and
dizinc(II) analogs, as described in chapter 3.

In order to extend our modelling studies to aqueous media, we recently
synthesized a water-soluble version of the XDK ligand, WXDK, where HWXDK =
m-xylylenediamine bis(trihydroxymethyl-Kemp's triacid imide) (Figure 1). This
new ligand has allowed us to prepare carboxylate-bridged dinuclear magnesium
complexes which, in addition to their value as structural models for the enzyme
active sites, can be studied in water. The synthesis of WXDK and its
dimagnesium(Il) complexes and phosphate ester-bridged derivatives are described
in this chapter, together with the ability of carboxylate-bridged dimagnesium

compounds to hydrolyze phosphate esters.

EXPERIMENTAL METHODS
General

Air- and water-sensitive reactions were performed in oven- and flame-dried
glassware under argon. Solvents were distilled over the appropriate drying agents
under nitrogen. Tetramethylammonium bis(4-nitrophenyl)phosphate was
crystallized from a methanolic solution containing bis(4-nitrophenyl)hydrogen
phosphate (HBNPP) and (Me4N)OH in a 1:1 ratio. All other reagents were
- commercially available and used without further purification. H and 31P{1H} NMR
spectra were taken on Varian XL-300 and Varian UNITY300 spectrometers. 3!P{1H}
NMR spectra were measured at 121.4 MHz with 85% H3POy as an external reference.
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19F NMR spectra were recorded on at 282.2 MHz with fluorotrichloromethane in
CeDg as an éxte’rnal reference. Infrared spectra were taken on a Bio-Rad FTS7
Fouriér transform instrument. Conductivity measurements were made at 23 °C in
deionized water with a Fisher Scientific conductivity bridge model 9-326 and a
platinum-black electrode. All pH measurements were taken with an Orion 960 pH

meter. Electronic spectra were recorded on a Cary Model 1E spectrophotometer.

Synthesis of 1,3,5-Tribenzyloxy-1,3,5-Cyclohexane-Trimethyl Ester, 1

This compound was prepared by a literature procedure6 with the following
modifications. The cyclohexane-1,3,5-trimethyl ester (33.4 g, 0.129 mol) was
dissolved in ~300 mL of toluene and added to a solution of LDA (300 mL, 1.5 M in
cyclohexane) in toluene (~500 mL) which had been cooled to 0 °C.
Benzyléhloromethyl ether (60.9 mL, 0.411 mol) was added to this solution which
was further cooled to -40 °C in an acetonitrile/dry ice bath and allowed to warm
gradually to room temperature over a period of 3-4 h and stirred overnight (12 h).
~ The reaction mixture was then heated to approximately 60 °C and stirred for another
hour. Recrystallization of the product following work-up was carried out in the
following manner. Approximately 30 g of the brown, viscous oil was diluted with
300 mL of methanol, and the solution was heated to 65 °C. A white fluffy product
precipitated. The solution was cooled gradually to room temperature and placed in
a refrigerator (4 °C) overnight to afford more solid. Yield: 45% (36.2 g, 0.059 mol).

The TH NMR spectrum was consistent with that in the literature.

Synthesis of 1,3,5-Tribenzyloxy-1,3,5-Cyclohexane-Tricarboxylic Acid, 2
This compound was obtained as described in the literature.® Yield: 95% (32.1
g, 0.056 mol).
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Synthesis of 1,3,5-Tribenzyloxy-1,3,5-Cyclohexane Anhydride Acid Chloride, 3

A solution of the tricarboxylic acid (2) (32.1 g, 0.056 mol) in thionyl chloride
(200 mL) was heated to reflux for 4-5 h. Thionyl chloride (~ 150 mL) was distilled off
and hexane was added to give a pale white precipitate. The product was filtered,
washed with hexane, and dried under vacuum overnight. Yield: 85% (27.2 g, 0.047
mol). 1H NMR, 300 MHz (DMSO-dg): 3 1.63 (m, 3 H), 2.28 (d, 2 H, ] = 13.7 Hz), 3.36-
3.46 (m,3 H),3.79 (d, 4 H, ] = 8.57 Hz), 443 (s, 2 H), 4.51 (s, 4 H), 7.25-7.35 (m, 15 H).

Synthesis of m-Xylylenediamine Bis(tribenzyloxy-Kemp's triacid imide), 4

A 500 mL Schlenk flask containing the anhydride acid chloride 3 (27.2 g, 0.047
mol) was fitted with a reflux condenser and purged with argon. Pyridine (200 mL)
was added, followed by m-xylylenediamine (3.20 g, 0.024 mol) and a catalytic amount
of dimethylaminopyridine (DMAP). The solution was heated to reflux overnight
under argon. Pyridine was distilled off and hexane was added to give a yellow-white
precipitate. Hexane was removed in vacuo, and the precipitate was dissolved in
methylene chloride (150 mL). This solution was washed with HCI (2 x 200 mL, 3M)
and H0 (200 mL), then dried over Na3SO4. The solvent was removed in vacuo and
dried under vacuum. The solid was recrystallized by vapor diffusion of ethyl ether
into a chloroform solution to give block-shaped crystals of 4. Yield: 67% (19.7 g, 0.016
mol). TH NMR, 300 MHz (CDCl3): § 1.58-1.63 (m, 6 H), 1.88 (s, 6 H), 2.51 (d,4 H, ] =
13.8 Hz), 2.68 (d, 2 H, | = 13.4 Hz), 3.32-3.43 (m, 8 H), 3.83 (m, 4 H), 4.39-4.52 (m, 12 H),
6.58 (s, 1 H), 7.07 (s, 1 H), 7.14-7.26 (m, 15 H).

Synthesis of m-Xylenediamine Bis(trihydroxymethyl-Kemp's triacid imide)
(H,WXDK), 5
A suspension of 4 (1.0 g, 0.821 mmol) in 8 mL of formic acid was stirred at 0

°C. Anhydrous HBr(g) generated from NaBr(s) and HSO4(l) was transferred via a
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teflon cannula into the formic acid mixtﬁre and passed through the suspension for
approximately 8 min, resulting in a clear solution. Argon was then bubbled through
the solution for at least 15 min, and the solution was concentrated in vacuo and
dried under vacuum. The dried residue was triturated with CHCl3 and
recrystallizéd from a methanol/ethyl ether solvent system to afford crystalline
product. X-ray crystallography indicated the composition to be HyWXDK-H0-
‘MeOH. Yield: 81% (448 mg, 0.662 mmol). 1H NMR, 300 MHz (D20): §1.52 (d, 4 H, J
=14.2Hz),1.61(d,2H,]=13.1Hz),2.02 (s,6 H),2.51 (d,4H,] =143 Hz),2.80 (d,2 H, |
=12.5 Hz), 3.51 - 3.60 (m, 8 H), 4.11 (d, 4 H, ] = 11.7 Hz), 4.7 (D0), 6.95 (s, 1 H), 7.39 (s, 1
H). IR (nujol): 3530 (m), 3471 (m), 3378 (br), 1727 (m), 1698 (s), 1682 (m), 1323 (m),
1247 (m), 1191 (m), 1048 (m), 956, 875, 790, 726 cm-l. Samples submitted for
elemental analysis were heated to 100 °C under vacuum for 12 h to remove solvent |
in the lattice. Anal. Calcd. for C39H40014N2: C, 56.80; H, 5.96; N, 4.14. Found: C,
56.37; H, 5.99; N, 4.05. HRMS (EI). Calcd. for C32H40014N2: 676.2480. Found:
676.2472.

Synthesis of [Mg2(WXDK)(u-n20CH2CH,0CH3)(CH30CH,CH,;0H),(H,0)(OTH)-
‘CH30CH,CH,0H, 6(0OTf)-CH;0CH2CH>0H
Method 1: A methanol solution (500 pl) of Mg(CF3503)2 (19 mg, 0.0591 mmol)
was added to a solution of HWXDK (20 mg, 0.0296 mmol) and
tetrabutylammonium hydroxide (65 pL, 1.0 M in MeOH, 0.0650 mmol) in methanol
(3 mL). The solution was stirred for at least 15 min, then the solvent was removed
in vacuo to give a white product which was dried under vacuum. Recrystallization
| of the product by vapor diffusion of ethyl ether (Et2O) into a 2-methoxyethanol
(HMOE) solution afforded long colorless block crystals which were collected and
washed with Et7O. Yield: 30% (11 mg, 0.0092 mmol). Method 2: A HMOE solution
containing H;WXDK (20 mg, 0.0296 mmol) and (BuyN)OH-30H20 (71 mg, 0.0888
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mmol) was stirred for 10 min, then Mg(CF3SO3)2 (19 mg, 0.0591 mmol) was added.
The solution was stirred for an additional 30 min, and the solvent was removed in
vacuo. The dried residue was recrystallized from a HMOE/ethyl ether solvent
system. Yield: 37% (13 mg, 0.0109 mmol). 'H NMR, 300 MHz (D;0): §1.29 (d,4 H, J
=13.4 Hz),143 (d,2H, ] =13.1Hz),1.90 (s, 6 H),2.37 (d, 4 H, ] = 13.7 Hz), 2.68 (d, 2 H, ]
=13.3 Hz), 3.0 - 3.6 (m), 4.02 (d, 4 H, ] = 11.5 Hz), 4.7 (D20), 7.14 (s, 1 H), 7.23 (s, 1 H).
IR (Nujol): 3426 (br), 1724 (m), 1685 (s), 1616 (m), 1504 (s), 1258 (s), 1143 (s), 1036 (s),
947 (s) cm-l. Samples prepared for elemental analysis were dried to remove HMOE.
Anal. Calcd. for Mg2C4oHe7026N2SF3 (6(OTf)-2H20) : C, 43.73; H, 5.85; N, 2.43. Found:
C,43.44, H, 5.66; N, 2.40.

Synthesis of [Mg2(WXDK){u-n2-(PhO),PO,}(CH30CH,CH,0H),(H,0),1(NO3)-
2CH30H, 7(NO3)-2CH30H

A methanolic solution (1 mL) of Mg(NO3)2-6H20 (211 mg, 0.822 mmol) was
added to a solution of HoWXDK (278 mg, 0.411 mmol) and tetrabutylammonium
hydroxide (822 puL, 1.0 M in MeOH, 0.822 mmol) in methanol (3 mL). The solution
was stirred for about 15 min, then a methanolic solution (1 mL) of (MeyN)DPP
(tetramethylammonium diphenyl phosphate, 133 mg, 0.411 mmol) was added, and
this solution was stirred for an additional 15 min. The solvent was removed in
vacuo, and the product was dried under vacuum. The white, flaky solid was
recrystallized by vapor diffusion of ethyl ether into a 2-methoxyethanol (HMOE)
solution to give long needles. The dried crystalline product was treated with excess
pyridine (5 mL) in chloroform (10 mL) and the insoluble salt contaminants were
removed by filtration. The CHCl3/py filtrate containing the complex was placed
under vacuum to remove the solvents, and the residue was again dried under
vacuum. The dried sample was then redissolved in HMOE, and vapor diffusion of

ethyl ether into the resulting solution afforded colorless crystals of 7. Yield: 70% (358
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mg, 0.285 mmol). IH NMR, 300 MHz (D;0): § 1.30 (d, 4 H,] = 13.8 Hz), 145 (d, 2 H, |
= 12.8 Hz), 1.92 (s, 6 H), 2.39 (d, 4 H, ] = 13.7 Hz), 2.69 (d, 2 H, ] = 13.0 Hz), 3.09 - 3.64
(m), 4.02 (d,4 H, ] = 11.4 Hz), 4.7 (D20), 7.11 - 7.34 (m, 12 H). 31P{IH} NMR, 121.4 MHz |
(D20): 8 -8.1 (s). 31P{1H} NMR, 121.4 MHz (CD30D): 8 -15.1 (s, br). IR (Nujol): 3413
(br), 1723 (m), 1677 (s), 1621 (m), 1262 (s), 1193 (m), 1135 (m), 1038 (m), 933 (m), 799,
719 cm-l. Samples prepared for elemental analysis were dried to remove methanol.
Anal. Calcd. for MgaCs0H71N3028 5P (7(NO3)-1.5H0): C, 48.06; H, 5.73; N, 3.36.
Found: C, 47.83; H, 6.01; N, 3.85.

Synthesis of [Mg(WXDK){u-n2-(PhO),PO2(CH30CH2CH,0H)2(H20)21(0OTH)-
-CH30CH,CH,0H, 8(OTf)-CH;0OCH,CH,0H

A methanolic solution (1 mL) of Mg(CF3503), (133 mg, 0.414 mmol) was
added to a solution of HYWXDK (140 mg, 0.207 mmol) and tetramethylammonium
hydroxide (174 pL, 25 wt. % soln in MeOH, 0.414 mmol) in methanol (3 mL). The
solution was stirred for about 15 min, following which a methanol solution (1 mL)
of (MegN)DPP (tetramethylammonium diphenyl phosphate, 67 mg, 0.207 mmol)
was added, and this solution was stirred for another 15 min. The solvent was
removed in vacuo, and the product was dried under vacuum. The dried residue
was recrystallized by vapor diffusion of ethyl ether into a 2-methoxyethanol (HMOE)
solution to give long needles and small amounts of Me4N+* salt contaminants. The
dried crystalline product was treated with excess pyridine in chloroform, and the
insoluble salt contaminants were removed by filtration. The CHCl3/py filtrate
containing the complex was placed under vacuum to remove the solvents, and the
residue was dried under vacuum. The dried sample was then redissolved in
HMOE, and vapor diffusion of ethyl ether afforded colorless crystals. Yield: 33% (94
mg, 0.068 mmol). 1H NMR, 300 MHz (D20): $1.29(d,4H, ] =13.8 Hz),143 (d,2 H, ]
= 13.4 Hz), 1.91 (s, 6 H), 2.38 (d, 4 H, ] = 13.2 Hz), 2.68 (d, 2 H, ] = 13.1 Hz), 3.07 - 3.63
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(m), 4.01 (d,4 H, ] = 11.7 Hz), 4.7 (D20), 7.10 - 7.33 (m, 12 H). 31P{1H} NMR, 121.4 MHz
(D20): & -8.0 (s). 31P{1H} NMR, 121.4 MHz (CD30D): 8 -15.2 (s, br). IR (Niujol): 3476
(br), 1720 (s), 1683 (s), 1630 (s), 1590 (m), 1258 (m, br), 1196, 1170, 1121, 1029, 914, 827,
780 cm-l. Elemental analysis samples were dried to remove HMOE. Anal. Calcd. for
Mg2Cs1H7oN2028PSF3 (8(OTf)-H20): C, 46.14; H, 5.31; N, 2.11. Found: C, 45.93; H, 5.63;
N, 2.08.

Synthesis of [Mg2(WXDK){u-n2-(p-NO2Ph0)2PO2(CH30CH2CH20H)3(H20)2]1-
(OTf)o.5(BNPP)g,5:0.5CH3 OCH2,CH20H, 9(OTf)o.5(BNPP)g.5:0.5CH30CH2CH2,0H

A methanolic solution (1 mL) of Mg(CF3503)2 (48 mg, 0.148 mmol) was added
to a solution of HoWXDK (50 mg, 0.074 mmol) and tetramethylammonium
hydroxide (25 pL, 25 wt. % soln in MeOH, 0.148 mmol) in methanol (3 mL). The
solution was stirred for at least 15 min, then a methanol solution of (Me4sJN)BNPP
(tetramethylammonium bis(4-nitrophenyl)phosphate, 31 mg, 0.074 mmol) was
added. This light-yellow solution was stirred for an additional 15 min. The solvent
was removed in vacuo, and the light-yellow product was dried under vacuum.
‘Recrystallization by vapor diffusion of ethyl ether into a 2-methoxyethanol (FIMOE)
solution gave colorless crystals. The crystalline material was treated with pyridine
in excess chloroform and the salt contaminants were removed by filtration. The
py/CHCl3 }'filtrate was placed under vacuum to remove the solvents, and the dried -
residue was redissolved in HMOE. Vapor diffusion of ethyl ether into the HMOE
solution gave 9 in 55% yield (64 mg, 0.041 mmol). 1H NMR, 300 MHz (CD30D): §
143 (m, 6 H), 1.98 (s, 6 H), 2.56 (d,4 H, ] = 13.5Hz),2.77 (d,2 H, ] = 123 Hz), 3.3 - 3.7
(m), 4.07 (d, 4 H, ] = 114 Hz), 49 (s), 7.15 (s, 1 H), 7.30 (s, 1 H), 7.40 (d, 6 H, ] = 9.3 Hz),
8.20 (d, 6 H, ] = 9.3 Hz). 31P{1H} NMR, 121.4 MHz (D20): § -10.5 (s). 31P{1H} NMR,
121.4 MHz (CD3OD): & -11.2 (br), 16.9 (s). 19F NMR, 282.2 MHz, (D70): & -78.8 (s). IR
(Nujbl): 3502 (br), 3444 (br), 1720 (m), 1676 (s), 1632 (s), 1518 (s), 1340 (s), 1260 (s), 1220,
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1122, 1076, 1031, 908 (m), 762 cm-1. Samples prepared for elemental analysis were
dried to remove HMOE. Anal. Calcd. for MgaCs9.5Hg0036.5N5F1.5P1.550.5
(9(0Tf)o,5(BNPP)o,5-H20): C,4498; H,5.07; N, 4.41. Found: C, 44.83; H, 5.15; N, 4.28.

X-ray Crystallography

Single-crystal X-ray diffraction studies were carried out on a Siemens CCD X-
ray diffraction system controlled by a pentium-based PC running the SMART
version 4.0 software package,7 as pre\}iously described.® Crystals were mounted at
room temperature on the ends of quartz fibers in Paratone and data collection was
carried out at -80 or -85 °C. The crystals were judged to be of acceptable quality on the
basis of initial unit cell matrices and reflection profiles. Crystallographic data for
compounds 5, 6,8, and 9 are given in Table 1. Crystallographic data for 7 are as
follows: monoclinic, P21/c, cell constants (-80 °C): a = 16.8182(9) A, b = 23.8189(9) A, ¢
= 14.8326(7) A, B = 92.691(1) °; V = 5935.3(4) A3; Z = 4; Rerge = 0.21; R1 = 0.188 and
wR2 = 0.453 for 5321 independent reflections with I > 26(I) and 785 variable
parameters. The data for the structures described in this chapter, including tables of
atomic positional parameters and anisotropic temperature factors, are available on a

4mm DAT tape.

Structure Solution and Refinement

All computations were carried out on Silicon Graphics Indy workstations.
The raw data frames were processed by the SAINT version 4.0 software package.9
All aspects of the structure solution and refinement were handled by the SHELXTL
version 5.0 software package.10 Space groups for all structures were determined by
examining the systematic absences in the data. For 6 and 8, the polar space group
assignment was made by inverting the structure and reviewing the least squares

refinement output. Non-hydrogen atoms were located by direct methods and a
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series of structure factor calculations, least squares refinements, and difference
Fourier maps. Absorption corrections were not applied to the data sets since the
absorption coefficients were quite small for 5, 6, 8, and 9 (Table 1). The structure of

compound 7 was not refined owing to the poor quality of the data set.

pH Titrations

A stock solution of (Me4N)OH was prepared in deionized water and
standardized by HNO3, which was purchased as a standardized 0.1 M solution. The
HNOj solution was titrated with (Me4N)OH by using phenolphthalein as an
indicator. Approximately 40-60 points were taken for the titration curves and used

to calculate the pK, values with the computer program PKAS.!!

Kinetic Measurements in Aqueous Solutions

The rates of phosphate ester hydrolysis reactions of bis(4-
nitrophenyl)phosphate (BNPP-) in aqueous solution were monitored by following
the increase in absorbance at 400 nm for released 4-nitrophenolate at room
temperature, according to previously described procedures.lz'13 Buffer solutions
containing 50 mM buffer (CHES, 2-(cyclohexylamino)propane sulfonic acid, pH 9.0;
CAPS, (3-(N-cyclohexylamino)propane sulfonic acid, pH 10.0, 10.7, 10.8, and 10.9)
were used. Reactions were also investigated under unbuffered conditions.
Typically, equimolar quantities (2 mM) of (MesN)BNPP and 7 were mixed, and the
UV absorption increase was followed for 4-nitrophenolate formation, where the log

¢ values for 4-nitrophenolate were taken from the literature.!?
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RESULTS
Characterization of a Water-Soluble XDK Analog (5, HyWXDK)

We have synthesized a water-soluble analog of XDK, WXDK, by procedures
analogous to that used for the preparation of tribenzyloxy-Kemp's triacid®!4 and
H)oXDK* (Scheme 3). Tribenzyloxy-Kemp's triacid (2) was prepared as previously
described® and used as a precursor to form the anhydride acid chloride (3).
Compound 3 was coupled to m-xylylenediamine to give a product mixture which
contained the desired m-xylylenediamine bis(tribenzyloxy-Kemp's triacid imide) (4).
Compound 4 was purified by recrystallization from a chloroform-ether solvent
system. Crystals of 4 were obtained and used for X-ray crystallographic analysis. The
crystals were of poor quality, but were sufficient to confirm that the structure of 4
was that shown in Scheme 3. Removal of the benzyl groups from 4 with HBr(g)
generated the m-xylylenediamine bis(trihydroxymethyl-Kemp's triacid imide) (5,
H,WXDK). An X-ray analysis of 5 confirmed its structure to be that shown in Figure
1. Compound 5 crystallizes with a water and a methanol in the lattice which are
hydrogen-bonded to the HoWXDK ligand (Figures 2 and 3). The hydrogen atoms for
the solvent molecules were located from difference Fourier maps and refined
isotropically. All other carbon- and oxygen-bound hydrogen atoms were calculated
at their ideal positions and were assigned a thermal parameter equivalent to 1.2
times the thermal parameter of the atom to which it is attached. The bond distances
and angles are given in Tables 2 and 3. The oxygen-oxygen hydrogen-bonded
carboxylate distances are 01010201 = 2.619 A and 01020202 = 2.624 A. The
hydrogen-bonded distances of the water molecule (O31) to O15, 024, 0103, and 0203
are 2.906, 2.762, 2.766, and 2.777 A, respectively. The lattice methanol (O41) is
hydrogen-bonded to 015 and 026, with oxygen-oxygen distances of 2.797 and 2.627 A,

respectively.
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Structure of [Mgx(WXDK)(u-n20CH,CH,0CHj3)(CH30CH2CH20H)2(H,0)1(OTf)-
-CH3;0CH,CH,0H, 6(OTf)-CH;0CH,CH,OH

The reaction of Mg(OTf); (2 equiv) with HoWXDK (1 equiv) and (BugN)OH
(2.2 equiv) in methanol and subsequent workup afforded colorless crystals of
[Mg2(WXDK)(u-n20CHCH,OCH3)(HMOE)(H0)1(OT)-HMOE, 6(OTf)-HMOE. The
IR spectrum of 6 indicated the presence of WXDK (1616 - 1724 cm-1), triflate (1258
cm-1), and hydroxyl groups (~ 3400 cm-l). The IH NMR spectrum of 6 in D,O
showed a Cy, symmetrical set of WXDK ligand resonances, as evidenced by doublets
observed for the methylene groups of the ligand.

Crystals of 6(OTf)-HMOE were grown from a 2-methoxyethanol/ethyl ether
mixed solvent system, and an X-ray crystallographic analysis revealed its structure to
be a carboxylate-bridged dimagnesium complex (Figure 4). Selected bond distances
and angles are given in Table 4. There is a slightly disordered triflate anion and a 2-
methoxyethanol in the crystal lattice. The triflate anion has one fluorine atom and
two oxygen atoms which were each disordered over two positions. The two metal
ions are bridged by the carboxylate oxygens of the WXDK ligand and the oxygen
atom of "-OCH,CH,OCHj3, a deprotonated 2-methoxyethanol. The coordination
sphere of Mgl is octahedral comprising O51 and O52, another bidentate HMOE (031
and O32), and the two carboxylate atoms of WXDK (0101 and O201). The Mgl-O
bond to the charged oxygen atoms 051, 0101, and 0201 are distinctly shorter than
those to the other oxygen atoms (052, O31, and 032). Mg2 is octahedrally
coordinated to the bridging oxygen atom (O51), a bidentate HMOE (041 and 042), a
water molecule (O43), and the carboxylates of WXDK (0102 amd 0202). The Mg2
bond distances to O51, 0102, and 0202 are also shorter than those to 041, 042, and
043. The metal-metal separation in 6 is 3.402(3) A, and the Mgl1-O51-Mg2 bond
angle is 111.8(2)°. Mgl and Mg? are displaced by 1.1 and 1.2 A, respectively, from the
dicarboxylate plane (Table 7). The dihedral angles between the [Mg1-O51-Mg2] plane
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and the [Mg1-031-032-C31-C32], [Mg2-041-042-C41-C42], and [Mg1-O51-052-C51-C52]
planes are 34, 36, and 112°, respectively. The [Mgl-O51-Mg2] plane is 84° to the plane
of the xylyl spacer. The [Mgl1-O51-052-C51-C52] plane is 89° from the [Mg1-O31-O32-
C31-C32] plane and 123° from the plane of the Mg2-HMOE five-membered chelate

ring.

Structure of [Mg2(WXDK){i-n2-(PhO),PO2}(CH30CH2CH,0H)2(H20)21(NO3)-
2CH30H, 7(NO3)-2CH30H

Compound 7 was prepared by the reaction of Mg(NO3)2:6H20 (2 equiv) with
HoWXDK (1 equiv) and 'tetrabutylammonium hydroxide (2 equiv) in methanol,
followed by the addition of (Me4N)DPP (1 equiv). Recrystallization of 7 from a 2-
methoxyethanol/ethyl ether solvent system gave the desired compound,
[Mg2(WXDK){u-1n2-(PhO)2PO2}(MOE)2(H20)2](NO3). The IR spectrum indicated the
presence of WXDK, diphenyl phosphate (1262 cm1), and hydroxyl groups. The 1H
NMR spectrum of 7 in D70 indicated a symmetrical WXDK ligand environment
and the presence of diphenyl phosphate in a 1:1 ratio with WXDK. The 3!P{1H}
NMR spectrum in D70 showed one signal at 8 -8.1, corresponding to free diphenyl
phosphate. The 31P{1H} NMR spectrum of 7 in CD30D had one signal at § -15.2,
arising from bound phosphate ester, an assignment made by comparison with that
of [Mg2(XDK){1-n2-(PhO)2PO2}(CH3OH)3(H20)(NO3)] (5 -15.5).15

Crystals of 7(NO3)-2CH30H were grown by vapor diffusion of ethyl ether into
a concentrated HMOE solution. These crystals were very fine needles that diffracted
weakly, but were of sufficient quality to obtain an X-ray structure by Chemical
Crystallographic Analysis (CCA). The structure of 7 consists of a dinuclear
magnesiuni center, bridged by the carboxylates of WXDK and a bidentate diphenyl
phosphate, along with a nitrate in the lattice. The octahedral coordination spheres

of both magnesium ions are completed by a bidentate 2-methoxyethanol and a water



97

molecule on each metal. This structure was not fully refined owing to the poor
quality of the data set. The triflate salt of this complex, [Mg2(WXDK){p-n2-
(PhO)2PO2}(MOE)2(H20)2](OTf) (8) was also prepared and its structure is discussed

below.

Structure of [Mgx(WXDK){p-n2-(PhO)2PO2}(CH30CH2CH;0H)2(H20)21(0OTf)-
-CH30CH,CH,0H, 8(OTf)-CH30CH,CH,0H

The reaction of Mg(CF3S03)2 (2 equiv) and (MegN)DPP (1 equiv) with
H;WXDK (1 equiv) and (MesN)OH (2 equiv) in methanol, followed by
recrystallization from 2-methoxyethanol/ethyl ether afforded [Mgo(WXDK){u-n2-
(PhO)2PO2}(HMOE)2(H20)2](OTH) (8). The IR spectrum of 8 revealed the presence of
WXDK, hydroxyl groups, and a feature at 1258 cm-! which could arise from both
triflate and diphenyl phosphate. The 1H and 31P{TH} NMR spectra of 8 in DO and
CD30D were similar to those of 7.

Long, crystalline needles of 8(OTf)-CH30CH,CH,0OH were grown from a
HMOE/ethyl ether solvent system, and an X-ray crystallographic analysis revealed
its structure to be analogous to that of 7 (Figure 4). Selected bond distances and
angles are given in Table 5. There is a triflate anion and two half-occupied 2-
methoxyethanol molecules in the crystal lattice. The two magnesium atoms are
situated 4.200(4) A apart, bridged by the carboxylate oxygens of WXDK and a
bidentate diphenyl phosphate. Mgl and Mg2 are displaced by 0.49 and 0.79 A,
respectively, from the dicarboxylate plane (Table 7). Each metal ion is further
coordinated in an octahedral manner by a bidentate 2-methoxyethanol and a water
molecule. The bond length of Mgl to the bridging phosphate oxygen (O31) is
2.020(7) A, which is slightly longer than that of Mg2-041 (1.998(8) A). The Mg1-0101
and -0201 bonds are also slightly longer than those of Mg2 to 0102 and 0202. The
031-P1-041 bond angle is distorted from its tetrahedral value to 119.3(4)°. The
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magnesium atoms are coordinated to the syn lone pairs of the diphenyl phosphate,
similar to that observed previously for the XDK analog, [Mg2(XDK){u-n2-(PhO),PO,}-
(CH30H)3(H20)(NO3)1.1%  The [Mg1-Mg2-031-041] plane is approximately
perpendicular to the dicarboxylate plane (90°) and the plane of the xylyl spacer (88°).
The [Mg1-O31-O41-P1] plane is roughly coplanar with the [Mg2-O31-O41-P1] plane,
with a dihedral angle of 7.4°.

Structure of [Mg2(WXDK){u-n2-(p-NO2Ph0)2PO2}(CH30CH,CH,0H)3(H,0)51-
(OTf)0.5(BNPP)g 5:0.5CH30CH2CH20H, 9(OTf)o 5(BNPP) 5:0.5CH30CH,CH,OH

Compound 9 was prepared by the reaction of Mg(CF3S03), (2 equiv) and
(MegN)BNPP (1 equiv) with HQOWXDK (1 equiv) and (MegN)OH (2 equiv) in
methanol, followed by recrystallization of the product from a 2-methoxyethanol-
/ethyl ether solvent system. The IR spectrum of 9 indicated the presence of WXDK,
triflate anion, bis(4-nitrophenyl)phosphate, and hydroxyl groups. The 'H NMR
spectrum of 9 in CD30D (Figure 7) revealed the WXDK ligand to be in a symmetrical
environment and indicated the presence of bis(4-nitrophenyl)phosphate in a 1.5:1
ratio of BNPP- to WXDK. The 31P{IH} NMR spectrum of 9 in DO showed one
signal at & -10.5, which is similar to that of free (MesN)BNPP (5 -10.8). The 31P{1H}
NMR spectrum of 9 in CD30D consisted of two signals, a broad signal at § -11.2 and a
singlet at & -15.2. The former signal was assigned to free BNPP-, and the latter was
assigned to the bound species since our previous studies have shown that an upfield
shift occurs upon coordination to the dimagnesium center.!® The free-to-bound
phosphodiester ratio integrated to be 1:2. The 19F NMR spectrum of 9 in D,O
showed a signal at 6 -78.8, corresponding to triflate anion.

Crystals of 9(OTf)o.5(BNPP)(.5:0.5CH30CH2CH20H were grown by vapor
diffusion of ethyl ether into a concentrated 2-methoxyethanol solution. An X-ray

analysis of 9 revealed its structure to comprise a dinuclear magnesium center,
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bridged by the carboxylate oxygen atoms of WXDK and a bidentate bis(4-
nitrophenyl)phosphate ligand (Figure 5). Selected bond distances and angles are
given in Table 6. There is a disordered BNPP- at half occupancy in the lattice, along
with a half occupied triflate anion in the crystal lattice. This structure is consistent
with our NMR studies, which indicated the presence of triflate anion by 19F NMR
and a 1:2 free-to-bound BNPP- ratio in the 31P{1H} NMR spectrum. Both
magnesium atoms in 9 are octahedrally coordinated. Mgl and Mg2 are displaced by
0.64 and 0.72 A, respectively, from the dicarboxylate plane (Table 7). Mgl is
- coordinated by O31 of the bridging phosphate, 0101 and 0201 of WXDK, two
monodentate 2-methoxyethanol ligands (O32 and O34), and one water molecule
(O36). Mg2 is coordinated by O41 of bis(4-nitrophenyl)phosphate, 0102 and 0202 of
WXDK, a bidentate HMOE (O42 and O43), and a water molecule (O44). The
magnesium atoms are situated 4.340(3) A apart. The 031-P1-O41 bond angle is
120.6(3)°, whereas the other angles around P1 are roughly tetrahedral. The [Mgl-
031-041-Mg2] plane is 84° and 93° from the dicarboxylate and xylyl spacer planes,
. respectively. The dihedral angle between the [Mg1-O31-0O41-P1] and [Mg2-031-O41-
P1] planes is 14°.

Solution Properties of Dimagnesium-WXDK Complexes

A pH titration of the HoWXDK ligand revealed the second pK, of the
carboxylate groups to be unusally high (pKa2 ~ 11), although similar to that
previously reported for the HyXDK ligand (pKa2 = 11.1).16 Since metal ions lower
the pK, values of their ligands, we expected to find that the pKga2 of the
dimagnesium WXDK complexes would be lowered by about 3-4 pK, units. For
example, in the presence of Mg2+, the pKa value of DL-3-hydroxybutanoic acid (CHs-
CH(OH)-CH3-CO3H) is lowered from 4.28 to 0.60.17 A pH titration of 7 with
(Me4N)OH and HNO3 revealed a titratable group at pH ~ 9 (Figure 8), which we
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attribute to the pK, value of the metal-bound WXDK ligand.
Tetramethylammonium hydroxide was used for the titrations to avoid competition
of Na+ with Mg2+ for coordination to the ligand carboxylates.

Protonation of the carboxylate oxygen atoms in WXDK ligand could lead »to
displacement of magnesium ion from 7. Conductivity measurements of 7 in
deionized water revealed it to be a .2:1 electrolyte. This finding was initially
attributed to dissociation of the bridging diphenyl phosphate ligand. The results of
the pH titration, however, suggest that the 2:1 electrolyte behavior could also be
attributed to Mg2+, NO3', DPP-, and [Mg(HWXDK)an]O. The structure of
[Mg(HWXDK),Ln] is suggested by that of the known [Mg(HXDK)2(H20)2] complex,
which was isolated from the reaction of a dinuclear magnesium XDK complex
under acidic conditions.!®> In order to avoid formation of such a complex, the
phosphate ester hydrolysis studies were carried out at pH values above 10.

The ability of complex 7 to hydrolyze bis(4-nitrophenyl)phosphate was
investigated. Phosphate éster hydrolysis was not observed below pH 10.5, which is
not surprising since the pKj of water bound to magnesium is 11.4.18 and the rate of
hydrolysis appeared to be maximized at pH 10.9. Moreover, the rate of phosphate
ester hydrolysis in 7 was comparable to that observed for free Mg(NO3)2:6H20 under
the same conditions. From preliminary kinetic experiments, initial second order
rate constants for BNPP- hydrolysis were determined to be 6 x 108 M1 5"l and 4 x 10-
8 M-1 51 for 7 and Mg(NO3)2-6H20, respectively, at pH 10.9 (Figure 9). Since the
[Mg2+] concentration in 7 is two times that of Mg(NO3)2:6H70, these rates of
hydrolysis are currently considered to be comparable in our studies. Similar results
were obtained for the hydrolysis of BNPP- by .the [Mg2(XDK)(CH30H)4(H20)2-
(NO3)]1(NO3) complex and free magnesium nitrate in methanol, as reported in

chapter 2.
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DISCUSSION

The HyWXDK ligand (5) was synthesized to afford water-soluble models of
magnesium-dependent phosphate ester hydrolyzing enzymes. The synthesis of the
new ligand was relatively straightforward and the precursor, m-xylylenediamine
bis(tribenzyloxy-Kemp's triacid imide) (4), could be obtained in large quantities (~ 20
g). Removal of the benzyl groups in 4 to yield HoWXDK was carried out on smaller
scales (~1 g).

Initial attempts to synthesize and crystallize dimagnesium(II) WXDK
complexes were carried out by procedures analogous to those employed for the
[Mg2(XDK)Ln] analogs.15 These methods were ineffective for crystallizing
[Mg2(WXDK)Lp] complexes, however. Since the WXDK ligand has six
hydroxymethyl groﬁps, we decided to try to crystallize the [Mgy(WXDK)Ly]
complexes by vapor diffusion of ethyl ether into 2-methoxyethanol (HMOE)
solutions. 2-Methoxyethanol is recognized as a useful solvent for crystallizing
sugars, of which WXDK may be considered an analogue.19 With this solvent, we
could obtain crystals of several dimagnesium(Il) WXDK complexes which were
suitable for X-ray analyses.

The X-ray structure of 6 reveals some new features for carboxylate-bridged
dimagnesium centers (Figure 4). It demonstrates the ability of a carboxylate-bridged
dinuclear magnesium unit to form a single atom bridge, a féature not previously
encountered in our structural studies of dimagnesium XDK complexes.!® The
Mg1-~Mg2 distance in 6 is 3.402(3) A, which is about 0.5 A shorter than the 3.9 A
metal-metal separation reported for a carboxylate-bridged dimetallic active site in
the 2.6 A resolution crystal structure of the Klenow fragment complexed with a
deoxynucleoside monophosphate product.1 In this protein crystal structure, there is
one asparatate amino acid residue bridging the two metal ions, along with a

monodentate oxygen atom of phosphate. One metal ion in the Klenow fragment
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structure is further coordinated by a monodentate aspartate and a monodehtate
glutamate. The strueture of 6 has two bidentate carboxylates bridging the two metal
~ ions and differs from that seen in the protein erystal structure. It may be possible,
however, that one of the monodentate carboxylate ligands undergoes a
monodentate to bidentate "carboxylate shift"z‘0 during the phosphate ester
hydrolysis reaction, which may help to facilitate product release by redistributing the
charges around the metal center. If so, the resulting structure would resemble that
of 6. The structural studies of the Klenow fragment have formed the basis for the
proposed 'two-metal-ion mechanism of phosphoryl transfer (Scheme 1).! The
shorter Mg----Mg separation in 6, which has a unidentate bridge, suggests the
possibility that the bidentate carboxylate-bridged dimetallic active site in the Klenow
fragment is not bridged by a single oxygen atom of the phosphate ester. The metal-
metal distance of 3.9 A observed is more consistent with a bidentate bridging
phosphate (see below). Thus, the geometry at the dimagnesium center in 6 may be
useful in reassessing the electron density in the protein active site and perhaps
reevaluating the proposed two-metal-ion mechanism.

Compounds 7 and 8 are structurally quite similar to one another, with each
containing a dinuclear magnesium center bridged by the carboxylate oxygen atoms
of WXDK and a bidentate diphenyl phosphate. The crystals of 7 used for an X-ray
analysis were of poor quality, so the triflate salt of this compound (8) was prepared
in an effort to obtain a better structure (Figure 4). The metal-metal separation of
4.200(4) A in 8 is similar to that observed in the XDK analog [Mgs(XDK){u-n2-
(PhO)2PO2}(CH30H)3(H20)(NO3)] of 4.240(5) A.1° These metal-metal distances are
comparable, w1th1n the error limits of protein structural determination, to the 3.9 A
distance obéerved in the Klenow fragment.1 Interestingly, the WXDK analog of
[Mg2(XDK){n-n2-(PhO)2PO2H{n1-(PhO)2PO2}(CH30H)3(H20)] did not form in the
presence of two equivalents of diphenyl phosphate. The structures of both 7 and 8
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suggest that éoordination of 2-methoxyethanol is useful for crystallizing the
diphenyl phosphate derivative. Our ability to synthesize and crystallize compound
9, a dimagnesium(II) WXDK complex bridged by a bidentate bis(4-
nitrophenyl)phosphate, an activated phosphate ester, is interesting, since this
phosphate ester binding mode has been proposed to activate the substrate for
hydrolysis in monodentate carboxylate-bridged dimetallic enzymes?!24 and in
dicobalt(TIT) model compounds for phosphatases.? The 31P{1H} NMR spectra of 7 -9
in D20 and CD30D are consistent with the observation that less polar solvents
stabilize metal-chelate complexes.25 In D70, diphenyl phosphate appears to be
dissociated in solution, whereas in CD30D, the 31P{!H} NMR spectra indicate the
presence of a bridging phosphate ester, similar to our earlier results with the
dimagnesium(II)-XDK analogs.15

Our present studies with carboxylate- and phosphate ester-bridged
dimagnesium complexes as phosphatase models have led us to evaluate critically
the current proposed mechanisms for phosphate ester hydrolysis. Our model
compounds suggest several inconsistencies in the two-metal-ion mechanism
proposed for the Klenow fragment. The metal-metal separation revealed by the
protein crystal structure is too large for a single phosphate oxygen atom and a
bidentate carboxylate bridge. Furthermore, the proposed mechanism required the
metal ions to form two fused four-membered chelate rings to the phosphodiester -
substrate (Scheme 1), a geometry which has not been observed in metal-
phosphodiester complexes and one which would be of very high energy even as a
transistion state.25-27

The results of our modelling studies better support a mechanism proposed
for dicobalt(IIl) phosphatase model compou:nds.2 As depicted in Scheme 2, this
mechanism involves bidentate coordination of a phosphodiester, followed by

intramolecular attack of a bridging hydroxide or oxide ion on the phosphorus
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center. Such a bidentate coordination mode to the dimetallic center has been
proposed to be more effective for activation of the phosphate group.?83! We, and
others, have observed that bidentate coordination of a phosphodiester to a
dimetallic center results in a ~ 120° O-P-O bond angle at phosphorus,!® which
would lower the energy of a pentavalent transition state for phosphate ester
hydrolysis by preassembling one of the required trigonal bipyramidal bond angles.
Furthermore, the bridged bidentate coordination mode favors an Sn2-like in-line
attack of a bridging OH"~ which results in inversion of configuration at the terminal
phosphorus. Such an inversion has been observed in enzymatic studies with the
Klenow fragment.32

The phosphate ester hydrolysis experiments carried out here support the
mechanism illustrated in Scheme 2. Our model compounds have two magnesium
ions bridged by two bidentate carboxylate groups, as well as a bidentate
phosphodiester. We attribute the failure of these complexes to accelerate the rate of
phosphate ester hydrolysis by comparison to the hydrolysis rate of free magnesium
ions in water or in methanol to the inability to form the additional bridging
hydroxide ion required in this mechanism. We are currently investigating
alternative ligand systems that contain only one carboxylate group which can be

used for assembling dimagnesium phosphatase model complexes.

CONCLUSIONS

We have synthesized and structurally characterized a water-soluble
dicarboxylate ligand, WXDK, which has been used to prepare carboxylate-bridged
dinuclear magnesium complexes as models for phosphate ester processing
metalloenzymes. The dinuclear magnesium model compounds provide insights
into the possible geometries around similar metal centers in phosphatase enzymes.

These model compounds should therefore be useful to X-ray crystallographers for
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fitting the electron density of carboxylate-bridged dimetallic units in protein active
sites. The dimagnesium-WXDK complexes have also allowed us to investigate the
properties of such carboxylate-bridged centers in aqueous media. Our phosphate
ester hydrolytic studies with dimagnesium-WXDK complexes, and previous work
with analogous XDK complexes, have revealed no enhancement in the rates of
hydrolysis by comparison to free magnesium ions. The results of our modelling
- studies support a mechanism for phosphate ester hydrolysis where a phosphate
ester coordinated in a bidentate manner to a carboxylate-bridged dimagnesium
center is attacked by a bridging hydroxide ion. These observations may suggest
alternafive mechanisms for phosphate ester processing enzymes which employ a
carboxylate-bridged dimetallic active site, and this information may be useful to

biochemists studying the mechanisms of phosphate ester hydrolysis.
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Scheme 1. Proposed two-metal-ion mechanism for the Klenow Fragment.
Adapted from reference 1.



109

N

| /(-‘-\

B
ks

Scheme 2. Proposed mechanism for phosphate ester hydrolysis
by a dicobalt(Il) phosphatase model compound. Adapted from
reference 2.
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Table 2. Intramolecular Distances Involving the Nonhydrogen Atoms for 5.4

atom atom distance atom atom  distance
0O(14) C(104) 1.389(4) C(107) C(112) 1.535(4)
0(15) C(105) 1.419(4) - C(108)  C(109) 1.549(4)
O(16) C(106) 1.424(4) ‘ C(109) C(110) 1.524(4)
0O(24) C(204) 1.406(4) C(110) C(111) 1.518(4)
- 0O(25) C(205) 1.421(4) ' C(111) C(112) 1.523(4)
0O(26) C(206) 1.415(4) C(201) C(207) 1.517(4)
O(101) C(101) 1.274(4) C(202) C(209) 1.524(4)
0(102) C(101) 1.248(4) C(203) C(211) 1.516(4)
0(103)  C(102) 1.217(3) C(204) C(207) 1.560(4)
O(104)  C(103) 1.209(3) C(205) C(209) 1.532(4)
0O(201)  C(201) 1.255(4) C(206) C(211) 1.529(4)
0(202) C(201) 1.270(4) C(207) C(208) 1.531(4)
0(203)  C(203) 1.216(3) C(207) C(212) 1.542(4)
0(204) C(202) 1.208(3) C(208) C(209)  1.538(4)
N(101) C(102) 1.400(4) C(209) C(210) 1.517(4)
N(101) C(103) - 1.408(4) C(210) C(211) 1.523(4)
N(101) C(302) 1.456(3) C(211) C(212) 1.541(4)
N(201) C(202) 1.3994) C(301) C(302) 1.381(4)
N(201) C(203) 1.400(4) C(301) C(306) 1.383(4)
N(201) C(306) 1.457(4) C(302) C(303) 1.389(4)
C(101) C(107) 1.523(4) C(303) . C(304) 1.395(4)
C(102) C(109) 1.526(4) C(303) C(307) 1.508(4)
C(103) C(111) 1.518(4) C(304) C(305) 1.386(4)
C(104) C(107) 1.553(4) C(305) C(306) 1.387(4)
C(105) C(109) 1.515(4) C(305) C(308) 1.510(4)
C(106) C(111) 1.528(4) O@i41)  C41) 1.387(7)

C(107)  C(108)  1.532(4)

#Estimated standard deviations are given in parentheses. See Figure 1 for atom
labels.
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Table 3. Intramolecular Bond Angles Involving the Nonhydrogen Atoms for 5.4

atom atom atom angle atom atom atom angle

C(102)  N(101) C(103) 1252(2) C(103) C(111) C(106)  108.4(2)
C(102) N(101) C(302) 1182(2) C(112) C@111) C(106)  107.5(2)
C(103) N(101) C(302) 1165(2) C(111) C(112) C@107)  115.9(2)
C(202)  N(201) C(203) 1244(2) O(Q01) C(201) O(202) 123.03)
C(202) N(201) C(306) 1184(2) O(01) C(201) C07)  120.1(3)
C(203) N(201) C(306) 117.12) O@02) C(201) C(07) 116.8(3)
O(102)  C(101)  O(101) 1232(3) O@04) C(202) N(201) 119.2(3)
O(102) C(101)  C(107) 1193(3) O@04) C(202) C(09)  122.6(3)
O(101) C(101) C(107)  117.53) N(201) C(202) C(09)  118.1(2)
O(103)  C(102) N(101) 120.03) O(03) C(203) N(201) 119.9(3)
O(103)  C(102)  C(109)  122.6(3) O(03) C(203) CQ11)  122.8(3)
N(101) C(102)  C(109)  117.4(2) N(201) C(203) C(11)  117.3(3)
O(104) C(103) N(101) 1189(3) O(4)  C(04) C(207) 1124(2)
O(104) C(103) C(111) 1239(3) O(@5)  C(205) C(209)  111.5(3)
N(101) C(103) C(111) 117.22) O@6)  C(06) C@11)  111.7(2)
O(14)  C(104) C(107) 1154(3) C(01) C(207) C(208)  111.5(2)
O(15)  C(105) C(109) 1102(3) C(201) C(207) C@12) 1128(2)
O(l6)  C(106) C(111)  109.9(3) C(208) C(207) C(12) 111.2(2)
C(101)  C(107)  C(108)  1125(2) C(201) C(207) C(204)  102.4(2)
C(101)  C(107) C(112) 112.9(2) C(208) C(207) C(204)  109.2(2)
C(108) C(107) C(112) 1107(2) C(12) C@207) C(04)  109.4(2)
C(101) C(107)  C(104) 103.7(2) C(07) C(08) C(209)  115.2(2)
C(108) C(107)  C(104) 111.8Q2) C(10) C(209) C(202)  109.4(2)
C(112) C(107) C(104) 1048(2) C(210) C(209) C(205)  111.5(2)
C(107)  C(108)  C(109) 1159(2) C(02) C(209) C(205)  107.6(2)
C(105)  C(109) C(110) 111.93) C(210) C(209) C(208)  109.3(2)
C(105)  C(109) C(102)  109.72) C(202) C(09) C(208)  110.1(2)
C(110)  C(109) C(102)  1083(2) C(205) C(209) C(208)  108.8(2)
C(105)  C(109) C(108) 1067(2) C(209) C(210) C(11)  109.5(2)
C(110) C(109) C(108)  1092(2) C(203) C(211) CQ10)  109.4(2)
C(102) C(109) C(108) 111.0(2) C(203) C(211) CR06)  107.9(2)
C(111) C(110) C(109) 110.0Q2) C@10) C(11) C(06)  110.9(2)
C(110)  C(111) C(103)  109.1(2) C(203) C(211) C(12)  109.8(2)
C(110) C(111) C(112) 111.0Q2) CQ10) C(11) C(12)  110.7(2)
C(103) C(111) C(112) 1095(2) C(06) C(211) C(212) 108.1(2)
C(110) C(111) C(106) 1113(2) C@211) C(12) CR07)  1155(2)

AEstimated standard deviations are given in parentheses. See Figure 1 for atom
labels.
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Table 3 (continued). Intramolecular Bond Angles Involving the Nonhydrogen
Atoms for 5.4

atom atom atom angle

C(302) C(301) C(306) 119.6(3)
C(301) C(302) C(303) 121.2(3)
C(301) C(302) N(101) 1185(2)
C(303) C(302) N(101) 120.2(2)
C(302) C@303) C(304) 117.1(3)
C(302) C(303) C(307) 121.7(3)
C(304) C(303) C(307)  121.2(3)
C(05) C((304) C(303)  123.4(3)
C(304) C(305) C(306) 117.0(3)
C(304) C(305) C(308)  121.2(3)
C(306) C(305) C(308) 121.8(3)
C(301) C(306) C(305)  121.6(3)
C(301) C(306) N(201) 118.7(2)
C(305) C(306) N(201) 119.7(2)

#Estimated standard deviations are given in parentheses. See Figure 1 for atom
labels.
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Table 4. Selected Bond Distances (A) and Angles (deg) for 6.4

Bond Distances
Mg(1) 0O(201) 2.021(5) Mg(2) 0(102) 2.035(5)
Mg(1) 0O(101) 2.054(5) Mg(2) 0(202) 2.038(5)
Mg(1) O(51) 2.057(5) Mg(2) O(51) 2.052(5)
Mg(1) 0(32) 2.112(6) ' Mg(2) 0O(43) 2.084(5)
Mg(1) 0O(31) 2.119(6) Mg(2) 0(42) 2.168(5)
Mg(1) 0O(52) 2.149(6) Mg(2) O(41) 2.181(5)
Angles

O(01) Mg(l) O(101) 103.8(2) 0O(102) Mg(2) O@43) 85.0(2)
0(Q01) Mg(l) O(1) 8872) 002 Mg O@43) 174.4(2)
0(101) ~Mg@l)  O(1) 98.5(2) O(51) Mg2) 0O@43) 94.7(2)
0(01) Mg(1) O(32) 95.4(2) 0O(102) Mg2) 042 89.6(2)
0O(101) Mg()  O@32) 89.02) O(202) Mg(2 042 83.3(2)
O(51) Mg(1)  O(32) 1704(3) O(51) Mg(2) 042 167.9(2)
0(Q01) Mg@1)  O(31) 88.6(2) O(43) Mg2) 042) 93.1(2)
0O(101) Mgl  O@(31) 159.52) 0O(102) Mg(2) O@1) 163.5(2)
O(51) Mg(l)  O(31) 98.12) O(202) Mg2) O41) 86.7(2)
0(32) Mg(l)  O(31) 733(2) O(51) Mg(2) O@1) 95.3(2)
0O(@01) Mgl  O(52) 166.1(2) 0O43) Mg2) O41) 88.3(2)
0O(101) Mg@l) O(52) 86.32) O42) Mg(2) Ol 75.6(2)
O(51) Mg1)  O(52) 80.2(2)

0(32) Mg(1)  O(52) 94.4(2)

0O(31) Mg(l)  O(52) 84.8(2)

Estimated standard deviations are given in parentheses. See Figures 1 and 4 for
atom labels.
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Table 5. Selected Bond Distances (A) and Angles (deg) for 8.4

Bond Distances

Mg(l)  O(201) 2.014(6). Mg(2) O(102)  1.973(7)

Mg(1)  O(101)  2.021(6) Mg(2) O(41) 1.998(8)
Mg(1)  O(@1) 2.020(7) Mg(2) O(202) 1.998(7)
Mg(1)  O(34) 2.133(6) Mg(2) O(42) 2.052(13)
Mg(1)  O(32) 2.152(6) Mg(2) O(43) 2.131(12)
Mg(1)  O(33) 2.158(6) Mg(2) O(44) 2.212(11)
P(1) O@41) 1.472(7) P(1) O(51) 1.587(8)
P(1) O(31) 1.480(7) P(1) O(61) 1.612(7)
Angles

O@01) Mg(l) O(101) 10973) O@102) Mg2) O@l)  97.2(3)
O@01) Mg(l) O@Bl)  9%23) O®102) Mg@2 O@02  104.0(3)
O(101) Mg(1) O@1)  934(3) O@l) Mg2 O0@02) 95503)
O@01) Mg(l) O@34)  8503) O0®102) Mg O@42  963(4)
O(101) Mg(l) O@4) 87.6(2) O@l) Mg2 O@42  96.6(5)
OB1) Mg(l) O@34)  17893) O@02) Mg(2) O@42)  1548(4)
O@01) Mg(l) O@32) 9032 O(102) Mg2) O@3)  169.3(4)
0101) Mg(l) O@2)  1593(3) O@l) Mg O@3)  90.4(4)
O(31) Mgl) O(32)  9033) O@02) Mg2 0@43)  827(4)
O(34) Mg(l) O(32) 889(3) 0O@42) Mg O@43)  753()
O(01) Mg(l) O@3) 1636(2) 0O(102) Mg O@44)  855(4)
O(101) Mg(l) O@33) 852(2) O@l) Mg O@4)  177.3(4)
OB31) Mgl O@3) 916(3) O0O@202) Mg O@44)  834(3)
O34  Mg(l) O@33) 8902 O#42) Mg O@44)  835(5)
0B32) Mg(l) O@33) 743(2) O@3) Mg O@44)  87.0(5)

o@l)  P() O(31)  1193@4) P(1) O(Bl)  Mg(l) 1405(4)
0@l  P(Q) O(G1)  105.1(4) P(1) O@41) Mg  144.8(5)
o(Bl)  P() O(G1)  111.5(4) |
o4l  P() O(61)  110.5(4)
o@Bl)  PQ) O(61)  109.0(4)
O(1)  P(1) O(61)  99.6(4)

fEstimated standard deviations are given in parentheses. See Figures 1 and 5 for
atom labels.
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Table 6. Selected Bond Distances (A) and Angles (deg) for 9.4

Bond Distances

Mg(1) 0O(101)  2.015(5) Mg(2) 0O(202)  1.986(5)
Mg(1) O(31) 2.022(5) Mg(2) O(102)  2.013(5)
Mg(1) O(201)  2.052(5) Mg(2) 0O¢41) 2.061(6)
Mg(1) 0O(36) 2.063(5) Mg(2) 0O(44) 2.067(5)
Mg(1) 0(32) 2.090(5) Mg(2) 0#42) 2.129(5)
Mg(1) 0O(34) 2.196(5) Mg(2) 043) 2.143(5)
P(1) 0O(1) 1.461(5) P(1) O(61) 1.588(6)
P(1) O41) 1.485(5) P(1) O(1) 1.600(6)
Angles

O(101) Mg(l) O@1)  925@2) OR02) Mg2) O@102) 1051(2)
O(101) Mg(l) O(01) 988(2) O@202) Mg O@l)  99.0(2)
OB1)  Mgl) O@01) 992 O102) Mg2) O@4l)  864(2)
O(101) Mg(l) O@6)  884(2) O(02) Mg2) O@44)  881(2
O@1)  Mg(l) O@6)  1712(2) O(102) Mg@2) O@d)  91.9(2)
O@01) Mg(l) O@6)  917(2) O@l) Mg2) O@4)  1729(2)
O@01) Mg(l) O@E2)  17352) O@202) Mg(2) O@42)  90.1(2)
- 0@B1)  Mg(1l) O@32) 8822 O(102) Mg O@42)  1645()
O@01) Mg(l) O@2)  875@2) O@l) Mg O@42)  879(2)
O@6)  Mgl) O@E2) 89902 O@44) Mg2) 042  919Q2)
O(101)  Mg(l) O@4)  909(2) OQ02) Mg2) O@43) 16440
O@1)  Mgl) O@B4)  863(2) O®102) Mg O@43)  89.8(2)
O@01) Mg(l) O@B4)  1697(2) O@l)  Mg2) O@43)  864(2)
O@6)  Mg(l) O@34)  850(2) O@44) Mg O0@43)  86.7(2)
O@B2)  Mg(l) O@E4) 8272 O0@42) Mg2) O@43)  754(2)

o@Bl)  P() O@1)  1206(3) P(Q) O(Bl)  Mgl)  137.903)
o@B1)  P(1) O(1)  110.8(3) PQ) O@1) Mg  139.8(3)
O@41)  P(1) O(1)  105.6(3)
0@l  P() O(1)  1054(3)
0O@41)  PQ) O(51)  109.4(3)
o1l  P(1) O(51)  103.8(3)

“Estimated standard deviations are given in parentheses. See Figures 1 and 6 for
atom labels.
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Table 7. Structural Parameters of Compounds 6, 8, and 9

(6) ) ©9)

Mgl---Mg2, A 3.402(3) 4.200(4) 4.340(3)
Mg1-O(XDK)ay, A 4 2.038(7) 2.018(8) 2.034(7)
Mg2-O(XDK)ay, A 4 2.037(7)) 1.986(9) 2.000(7) .
0101-Mg1-0201, ° 103.8(2) 109.7(3) 98.8(2)
0102-Mg2-0202, ° 99.2(2) 104.0(3) 105.1(2)
031-P1-041, ° | 119.3(4) 120.6(3)
P1-031-Mgl, ° | 140.5(4) 137.9(3)
P1-041-Mg2, ° 144.8(5) 139.8(3)
¢, °b 36.1 22.1 236
d(Mgl), Ac 1.1 0.49 0.64
d(Mg2), A ¢ 12 0.79 0.72
[0(101)0(102)C(101)C(107)] vs 7.0 104 2.5

[0(201)O(202)C(201)C(207)], ° 4

4 Average value. Estimated deviations in parentheses are derived from (ca2 +
op?)1/2. b Dihedral angle between the [Mg1lMg2(Oc032)2] and the dicarboxylate planes
(average value). ¢ Distance from the metal atom to the dicarboxylate plane.

dDjhedral angle.
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Figure 4. An ORTEP view of 6. Hydrogen atoms are omitted for clarity.
Thermal ellipsoids are drawn at the 40% probability level. Atomic labelling
scheme for the WXDK ligand is given in Figure 1.
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Figure 5. An ORTEP view of 8. Hydrogen atoms are omitted for clarity.
Thermal ellipsoids are drawn at the 40% probability level. The atomic
numbering scheme for the WXDK ligand is given in Figure 1.
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Figure 6. An ORTEP view of 9. Hydrogen atoms are omitted for clarity.
Thermal ellipsoids are drawn at the 40% probability level. The atomic
labelling scheme for the WXDK ligand is given in Figure 1.
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