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Carboxylate- and Phosphate Ester-Bridged Dimagnesium(ll), Dizinc(ll), and Dicalcium(ll)
Complexes. Models for Intermediates in Biological Phosphate Ester Hydrolysis
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Carboxylate-bridged dimagnesium(ll) complexes were synthesized and characterized by employing the dinucleating

ligand XDK, where HXDK is m-xylylenediamine bis(Kemp’s triacid imide). The reaction of 1 or 2 equiv of
sodium diphenyl phosphate with [MEDK)(CH30H)4(H20)2(NO3)](NO3), 1(NOs), afforded [Mg(XDK){ u-n?-
(PhOYPQy} (CH3OH)3(H20)(NO3)] -3CHOH (2:3CH;OH) and [Mg:(XDK){ u-7*(PhOyP Oz} { '-(PhO}P Oz} (CHs-
OH)3(H20)]-CH3OH (3-CH3OH), respectively. These are the first structurally characterized phosphate ester-
bridged dimagnesium(ll) complexes. The reactioriafith 1 equiv of bis(4-nitrophenyl) hydrogen phosphate
resulted in protonation of one of the carboxylate ligands and liberation of one magnesium(ll) ion to give [Mg-
(HXDK) 2(H20);] (4), an octahedral complex containing two short, low barrier intramolecularQ+hydrogen
bonds. The phosphate ester exchange rate of free and bound diphenyl phospBhatengthanol solution was
measured by variable-temperat##®{'H} NMR spectroscopy and compared to that of structurally analogous
dizinc(Il), [Zna(XDK){ u-172-(PhOYP O} { n1-(PhOYP Oy} (CH3OH)(H20)] (5), and dicalcium(ll), [CaXDK){ u-
7%-(PhOYPO}H{ t-(PhORP Oz} (CH30OH)3(H20)]-CH30H, (6:CH30OH), complexes. The synthesis and structural

characterization 08 is presented, along with a discussion of the differences between the carboxylate- and phosphate

ester-bridged dimagnesium(ll), dizinc(ll), and dicalcium(ll) centers. Crystallographic data are as follows.
1(NOs): monoclinic,P2;/c, a= 11.240(3) Ab = 13.019(2) A,c = 30.208(7) A8 = 99.11(1), V = 4365(2)
A3, Z=4,R=0.045, andR, = 0.054 for 5021 independent reflections with 3c(l). 2:3CH:OH: monoclinic,
P2i/c, a = 16.611(5) Ab = 16.059(6) A,c = 21.930(9) A 8 = 93.34(6}, V = 5840(4) B, Z = 4, R= 0.069,
andR, = 0.085 for 3759 independent reflections witkr 20(1). 3:CH3;OH: monoclinic,P2;/n, a = 18.912(4)
A, b=16.254(2) A,c = 21.646(5) A8 = 112.26(23, V = 6158(2) B, Z = 4, R= 0.060, andR,, = 0.072 for
5184 independent reflections with> 30(l). 4: monoclinic, P2y/n, a = 15.210(5) A,b = 15.772(3) A,c =
13.093(3) A s = 96.35(3y, V= 3122(1) B, Z=2,R=0.069, andr, = 0.070 for 1840 independent reflections
with | > 20(1). 6CHsOH: monoclinic,P2;/n, a = 16.5471(3) Ab = 24.3415(6) A,c = 16.5865(3) A8 =
104.2530(10), V = 6475.1(2) B, Z = 4, R = 0.053, and wR= 0.142 for 7858 independent reflections with
> 20(1).

Introduction characterized to reveal a carboxylate-bridged dimetallic active
site center. These metalloenzymes comprise a rapidly growing
class of enzymes postulated to utilize a two-metal-ion mecha-
nism for phosphate ester hydrolysis. Their dimagnesium(ll)

centers are believed to serve several important functions,

Magnesium ion is an indispensable cofactor in biology. It
participates in many important biochemical transformations,
including the hydrolysis of phosphate ester bonds. The car-

) : . 3t
boxylate-bridged dinuclear magnesium(ll) uitiga(O,CR)}>", including (i) binding, orienting, and activating the substrate, (ii)

IS emerging as a ubiquitous structural motif In many phosphate modulating the g, of the incoming nucleophile, (iii) stabilizing
ester-processing enzymes. These magnesium-dependent en;

Zvmes include the Klenow fragment of DNA polvmerase | from he transition state, and (iv) facilitating product release.
y o ) 9 poly Furthermore, studies of catalytic RNA systems have suggested
Escherichia colf ribonuclease H of HIV-1 reverse tran-

scriptase, rat DNA polymeraseB 34 fructose-1,6-bisphos- a similar requirement for divalent metal iohand an analogous

S L wo-metal-ion mechanism h n pr for the ribo-
phatasé;® inositol monophosphatageand inositol polyphos- tz %esfga on mechanism has been proposed for the ribo
phate 1-phosphata8ewhich have all been structurally y ’ . . . )

We are particularly interested in studying the manner by
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Women’s University, Nara 630, Japan. sium(ll) center to catalyze the cleavage of phosphate ester bonds.
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the slopes of a conductivityX™* cm™) vs concentration (mol crd)

O HO plot. The assignment of the electrolyte type was determined by
OH © o reference to the molar conductivity of BWPFs) in methanol.
- L‘fg N?_L N Preparation of [Mg2(XDK)(CH 30H)4(H20)2(NO3)](NO3), 1(NOs).
O;@:O A methanolic solution (5 mL) of Mg(Ng).:6H,O (176 mg, 0.689
mmol) was added to a solution oL KDK (200 mg, 0.344 mmol) and

NaOH (0.689 mmol, 0.5 M in MeOH) in methanol (5 mL). The
mixture was stirred at room temperature for 30 min. The solvent was

. . . . removed and the residue dried under vacuum. The dried white powder
only one discrete dinuclear magnesium(ll) structure, dimagne- \yas treated with excess pyridine (5 mL) in chloroform (10 mL), and

Figure 1. Sketch of the HXDK ligand.

sium(ll) o-phenylenediaminetetraacetate, [¥i4H12N20s)- the insoluble salt contaminants were removed by filtration. The py/
(H20)e].** In the presence of simple carboxylates such as CHCEfiltrate containing the desired complex was placed under vacuum
formate, magnesium(ll) ions tend to form polyméts. to remove the solvents. The dried sample was then redissolved in
In order to avoid such polymeric structures, we employed methanol and filtered through Celite, and vapor diffusion of ethyl ether
the dinucleating ligand XDK (Figure 1), where,¥DK is afforded colorless crystals in 72% yield (227 mg, 0.248 mmol). The
mely'enEdiamine biS(Kemp’S triacid |m|dé§l4 This |Igand crystals were washed with £ and dried under vacuumtH NMR,

. 300 MHz (CD:OD): 6 1.19 (s, 6 H), 1.24 (m, 4 H), 1.29 (s, 12 H),
has two convergent carboxylate groups, positioned about 3 A 161 (d, 2 HJ = 13 Hz), 1.93 (s, 6 H), 2.15 (d, 2 B,= 13 Hz), 2.85

apart, and is useful for assembling discrete dime_tallic uniﬁs._H (d, 4 H.J=12 Hz), 7.20 (s, 1 H), 7.36 (s, 1 H). IR (Nujol): 3387
XDK has recently been employed in the preparation of a variety () 1714 (m), 1680 (s), 1635 (m) (XDK), 1505 (m), 1301 (m), 1191
of carboxylate-bridged hom&=21 and heterodimetallf@—2* (m), 1024 (m), 954, 889, 884, 764 cfn Anal. Calcd for GeHsgNOso-
complexes. The present work describes the preparation andvig,: C, 47.23; H, 6.39; N, 6.12. Found: C, 46.96; H, 6.44; N, 6.14.
characterization of the desired discrete carboxylate-bridged Ppreparation of [Mg2(XDK){g-7?(PhO),POz} (CH3OH)s(H,0)-
dinuclear magnesium(ll) complexes with the XDK ligand. We (NO3)]-3CH30H, 2:3CH3OH. A methanolic solution (5 mL) of Mg-
report the synthesis and structural characterization of carboxy- (NOs)2:6H;0 (44 mg, 0.172 mmol) was added to a solution gKBK
late- and phosphodiester-bridged dimagnesium(ll) complexes (50 mg, 0.0861 mmol) and NaOH (0.172 mmol, 0.5 M in MeOH) in
as potential models for magnesium-activated phosphate esterMmethanol (5 mL) and stirred for 20 min. A methanolic solution (2
processing enzymes. The phosphate ester exchange process 8f-) 0f diphenyl hydrogen phosphate (HDPP) (21.5 mg, 0.0861 mmol)
a bis(phosphato)dimagnesium@XDK complex together with ~ 21d NaOH (0.0861 mmol, 0.5 M in MeOH) was then added. The
. . . = . combined solution was stirred for 30 min, and the solvent was removed
its dicalcium(ll}= and dizinc(ll)>XDK analogs is also pre-

. . P! under vacuum. The dried compound was redissolved in methanol and
sented. A preliminary account of this work has appedfed. filtered, and vapor diffusion of ethyl ether into the solution gave

. . crystalline material. The crystals were collected and treated with excess
Experimental Section pyridine (3 mL) in chloroform (5 mL). The salt contaminants were

General Procedures. All experiments were carried out in air using ~ émoved by filtration, and the py/CHgfiltrate containing the complex

commercially available reagents and solvents. Th&DK and was placed under vacuum to remove the solvents. The dried sample
[Zno(XDK){ u-1%-(PhOYP O} { -(PhOYP Oz} (CHOH)o(H20)] (5) com- was redissolved in methanol, and vapor diffusion of ethyl ether afforded
pounds were prepared as described previoWsy. H and P{H} single X-ray quality crystals d?-3CH;OH in 36% yield (36 mg, 0.0313

NMR spectra were obtained on Varian XL-300 or Varian UNITY300 Mmol). *H NMR, 300 MHz (CQOD): 6 1.20 (m, 4 H), 1.23 (s, 6 H),
spectrometers3P{1H} NMR spectra were measured at 121.4 MHz ~1.26 (S, 12 H), 1.56 (d, 2 Hl = 13 Hz), 1.90 (s, 6 H), 2.09 (d, 2 H,
with 85% HPQ, as an external reference. VT-NMR data &and5 J =13 Hz), 2.90 (d, 4 HJ) = 14 Hz), 7.02 (m, 2 H), 7.12 (m, 5 H),
were fit with the program DNMR® Infrared spectra were recorded ~ 7-22 (M, 4 H), 7.45 (s, 1 H)*P{*H} NMR, 121.4 MHz (CROD): 6

on a Bio-Rad FTS7 Fourier transform instrument. Conductivity —15:46 (S). IR (Nujol): 3472 (br), 1720 (m), 1681 (s), 1619 (m)
measurements were carried out at Z1in methanol with a Fisher ~ (XDK), 1317, 1263, 1231, 1194, 1128 (m), 1033, 929 (m), 887, 852,
Scientific conductivity bridge, Model 9-326, with a platinum-black  779: 757, 688 cm. Elemental analysis samples were dried under

electrode. Molar conductivitiesX ! cn? mol-%) were derived from ~ vacuum at 90C for 12 h. Anal. Caled for GHs2N3O1MgoP (2): C,
53.63; H, 5.94; N, 3.99. Found: C, 53.22; H, 5.60; N, 4.13.

(11) Nakasuka, N.; Shiro, MActa. Cryst.1989 C45, 1487-1490. Preparation of [Mg>(XDK){u-n*(PhO),PO}{n"-(PhO),PO,}-

(12) Malard, C.; Pezerat, H.; Herpin, P.; Toledano)FSolid State Chem.  (CH3OH)3(H20)]-CH;OH, 3-CH3OH. A methanolic solution (2 mL)
1982 41, 67-74. of HDPP (43 mg, 0.172 mmol) and NaOH (0.172 mmol, 0.5 M in

(13) Kemp, D. S; Petrakis, K. S. Org. Chem1981, 46, 5140-5143. MeOH) was added to a solution dfin methanol (5 mL). The mixture

(14) Rebek, J., Jr.; Marshall, L.; Wolak, R.; Parris, K.; Killoran, M.; Askew, 3 stirred at room temperature for 30 min. The solvent was removed

(15) %‘&Z‘EQS“B %;_lmr&% AFT.'\%:SeSngh;gﬁi&i_ %/\(/)izhm;ﬁ?ﬁ;bard under vacuum. The dried powder was dissolved in methanol, and vapor

S. J.J. Am. Chem. Sod.993 115, 5346-5347. diffusion of ethyl ether gave crystalline material. The crystals were
(16) Watton, S. P.; Masschelein, A.; Rebek, J., Jr.; Lippard, 3. Am. collected and dried under vacuum and then treated with excess pyridine
Chem. Soc1994 116, 5196-5205. (3 mL) in chloroform (5 mL), and any salt contaminants were removed
(17) Tanase, T.; Yun, J. W.; Lippard, S.Idorg. Chem1995 34, 4220~ by filtration. The py/CHC{ filtrate containing the complex was placed
(18) L'lrii%se, T Lippard, S. thorg. Chem 1995 34, 4682-4690. uno_ler vacuum to remove th_e solvents. The (_Jlried sample was t.hen
(19) Hagen, K. S.; Lachicotte, R.. Kitaygorodskiy, A.. Elbouadili Magew. redissolved in methanol and filtered through Cellte_, and vapor diffusion
Chem., Int. Ed. Engl1993 32, 1321-1324. of ethyl ether afforded colorless crystals3€H;OH in 32% yield (35
(20) Hagen, K. S.; Lachicotte, R.; Kitaygorodskiy, A.Am. Chem. Soc. mg, 0.028 mmol). The crystals were washed witfCEand dried under
1993 115 12617-12618. vacuum. *H NMR, 300 MHz (CQxOD): 6 1.18 (d, 4 HJ = 14 Hz),
(21) glleggldél%é Pence, L. E.; Lippard, S.JJAm. Chem. S0d.995 117, 1.23 (s, 6 H), 1.26 (s, 12 H), 1.56 (d, 2 Bl= 13 Hz), 1.90 (s, 6 H),
: o 2.09 (d, 2 HJ =13 Hz), 2.91 (d, 4 H) = 13 Hz), 7.03 (m, 4 H), 7.16
) e g o S P Libpard, SJJAm. Chem. Sod994 (1 "'y 724 (m, 9 H), 7.47 (s, 1 H)PP{*H} NMR, 121.4 MHz
(23) Watton, S. P.; Davis, M. |.; Pence, L. E.; Rebek, J., Jr.; Lippard, S. J. (CDsOD): 6 —9.14 (s),—15.45 (s). IR (Nujol): 3468 (br), 1717 (m),
Inorg. Chim. Actal995 235 195-204. 1679 (s), 1633 (m), 1597 (m) (XDK), 1288, 1251, 1205 (m), 1135
(24) ;’Sagjse, T.;Yun, J. W.; Lippard, S.Idorg. Chem1996 35, 3585~ (m), 1025, 932 (m), 893, 852, 761, 683 ¢ Samples for elemental

. . L analysis were dried under vacuum at®@for 12 h. Anal. Calcd for
S oty ase, Fgence: L B Lippard, SJ.JAM. CREM. ¢ 7,N,0,Mg2P (3): C, 57.16; H, 5.85; N, 2.26. Found: C, 56.76;

(26) Sandstrom, JDynamic NMR Spectroscopyicademic Press Inc.: H, 5.47; N, 2.45.
London, 1982. Preparation of [Mg(HXDK) 2(H20);], 4. Method 1. One equiva-
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Table 1. Crystallographic and Experimental Data fti{iNOs), 2:3CH;OH, 3:CH3;OH, and4
1(NOs) 2:3CH;OH 3-CH3;0H 4
formula GeeHseN4020MQ2 CsoH74N3022Mg2P GsoH76N2021Mg2P CeaHg2N4O1sMg
fw 915.48 1148.73 1271.82 1219.68
cryst size, mm 0.% 0.3x 0.4 0.2x 0.4x 0.5 0.3x 0.4x 0.5 0.2x 0.2x 0.2
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2:/c P2i/c P2i/n P2:/n
a, 11.240(3) 16.611(5) 18.912(4) 15.210(5)
b, A 13.019(2) 16.059(6) 16.254(2) 15.772(3)
c, A 30.208(7) 21.930(9) 21.646(5) 13.093(3)
B, deg 99.11(1) 93.34(6) 112.26(2) 96.35(3)
v, A3 4365(2) 5840(4) 6158(2) 3122(1)
z 4 4 4 2
T,°C =71 —83 —74 —110
Dealcs g CNT2 1.39 131 1.37 1.30
abs coeff, cm* 1.30 1.46 1.69 1.03
transm factor 0.941.00 0.82-1.00 0.9%1.00 0.78-1.00
26 range, deg X 20 <50 3<20 <45 3<20 <46 3<20 <45
no. of unique data 8833 8317 8880 4254
no. of obsd data 5021 ¢ 30(1)) 3759 ( > 20(1)) 5184 ( > 3o0(l)) 1840 ( > 20(1))
no. of variables 560 613 785 278
Rinerge (%) 3.0 3.0 2.6 7.8
R2 0.045 0.069 0.060 0.069
R, 0.054 0.085 0.072 0.070

aR=3||Fo| — |FeI/3|Fol; Ry = [SW(IFo| — |Fe)¥3W|Fo|3Y2 wherew = 1/0%(F,). More details about the weighting scheme and other experimental
protocols may be found in ref 27.

lent of bis(4-nitrophenyl) hydrogen phosphate (29.3 mg, 0.086 mmol) (H20),], 4. Crystals 0fl(NOs), 2-3CH;OH, 3-CH3;OH, and4 suitable
was added to a methanolic solution (2 mL) bf The solution was for X-ray analyses were grown by ethyl ether diffusion into a methanolic
stirred for 26-30 min and filtered through Celite. Vapor diffusion of  solution of the complexes. Single-crystal X-ray diffraction experiments
ethyl ether into this solution afforded colorless, block crystals in 23% were carried out on an Enraf-Nonius CAD-4 diffractometer by using
yield (24 mg, 0.020 mmol). graphite-monochromated Modk(A = 0.710 69 A) radiation. General

Method 2. A methanolic solution (2 mL) of Mg(N§)-6H:0 (11 procedures were previously described in defailThe crystals were
mg, 0.043 mmol) was added to a solution ofX®K (50 mg, 0.086 mounted at room temperature on the ends of quartz fibers in paratone
mmol) and NaOH (172L, 0.5 M in MeOH) in methanol (3 mL). The and were judged to be of acceptable quality on the basis of open-counter
off-white product precipitated out of solution. The compound was ®@-scans of several low-angle reflections and axial photographs.
washed with ether and dried under vacuum. Yield: 50% (26 mg, 0.021 Crystallographic data are given in Table 1. All reflections were
mmol). *H NMR 300 MHz (CDxCly): 6 1.08 (br), 1.26 (br), 1.49 (br), corrected for Lorentzpolarization effects, and an absorption correction
1.93 (s), 2.02 (br), 2.81 (br), 6.86 (s), 7.15 (s), 19.02 (br). IR (Nujol): Was applied to the data f@& CH;OH.

3462 (br), 1731 (m), 1680 (s), 1642 (m) (XDK), 1509, 1311, 1246, X-ray Diffraction Study of [Ca 2(XDK){u-5>-(PhO).,PO}{n-
1199 (m), 1085, 1026, 954, 854, 757 ¢m Anal. Calcd for GsHsx- (PhO),PO.} (CH30H)3(H20)]:CH30H, 6:CH30H. Crystals of6-CHs-
0O:1sNsMg: C, 63.03; H, 6.78; N, 4.59. Found: C, 62.68; H, 6.86; N, OH were grown by diffusion of ethyl ether into a methanolic solution
4.63. of the complex. Single-crystal X-ray diffraction studies ®fwere

Preparation of [Ca,(XDK){g-n?(PhO),PO}{n-(PhO)PO,}- carried outona Siemens CQD X-ray diffraction system controlled by
(CH3OH)3(H,0)]-CH30OH, 6:CH30OH. A methanolic solution (1 mL) a Pentlum-based_ PC running the SMART version 4.0 software
of Ca(NQ),*4H,0 (41 mg, 0.172 mmol) was added to a solution of ~Package? as previously describetl. A colorless block crystal o6
H.XDK (50 mg, 0.0861 mmol) and NaOH (356, 0.5 M in MeOH) was mounted at room temperature on the end of a glass fiber in paratone
in methanol (3 mL). The solution was stirred at room temperature for and data collection was carried oute80°C. The crystals were judged
10 min, and a methanolic solution of NaDPP (47 mg, 0.172 mmol) !0 be of acceptable quality on the basis of initial unit cell matrices and
was added. This mixture was stirred for another 10 min, and the solvent réflection profiles. Crystallographic data are given in Table 2.
was removed in vacuo. The white residue was redissolved in methanol, Solution and Refinement of [Mg(XDK)(CH 3s0H)4(H20)2(NO3)]-
and vapor diffusion of ethyl ether into the resulting solution afforded (NOs), 1(NQs), [Mg2(XDK){g-5*(PhO),POz} (CH3s0H)s(H,0)-
colorless needles. The crystals were collected and treated with exces§NO3)]-3CHz:OH, 2:3CH3OH, [Mg2(XDK){p-5?*(PhO),POz}{#n*-
pyridine (3 mL) in chloroform (5 mL). The inorganic salt contaminants  (PhO),PO,} (CH30H)3(H20)]-CH30H, 3-:CH30H, and [Mg(HXDK) »-
were removed by filtration, and the py/CHGlltrate containing the (H20)7], 4, Structures. All computations were carried out on DEC
complex was placed under vacuum to remove the solvents. The driedVAXstations. Calculations forl(NOz) were performed with the
sample was redissolved in methanol. Vapor diffusion of ethyl ether TEXSAN crystallographic software package as descrife@alcula-
into the solution gave long colorless block crystalséa€Hz;OH in tions for 2—4 were made with an upgraded version of the TEXSAN
32% yield (35 mg, 0.0269 mmol)H NMR, 300 MHz (C;OD): 6 software (Version 1.6 Non-hydrogen atoms and the carboxylate
1.18 (s, 6 H), 1.18 (d, 4 H] = 13.5 Hz), 1.25 (s, 12 H), 1.55 (d, 2 H,  hydrogen atom (H1) o# were located by direct methods and a series
J=13.2 Hz),1.90 (s, 6 H), 2.09 (d, 2 H,= 13.3 Hz), 2.83 (d, 4 H, of least squares refinements. Carbon-bound hydrogen atonis-for
J = 13.1 Hz), 7.03 (m, 4 H), 7.137.26 (m, 17 H), 7.47 (s, 1 H). were calculated at the ideal positions with &g distance of 0.95 A.
31p{1H} NMR, 121.4 MHz (CRQOD): 6 —11.66 (s). IR (KBr): 3485 Non-hydrogen atoms fdi—3 were refined with anisotropic temperature
(br), 3053 (m), 2960 (s), 2918 (s), 2882 (s), 2429 (M), 1784, 1722 (s), factors. All carbon atoms i}, with the exception of the methyl
1682 (s), 1603 (s), 1489, 1452, 1414, 1366, 1203 ("R 1097 (s),
1025 (m), 916 (s), 834, 772, 689, 644, 518, 448 EmAnal. Calcd
for CeoH7gN202.CaP, (6:CH3;0H-H,0): C, 54.54; H, 5.95; N, 2.12.
Found: C, 54.26; H, 5.55; N, 2.23.

X-ray Diffraction Studies of [Mg 2(XDK)(CH 30H)4(H20)2(NO3)]-
(NO3), 1(NOs), [Mg2(XDK){pu-n?*(PhO),PO} (CH3OH)3(H-0)-
(NO3)]-3CH30H, 2-:3CH30H, [Mg(XDK){u-n2-(PhO),PO}{75?-
(PhO),PO} (CH30H)3(H,0)]-CH30H, 3:CH30H, and [Mg(HXDK) -

(27) Carnahan, E. M.; Rardin, R. L.; Bott, S. G.; Lippard, Sndrg. Chem.
1992 31, 5193-5201.

(28) SMART Siemens Industrial Automation, IncAnalytical Instru-
mentation: Madison, WI, 1994.

(29) Feig, A. L.; Bautista, M. T.; Lippard, S. lnorg. Chem.1996 35,
6892-6898.

(30) TEXSAN Single Crystal Structure Analysis Softwarglolecular
Structure Corporation: The Woodlands, TX, 1992.
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Table 2. Crystallographic and Experimental Data #®CH;OH

formula CﬁonNgOglCEbPz
fw 1303.33

cryst size, mm 0.3 0.3x 0.5
cryst syst monoclinic
space group P2)/n

a A 16.5471(3)

b, A 24.3415(6)

c A 16.5865(3)

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

A 4

T,°C —80

Decaicas g CNT3 1.34

abs coeff, crn?! 3.00

26 range, deg 3 20 < 46.53
no. of unique data 9251

no. of obsd datal (> 20(1)) 7858
Rinerge(%) 0.044

no. of variables 764

R2 0.053

wR22 0.142

AR= JIFol = IFell/XIFol; WR? = { 3 [W(Fo* — F)/ 3 [W(Fo)7} 2,
wherew = 1/0%(F,). More details about the weighting scheme and
other experimental protocols may be found in ref 29.

Figure 2. ORTEP view of [Mg(XDK)(CH30OH)4(H20)(NO3)] " (1).
carbons and the carboxylate hydrogen atom (H1) were refined isotro- Thermal ellipsoids are drawn at the 50% probability level, and hydrogen
pically; non-carbon atoms and methyl carbons were refined anisotro- &oms are omitted for clarity.

pically. Carbon-bound hydrogen atoms were not included in the final Table 3. Selected Bond Distances (A) and Angles (deg) for

refinement. 1(NOy)
Structure Solution and Refinement of [Ca(XDK){u-n? -
(PhO),PO}{ 7-(PhO),PO,} (CH3OH)3(H-0)]-CHsOH, 6-CHZOH. Bond Distances
Computations were carried out on Silicon Graphics Indy workstations. Mg1-05 2.098(3) Mg2-O1 2.069(3)
The raw data frames were processed by the SAINT version 4.0 software mgiigi 1 gcl)i?l(%) mgggg gﬁg(g)
packageé?! All aspects of the structure solution and refinement were Mgl—012 2'24223; Mgzo4 2'065E23
handled by the SHELXTL version 5.0 software pack&geNon- MSl—OlOl 2'.003(2) M320102 2'.013(2)
hydrogen atoms were located by direct methods and a series of least- Mgl—0201 1.956(2) Mg2 0202 2.027(2)
squares refinements and difference Fourier maps and were refined with
anisotropic temperature factors. Bond Angles
05-Mg1l-06 88.24(9) 03-Mg2—0202 171.5(1)
Results and Discussion 05-Mg1-011 84.15(9) 04Mg2—0102 93.8(1)
05-Mg1-012 89.0(1) 0O4Mg2—0202 91.8(1)
Synthesis and Characterization of [Mg(XDK)(CH 30H)4- 05-Mg1-0101 169.3(1) 0102Mg2-0202  98.7(1)
(H20)5(NO3)](NO3), 1(NOs). The reaction of Mg(N@),+6H,0 gg—mgl—oml 92.7(1)  Mg201-C1 122.9(2)
. . . e —Mg1—011 161.2(1) Mg202-C2 130.7(2)
(2 equiv) with HXDK (1 equiv) and NaOH (2 equiv) in 06-Mgl—012 103.96(9) Mg203-C3 128.8(2)
methanol and subsequent workup gave colorless crystals of og—mg1-0101 90.74(9) MgtO5-C4 131.6(2)

[Mg2(XDK)(CH30H)4(H20)2(NO3)[(NO3), 1(NOs). The IR 06-Mg1—-0201 98.7(1) Mg+O11-N11 93.6(2)
spectrum indicated the presence of the XDK ligand (3635 011-Mg1-012 58.84(9) Mg+O012-N11 90.3(2)
1714 cnt), nitrate anions (1301 cm), and hydroxyl groups ~ O11-Mgl-0101  93.56(9) Mg+0101-C101 152.1(2)

: ; 012-Mgl1-0101 80.89(9 Mg+0201-C201 161.2(2
showed a symmetrical set of XDK resonances, with three 0127M8170201 157_3(5)) M82020}0201 151-88

singlets for the methyl groups of the ligand integrating ataratio 0101-Mg1-0201  98.0(1) 02Mg2—03 82.4(1)

of 1:2:1 ¢ 1.19, 1.29, and 1.93). 01-Mg2—-02 86.0(1) 0O2Mg2—-04 88.7(1)
Crystals of1(NOs) were obtained from a methanol/ethyl ether ©1~Mg2—03 91.4(1)  O02Mg2-0102  170.0(1)

solvent system and chemical crystallographic analysis (CCA) 81:”83:8‘1102 1;%2((?) 8%”82:8202 33'895%3;)

revealed the features of a carboxylate-bridged, dinuclear mag- 51— pmg2—0202 93.4(1) 03Mg2—0102 88.3(1)

nesium(ll) complex. The structure of the cation XDK)(CHs- . o o )

OH)4(H20)(NO3)]* (1) is given in Figure 2, and selected Estimated standard deviations are given in parentheses. See Figure

bond distances and angles are reported in Table 3. The2 for atom labels.

magnesium(ll) ions i are 4.783(2) A apart, separated by the
two bridging carboxylates of the XDK ligand. There are no
other ligands bridging the two metal ions. The magnesium(ll)
ions and the carboxylate oxygen atoms are approximately
coplanar, as indicated by the valuesdhfthe distance of the
Mg atoms from the dicarboxylate plane, apdthe dihedral
angle between [MgtMg2—(Oco2)2] and the carboxylate planes

(Table 4)16:33 The metal ions are coordinated to the syn lone
pairs of the carboxylates, with MgOCcarmoxylate PONd angles
ranging from 151.8(2) to 161.2(2§% Mgl adopts a distorted
octahedral geometry and is bound by one bidentate nitrate group
(011, 012), one methanol (O5), and one water molecule (O6).
The geometric distortion is a consequence of the bidentate nitrate
group, which coordinates unsymmetrically with relatively long
Mg—O0O bonds (Table 3). The chelate ring of the nitrate anion

(31) SAINT Siemens Industrial Automation, Inénalytical Instrumenta-
tion: Madison, WI, 1995.

(32) Sheldrick, G. MSiemens Industrial Automation, Iné&nalytical Instru- (33) Carrell, C. J.; Carrell, H. L.; Erlebacher, J.; Glusker, J.Am. Chem.
mentation: Madison, WI, 1994. Soc.1988 110, 8651-8656.
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J\ and selected bond distances and angles are given in Table 5.
pﬁfl (\) Q The magnesium(ll) ions il are situated 4.240(5) A apart. They
(\w are coordinated to the syn lone pairs of the carboxylates and
P [ displaced from the plane of the carboxylate oxygens by 0.75
Q %/ and 0.55 A, for Mgl and Mg2, respectively (Table 4). The
QoM dihedral angle of 3 Obetween the planes of the two carboxylate
groups indicates that they are approximately coplanar. Mgl
has a distorted octahedral geometry similar to that of Mgl in
compoundl, with one methanol (O51), one bidentate nitrate
group (041, 042), XDR- carboxylate oxygen atoms (0101,
0201), and a phosphate ester oxygen atom (O012). The bidentate
nitrate ligand is coordinated unsymmetrically to Mgl (Table
5) and is approximately perpendicular to the magnesium(ll)-
phosphinyl, [Mgt012—-P1-011-MgZ2], plane (94) and
roughly parallel to the [Mg30101-0201] plane (1%). Mg2
is octahedrally coordinated by two methanol ligands (O61 and
063), one water molecule (062), XBK carboxylate oxygen
atoms (0102, 0202), and a phosphate ester oxygen atom (O11).

Figure 3. ORTEP plot of the dinuclear center of [M&XDK){ -1 The O1+P1-012 angle has been increased from the usual
(PhOMPO} (CHsOH)s(H0)(NO3)] (2). Hydrogen atoms and all atoms o ahadra) value to 121.2@)whereas the other angles around

2{;&; XDK ligand, except the carboxylate groups, are omitied for the phosphorus atom only deviate slightly from tetrahedral. The

distortion around the phosphinyl center appears to derive from
the bridging bidentate coordination mode to the two magnesium

plane (dihedral angle, 9% The Mgl bond distances to the atoms. The Ol&_Pl—OlZ bond anglg i_s similar to those found
XDK 2 carboxylates are shorter than the average-Kguboxyiate in other dimetallic complexes containingn? phospha_lte ester
bond distance of 2.04 & (Table 3). Mg2 is octahedrally ~19ands?243+4% The P+-011 and P+ 012 bond distances

coordinated by three methanol ligands (O1, 02, and 03) and &€ Significantly shorter than the PD13 and P+Ol14
one water molecule (O4) in addition to the bridging carboxylates distances (Table 5). Such d|ﬁ4e;££130es in theMReta1 VS P~Oc
from the XDK?~ ligand (0102, 0202). The Mg2 bond distances bond distances are comméte*
to the carboxylate oxygens are slightly longer than those of Mg1.  The diphenyl phosphate ligand is coordinated to the magne-
The water molecules on both metal ions (04 and O6) are eachsium atoms through its syn lone pairs, which is the typical
hydrogen bonded to the imide carbonyl oxygens on the XDK coordination mode for phospha{metal ion interaction$! The
ligand. The oxygeroxygen hydrogen-bonded distances from P1-012-Mgl and P+011-Mg2 bond angles of 141.1(4) and
04 to 0104 and 0203 are 2.83 and 2.78 A, respectively, and 138.8(4], respectively, are comparable to those observed in
the distances from 06 to 0103 and 0204 are 2.78 and 2.80 A, other phosphorusoxygen-metal bond angles (14laverage
respectively (Figures 2 and S1). value)** The magnesium(ll) ions are approximately coplanar
Although the crystal structure df reveals the two magne- withothe phosphinyl group, as indicated by the dihedral angle
sium(ll) ions to be in different environments, thel NMR of 4° between the [P1011-012] and [Mgt-Mg2-O11-
spectrum of this compound in GDD indicates that the metal ~ ©12] planes and the displacement of Mgl and Mg2 from the
ions are equivalent in solution. This result suggests either that£P1_01l_012] plane (0.04 and 0.20 A, respectively). This

the coordinated nitrate anion is displaced by methanol in solution 'N-Plane” coordination mode for the magnesium atoms to
or that it exchanges rapidly on the NMR time scale. phosphate is less common than the 0.9 A “out-of-plane” location

Synthesis and Characterization of [Ma(XDK){ -1 reported for other phosphate-metal ion compoutidsThe

magnesium-phosphinyl plane is perpendicular to the plane of
(PhO)POz} (CHLOH)(H,0)(NOS)-3CHsOH, 2:3CHsOH. Ad- egxylyl il gp(dihgd ra{ ;’n ale Q’Op P P
dition of NaDPP (1 equiv) to a methanolic solution df(1 e
equiv) gave the desired diphenyl phosphate-bridged product as

2 . (34) Armstrong, W. H.; Lippard, S. J. Am. Chem. So&985 107, 3730~
the methanol solvate, [M{XDK){ u-#*-(PhOYPO;} (CH30H)3 3731,

(H20)(NO3)]-3CHsOH, (2:3CH3OH). The IR spectrum of (35) Turowski, P. N.; Armstrong, W. H.; Roth, M. E.; Lippard, S.JJ.
revealed the presence of XDK, nitrate, diphenyl phosphate (1231 Am. Chem. Sod99Q 112 681-690.

cm™¥), and hydroxyl groups. ThéH NMR spectrum of2 in (36) gugomz':g Péh’\é%%r‘;z”gggég\ﬁé&gu“' S.; Brown, S. N.; Lippard,
CDsOD suggestedC,, symmetry for the XDK ligand, as (37) Krebs, B.; Schepers, K; B’remer, B.; Henkel, G.; Althaus, E.; Muller-

exemplified by the three singlets observed for the methyl groups Warmuth, W.; Griesar, K.; Haase, Worg. Chem1994 33, 1907
of the ligand in a 1:2:1 intensity rati@(1.23, 1.26, and 1.90). 1914.

The proton NMR spectrum also showed multiplets in the 8 gi‘ggég' G.; Hendrich, M. P.; Que, L., Jnorg. Chem.1993 32,

aromatic region{7.0—7.2 ppm) corresponding to the phenyl (39) Mahroof-Tahir, M.; Karlin, K. D.; Chen, Q.; Zubieta, ldorg. Chim.
groups of diphenyl phosphate. TR¥{'H} NMR spectrum Acta 1993 207, 135-138.

; (40) Hikichi, S.; Tanaka, M.; Moro-oka, Y.; Kitajima, Nl.. Chem. Soc.,
of 2in CD3OD at room temperature suggested the presence of Chem. CommurL992 814-815.

a coordinated diphenyl phosphate ligand with a resonance at(41) prueke, S.; Wieghardt, K.; Nuber, B.; Weiss, J.; Fleischhauser, H.-

is approximately perpendicular to the [MgD101-0201]

—15.46 ppm, which is 6.32 ppm upfield from that of free P.; Gehring, S.; Haase, W. Am. Chem. Sod989 111, 8622-8631.

diohenvl phosphate. (42) Norman, R. E.; Yan, S.; Que, L., Jr.; Backes, G.; Ling, J.; Sanders-
P yip P . . Loehr, J.; Zhang, J. H.; O’Connor, C. J. Am. Chem. Sod99Q
Crystals of2-:3CH;OH were grown by vapor diffusion of ethyl 112 1554-1562.

ether into a methanolic solution 8f An X-ray diffraction study (43) Schepers, K.; Bremer, B.; Krebs, B.; Henkel, G.; Althaus, E.; Mosel,

confirmed the structure to contain a dinuclear magnesium(il) B Muller-Warmuith, WAngew. Chem., Int. Ed. Endl990 29, 531

).(DK complex with a bidentate bridgir)g diphenyl .pho.sphate (44) Alexander, R. S.: Kanyo, Z. F.; Chirlian, L. E.; Christianson, D. W.
ligand. The structure of the complex is depicted in Figure 3, J. Am. Chem. S0d.99Q 112 933-937.
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Table 4. Structural Parameters 4{NOs3), 2:3CH;OH, 3:-CH3;OH, 5, and6:CH;OH

1(NOy) 2:3CHOH  3-CH;OH 5e 6-CH;OH
M1:--M2, A 4.783(2) 4.240(5) 4.108(3) 3.869(2)  4.4628(9)
M1—O(XDK)ay, A2 1.980(3) 1.975(10) 1.983(6) 1.938(6) 2.335(3)
M2—0(XDK)ay, A2 2.020(3) 2.040(10) 2.059(6) 2.084(7) 2.269(3)
0101-M1-0201, deg 98.0(1) 110.5(3) 122.2(2) 127.6(2) 113.83(9)
0102-M2-0202, deg 98.7(1) 101.0(3) 100.3(2) 96.6(2) 94.76(9)
011-P1-012, deg 121.2(4) 118.9(3) 118.8(3) 118.5(2)
P1-012—M1, deg 149.1(4) 141.9(3) 137.6(3) 151.1(2)
P1-011-M2, deg 138.8(4) 138.4(3) 135.8(3) 139.1(2)
¢, de@ 9.8 22.7 19.4 21.7 23.7
d(M1), Ac 0.31 0.75 0.50 0.70 0.87
d(M2), Ac 0.21 0.55 0.71 0.61 0.71
[O(101)0(102)C(101)C(107)] vs [0(201)0(202)C(201)C(207)],%deg 6.5 3.0 8.3 11 6.1

a Average value. Estimated deviations in parentheses are derived figm-(og?)Y2 P Dihedral angle between the [M1M2¢g,),] and the
dicarboxylate planes (average valueRistance from the metal atom to the dicarboxylate pldrizihedral angle® Reference 24.

Table 5. Selected Bond Distances (A) and Angles (deg) for

2:3CH;OH?
Bond Distances
Mgl-012 2.003(7) Mg+0101 1.973(7)
Mgl-041 2.237(8) Mg10201 1.976(7)
Mgl-042 2.164(8) Mg2011 2.003(7)
Mgl-051 2.118(8) Mgz 061 2.131(7)
P1-011 1.481(7) Mg2062 2.125(7)
P1-012 1.467(6) Mg2 063 2.121(8)
P1-013 1.601(7) Mg20102 2.040(7)
P1-014 1.587(7) Mg2 0202 2.039(7)
Bond Angles
011-P1-012 121.2(4) 06tMg2—-062 86.4(3)
011-P1-013 104.0(4) 06%tMg2—-063 85.3(3)
011-P1-014 110.9(4) 061Mg2—-0102 85.2(3)
012-P1-013 110.6(4) 061Mg2—0202  170.1(3)
012-P1-014 105.3(4) 062Mg2—063 87.4(3)
013-P1-014 103.5(4) 062Mg2—0102 88.4(3)
012-Mg1—-041 89.0(3) 062Mg2—0202 86.1(3)
012-Mg1-042 91.5(3) 063Mg2—-0102 169.9(3)
012-Mg1-051 176.3(3) 063Mg2—0202 87.9(3)
012-Mg1-0101 94.6(3) 0102Mg2—0202  101.0(3)
012-Mg1—-0201 98.4(3) P1011-Mg2 138.8(4)
041-Mg1—-042 58.2(3) P1012-Mgl 149.1(4)
041-Mg1—-051 87.3(3) P%013-C7 126.9(6)
041-Mg1-0101 153.9(3) P1014-C1 124.8(6)
041-Mg1-0201 94.4(3) Mgt041-N41 91.6(7)
042-Mg1-051 86.0(3) Mgt042-N41 93.8(7)
042-Mg1-0101 95.9(3) Mg+051-C51 128.9(7)
042-Mg1—-0201 150.8(3) Mg2061-C61 130.2(7)
051-Mg1-0101 88.5(3) Mg2063-C63 125.4(7)
051-Mg1—-0201 82.5(3) Mg+0101-C101 136.3(7)
0101-Mg1—-0201 110.5(3) Mg20102-C101 153.2(6)
011-Mg2—-061 93.0(3) Mg+0201-C201 140.6(6)
011-Mg2—-062 178.2(3) Mg20202-C201  150.2(7)
011-Mg2—-063 90.9(3) 01+Mg2-0102 93.2(3)
011-Mg2—-0202 94.3(3)

in CD3OD showed three singlets for the methyl groups of XDK
(6 1.23, 1.26, and 1.90) integrating at a 1:2:1 ratio, suggesting
a symmetricalCy, 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 DPP:XDK ratio of 2:1. TH&P{H} NMR spectrum

of 3in CDs0OD at room temperature contained 2 signals @114

and —15.45 ppm, corresponding to free and bound diphenyl
phosphate, respectively. This assignment was made by using
the 31P{1H} NMR spectrum of2 (6 —15.46) for the bound
phosphate ester. Addition of 1 equiv of (M8DPP to a sample

of 3 gave a3'P{1H} NMR spectrum which integrated for a 2:1
ratio of free-to-bound phosphodiester groups. These results
indicate that the bridging phosphate ester ligand is more stable
to dissociation than the terminal one. Although B{1H}
NMR signal of terminally bound diphenyl phosphate may be
the same as that of free DPRconductivity measurements 8f

in methanol revealed it to be a 1:1 electrolyte, consistent with
the observation of a dissociated diphenyl phosphate ligand.

Crystals of3-CH3;OH were grown from a methanol/ethyl ether
solvent system, and CCA revealed its structure to consist of a
dinuclear magnesium(ll) center bridged by the carboxylate
oxygens of the XDK ligand and one bidentate diphenyl
phosphate. The structure of [MXDK){u-1?-(PhOYPO:} { -
(PhOYPQ,} (CH30OH)3(H20)] is shown in Figure 4, and selected
bond distances and angles are given in Table 6. Mgl is
additionally coordinated by a terminal, monodentate DPP ligand
(021) and a water molecule (O51), which afford trigonal
bipyramidal geometry. Mg2 has three methanol ligands (061,
062, and 0O63) to complete its octahedral coordination sphere.
The shorter average Mg10 bond length of 2.015A compared
to the average Mg20 distance of 2.073A is consistent with

a Estimated standard deviations are given in parentheses. See Figuréhe lower coordination number of Mgl. The magnesium atoms

3 for atom labels.

Synthesis and Characterization of [Mg(XDK){u-n*
(PhO)2PO}{n*-(PhO),PO,} (CH30H)3(H,0)]-CH30H,

3:CH3OH. Addition of 2 equiv of NaDPP to a methanol

solution containingl gave [Mg(XDK){u-172-(PhOyPO:} {5

(PhOYPGO;} (CH30OH)3(H20)]-CH30OH, (3-CH3OH).
spectrum of 3 indicated the presence of XDK, diphenyl

The IR

phosphate, and hydroxyl groups. ThHé NMR spectrum of3

are displaced from the plane of the carboxylates=(0.50 and
0.71 A, for Mgl and Mg2 respectively), with a MgMg
separation of 4.108(3) A.

The O11-P1-012 angle in the bidentate, bridging diphenyl
phosphate ligand if3 is 118.9(3), whereas the other angles
only deviate slightly from tetrahedral values (Table 6). An
exception is the O13P1-014 angle, which is 97.4(2) The
P1-011 and P+012 bond lengths are significantly shorter
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Figure 4. ORTEP diagram of the dinuclear core of [M¥DK){u-
7?-(PhOYPO:}{ 71-(PhO}P Oy} (CH;OH)3(H20)] (3). Hydrogen atoms
and all atoms of the XDK ligand, except the carboxylate groups, are
omitted for clarity.

Table 6. Selected Bond Distances (A) and Angles (deg) for
3-CH;OH?

Bond Distances

Mg1l-012 2.015(4) Mg2011 2.018(5)
Mgl—-021 1.949(4) Mg2-061 2.153(6)
Mg1-051 2.145(5) Mg2-062 2.125(5)
Mg1-0101 1.986(4) Mg2 063 2.024(6)
Mgl-0201 1.979(4) Mg20102 2.052(5)
P1-011 1.472(4) Mg2 0202 2.065(4)
P1-012 1.470(4) pP2021 1.481(4)
P1-013 1.599(4) P2022 1.473(4)
P1-014 1.586(4) P2023 1.583(5)
P2-024 1.598(5)
Bond Angles
011-P1-012 118.9(3) 011Mg2—-0202 95.0(2)
011-P1-013 109.1(2) 06+Mg2—062 81.7(2)
011-P1-014 112.0(2) 06+Mg2—063 84.2(3)
012-P1-013 111.9(3) 06+Mg2—-0102 89.0(2)
012-P1-014 105.4(2) 061Mg2—0202 169.1(2)
013-P1-014 97.4(2) 062Mg2—063 86.8(2)
021-P2-022 115.8(3) 062Mg2—0102 166.8(2)
021-P2-023 109.9(3) 062Mg2—0202 88.1(2)
021-P2-024 111.3(2) 063Mg2—-0102 82.8(2)
022-P2-023 112.8(3) 063Mg2—0202 91.5(3)
022-pP2—-024 110.2(3) 0102Mg2—0202 100.3(2)
023-P2-024 95.1(2) P+011-Mg2 138.4(3)
012-Mg1—-021 92.6(2) P+012-Mgl 141.9(3)
012-Mg1-051 176.5(2) P%013-C11 123.7(4)
012-Mg1—-0101 93.7(2) P+014-C21 127.2(4)
012-Mg1-0201 95.6(2) P2021-Mgl 151.7(3)
021-Mg1—-051 84.8(2) P2023-C31 121.2(4)
021-Mg1-0101 112.5(2) P2024-C41 119.8(4)
021-Mg1-0201  123.9(2) Mg2061-C61 132.7(6)
051-Mg1-0101 85.1(2) Mg2062-C62 132.6(4)
051-Mg1—-0201 87.8(2) Mg2063-C63 129.8(8)
0101—Mg1—0201 122.2(2) Mg+0101-C101 127.7(4)
011-Mg2—-061 89.5(2) Mg20102-C101 153.9(4)
011-Mg2—-062 93.6(2) Mg+0201-C201 146.0(4)
011-Mg2—-063 173.6(3) Mgz20202-C201 141.8(4)
011-Mg2—-0102 95.8(2)

a Estimated standard deviations are given in parentheses. See Figure.

4 for atom labels.

than the P+ 013 and P+014 distances (Table 6), similar to
those observed i2. The bridging diphenyl phosphate ligand
coordinates to the magnesium atoms in a-syyn manner, as
indicated by the P10O12-Mgl and P+0O11-Mg2 bond
angles (Table 4). The [MgiO12—P1-011-Mg2] plane is
approximately perpendicular to plane of the xylyl ring {R6

Yun et al.

Figure 5. ORTEP view of [Mg(HXDK)(H;O),] (4). Thermal el-
lipsoids are drawn at the 50% probability level, and some hydrogen
atoms are omitted for clarity.

Mgl and Mg2 have been displaced from the #111-012]
plane by 0.74 and 0.70 A, respectively, which is similar to that
observed for other phosphatmetal complexe4!

In the monodentate, terminal diphenyl phosphate ligand, the
phosphorus atom is roughly tetrahedral, with only one deviating
angle (02+P2-022= 115.8(3}). The P2-021 bond length
of 1.481(4) A is only slightly longer than the P22 bond
length of 1.473(4) A. The P2023 and P2024 bond lengths
are 1.583(5) and 1.598(5) A, respectively. There are relatively
few dimetallic complexes containing a terminally coordinated
phosphate ligangf244547

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

4. Addition of one equiv of bis(4-nitrophenyl) hydrogen
phosphate (HBNPP) to a methanolic solutionlofave [Mg-
(HXDK)2(H20)] (4), the IR spectrum of which indicated the
presence of XDK and hydroxyl groups. THe NMR spectrum

of 4in CD,Cl, 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 bontf

Crystals of4 were grown by vapor diffusion of ethyl ether
into a methanol solution containing. The X-ray crystal
structure of4 revealed a mononuclear magnesium(ll) center
coordinated by two HXDK ligands. The structure of [Mg-
(HXDK) 2(H20),] (4) is presented in Figure 5. Selected bond
distances and angles are given in Table 7. The magnesium(ll)
ion sits on an inversion center and is octahedrally coordinated
by the HXDK carboxylate ligands and two water molecules.
The magnesium atom is displaced by 0.38 A from the dicar-

(45) Bremer, B.; Schepers, K.; Fleischhauer, P.; Haase, W.; Henkel, G.;
Krebs, B.J. Chem. Soc., Chem. Commu89], 510-512.

(46) Glowiak, T.; Podgorska, |.; Baranowski,ldorg. Chim. Actal986
115 1-10.

(47) Sarneksi, J. E.; Didiuk, M.; Thorp, H. H.; Crabtree, R. H.; Brudvig,
G. W.; Faller, J. W.; Schulte, G. Knorg. Chem.1991, 30, 2833~
2835.

(48) (a) Cleland, W. W.; Kreevoy, M. Msciencel 994 264, 1887-1890.

(b) Kato, Y.; Toledo, L. M.; Rebek, J., J&. Am. Chem. Sod.996
118 8575-8579.
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Table 7. Selected Bond Distances (&) and Angles (deg)4or
Bond Distances

Mg1-01 2.090(6) Mg+0202 2.084(5)
Mg1l-0102 2.043(5) 01010201 2.423(8)
Bond Angles

01-Mgl-0102  86.6(2) 0102Mgl—0202 94.4(2)
01-Mgl-0102* 93.4(2) 0102Mgl-0202*  85.6(2)
01-Mgl-0202  88.3(2) Mg+0102-C101  151.2(6)
01-Mg1l—-0202* 91.7(2) Mg+0202-C201  149.3(6)

a Estimated standard deviations are given in parentheses. See Figure
5 for atom labels.

boxylate plane. The two carboxylate groups are approximately
coplanar, with a dihedral angle of 4. between them. The
distance between 0101 and 0201 is 2.423(8) A.

The magnesium(ll) ions il dissociate from XDK under
acidic conditions as evidenced by the formatiordof Proto-
nation of one of the XDK carboxylates under acidic conditions

is not un?xpected sinc4eg itkpvalue is unusually high . = Figure 6. ORTEP diagram of [G&XDK){u-7>(PhOYPOs} { 7~(PhO)-
11.1 in 1:1 EtOH/HO). PO} (CHsOH)s(H-0)], (6). Thermal ellipsoids are drawn at the 50%
Synthesis and Characterization of [Ca(XDK){u-n?- probability level. Hydrogen atoms are omitted for clarity.

(PhO);PO3} {n*-(PhO),P Oz} (CH30H)3(H20)]-CH30H, _
6-CH30H. ReZCtion of Ca(N@)+4H,0 (2 equiv) with HXDK Table 8. aSelected Bond Distances (A) and Angles (deg) for
(1 equiv) and NaOH (2 equiv) in methanol, followed by the 2SO

addition of NaDPP (2 equiv), gave the desired dicalcium(ll) Cal-012 ) 29%?§)d DiStanc?e;ozoz 2.24002)
2 1 . al- . a .
analog [Ca(XDK){u-n*(PhO}PO}H 1'-(PhOYPO;} (CHsOH)s Cal-021 2.306(2) Ca2011 2.282(2)
presence of XDK, diphenyl phosphate, and hydroxyl groups. ca1-0101 2.351(2) Ca20102 2.298(2)
The 'H NMR spectrum in CRQOD showed singlets for the Cal-051 2.388(2) Ca2062 2.394(2)
methyl groups of XDK ¢ 1.18, 1.25, and 1.90) and doublets 5?16222 ii?g% gg%ggl ii%%
for the met_hylene groupsd(1.18, 1.55, 2.09, and_2.83), P1-_O11 1:482(3) P2021 1:477(2)
consistent withC,, symmetry. The phenyl protons of diphenyl P1-013 1.602(2) P2024 1.594(2)
phosphate gave multiplet signals in the aromatic region, and p1—014 1.603(3) P2023 1.600(3)

integrations showed a DPP:XDK ratio of 2:1. TH® NMR Bond Anal

; i ond Angles
spectrum of6 in CD3OD at room temperature exhibited one 012-Cal-021 104.31(9) 0202Caz-011 91.41(9)
Sharp Slnglet at-11.66 ppm. CondUCt|V|ty measurementssof 012-Cal-0201 91.31(10) 0202Ca2-022A 94.05(9)

in methanol revealed it to be a 1:1 electrolyte, indicating 021-cal-0201 86.66(9) 011Ca2-022A 96.31(9)
dissociation of a diphenyl phosphate in solution. 012-Cal-0101 101.57(9) 0202Ca2-0102  94.76(9)

X-ray quality crystals of6 were grown from a methanol/ ~ 021-Cal-0101  146.45(9) O11Ca2-0102  100.55(9)
ethyl ether solvent system, and CCA revealed a polymeric 9201 Cal-0101 113.83(9)  022ACa2-0102 160.75(9)

. . - . . 012-P1-011 118.5(2) 022pP2-021 119.67(14)
structure in the solid state. The repeating unit comprises a 515_p1-013 110.8(2) 022P2-024 110.11(14)
dinuclear calcium(ll) center bridged by the carboxylates of XDK 011-pP1-013 109.69(14) 02iP2-024 106.92(13)
and by a bidentate diphenyl phosphate ligand (Figure 6). O12-P1-014 106.69(14) 022P2-023 104.71(13)
Selected bond distances and angles are given in Table 8. We011-P1-014 111.55(14) 0O2tP2-023 110.81(14)
hereafter refer to this unit as the intramolecularly-bridged 013-P1-014 97.52(13) 024P2-023 103.50(14)

oo ; : X P1-011-Ca2 139.1(2)  P2021-Cal 151.3(2)

dicalcium(ll) moiety. The structure @ differs slightly from P1-012-Cal 151.1(2) P2022—Ca2A 139.27(14)

that of the dimagnesium(I1)3] and the dizinc(ll) ) analogs ] O o )
since both calcium(ll) ions are octahedrally coordinated. The a Estimated standard deviations are given in parentheses. See Figure
other diphenyl phosphate ligand coordinates to one calcium atom® 0" atom labels.

(Cal) and forms a bridge to the calcium (Ca2A) of a neighboring . .
unit, generating the polymer (Figure 7). The Cal and Ca2 atoms&'® coordinated to the syn lone pairs of the carboxylates, as
are displaced by 0.87 and 0.71 A, respectively, from the Suggested by the average Cahnd Ca2 OCearoxyiate PONd
dicarboxylate plane (Table 4). Cal is octahedrally coordinated anlgl_es Of_13_2'6(3) and 15?.4(3)respec_t|vefly. This n;;g—gf of

by the bridging phosphates (012) and (021), the carboxylatesga C”ém g]ndlng to carl%c;gy;tzgr%gp};s.lslo ten orl?serhe e

of XDK (0101 and 0201), and two methanol ligands (051 and C2"-Cadistanceis 4.4 (9) A, which is longer than the-M
052). The Cat 0101 and Cat0201 bond distances are d|stanC(_as |_r13 and 5 (Table 4). The '0”.gef metametal
similar to the reported average €8caroxylatebond distance of sgparatg?)n ir6 may be due to the greater ionic radius of cal-
2.3 A for a coordination number of8. Ca2 is also octahedrally ugm(ll) and to '.[he effept of.the terminal dlphenyl .phosphate
coordinated by the bridging phosphate (O11), the other phos-Pridging the caicium(ll) ions in two asymmetric units.

phate of a neighboring molecule (O22A), the carboxylate _ The O1FP1-0O12 angle in6 is slightly smaller than the
oxygens of XDK (0102 and 0202), a methanol (062), and a ©21-P2-022angle (Table 8). The phosphoruexygen bond
water molecule (O61). The Ca2 bond distances to 0102 and distances are shorter to the metal-coordinated oxygens in both

0202 are slightly shorter than those of Cal. The calcium atoms P1 and P2 (Table 8), which is similar to that observed3or
The calcium(ll) ions are coordinated to the syn lone pairs of

(49) Rebek, J., Jr.; Duff, R. J.; Gordon, W. E.; Parris,JKAm. Chem.
Soc.1986 108 6068-6069. (50) Shannon, R. BActa Crystallogr.1976 32A 751-767.
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Figure 7. ORTEP view of the polymeric calcium center én ) L
N T=-24°C

the bridging phosphate, as suggested by the-Caid Ca2- 8'” P e —
O—P1 bond angles (Table 4). The Cal and Ca2 atoms lie i '-10 PP

roughly in the plane defined by the phosphinyl group, [©11 Figure 8. Variable-temperaturéP{*H} NMR spectra of3-CH;OH
P1-012], as indicated by displacements of 0.27 and 0.37 A in CD:0D.

for Cal and Ca2, respectively, and tffededral angle between  for 3 complete line shape analy&#s.Furthermore, the values
the phosphinyl plane and the [CaD12-P1-O11-Ca2] plane.  of AG* are not highly sensitive to errors in the rate const&.
The [Ca}-Ca2-011-012] plane is approximately perpen- The difference in the intensity ratios férand6 suggests that
dicular to that of the xylyl spacer (89 Ca2 and CalA are  gome fraction of the bridging diphenyl phosphate ligand is
displaced by-1.1 and+1.0 A, respectively, from the [021A further dissociated from the dinuclear center. This result
P2A—022A] plane (Figure 7). Ca2 and CalA are coordinated jndicates that the diphenyl phosphate ligands are more labile in
to the syn lone pairs of the phosphate. The €@R1-P2and  the carboxylate-bridged dizinc(ll) and the dicalcium(ll) com-
Ca2-022A—-P2A bond angles are 151.3(2) and 139.27{14)  plexes than in the dimagnesium(ll) analog (vide infra).

The P2A phosphinyl plane is 8from the P1 phosphinyl plane. Relevance to Magnesium-Activated Phosphatase Enzymes.
Variable-Temperature *'P{*H} NMR Studies. Samples of  The dinuclear magnesium(ll) compounds described here are
3, 5, and6 (30 mM) in CD;OD were studied by VP'P{'H} structurally similar to several phosphate ester-processing met-

NMR spectroscopy. Each compound exhibited two sharp zjipenzyme active sité)> Compoundl is a possible structural
singlets in its low-temperature limiting spectrum. Compound model for dimagnesium-dependent metalloenzyme active sites
3 displayed resonances @t—9.07 and—15.69, corresponding iy the absence of bound substrate. Compouhasd 3, the
to free and bound diphenyl phosphate, respectively. This first structurally characterized phosphate ester-bridged dimag-
assignment was made by addition of (MgDPP to confirm  nesjum(ll) complexes, are potential biomimetic models for the
the identity of the free diphenyl phosphate resonance and bypinding of phosphodiesters to magnesium-dependent phos-
comparison to theé!P chemical shift of [Mg(XDK){u-n* phatases. The MgMg separations i2 and3 are comparable
(PhOYPG;} (CHsOH)3(H20)(NOg)] at & —15.46. Complexation g the corresponding distances in several phosphatase enzymes,
of magnesium(ll), zinc(ll), and calcium(ll) ions to phosphate sych as ribonuclease H of HIV-1 reverse transcriptase (@ A),
esters shifts thélP NMR Signals to lower field&! Figure 8 rat DNA po|ymeras$ (4 A),3,4and fructose_l,6_bisphosphatase
shows spectra o over the temperature range24 < T < 60 (4.3 A)56 The carboxylate-bridged dimagnesium(ll) com-
°C, indicating diphenyl phosphate exchange at elevated tem-poyndsl—3 have metatmetal distances which vary from 4.11
peratures. The free energy of activation for phosphate esteryg 4.78 A. This range indicates that the carboxylates in the
exchange was estimated from the coalescence temperature (54pK |igand can readily accommodate changes in the metal
°C) to be~ 60 kJ mol*.2® For5, a value of 45 kJ mot* for coordination environment. Such intrinsic flexibility of the
the free energy of activation for exchange was calculated from carhoxylate donors may help facilitate substrate binding and
the coalescence temperature30 °C). The free energy of  product release at similar carboxylate-bridged dimagnesium-
activation for phosphodiester exchangeiwas determined to  (j)) centers in phosphate ester-processing enzymes.
be 39 kJ mof* from its coalescence temperature-658 °C. Comparisons of Dimagnesium(ll), Dizinc(ll), and Dical-
Although the details of the exchange mechanism are not known, cjum(il) Carboxylate-Bridged Centers. The present phos-
one reasonable possibility is shown in Scheme 1. Here, the phate ester complexes afford a comparison of these metal ions
free diphenyl phosphate associates and undergoes terminal-tom piologically relevant environments, providing a direct com-
bridged ligand exchange. parison of M@+, C&*, and Z#* from a biomimetic perspective.
Integration of the phosphorus signals f8rat the low- The solid state structures 8f 5, and6 reveal some of the
temperature limit indicates a 1:1 ratio of free-to-bound phos- ynique characteristics of the different metal ions. In all three,
phate. In the spectra 6fand6, however, the intensity ratio of  there is a dinuclear metal center bridged by the carboxylate
the free phosphate is slightly greater than that of the bound onegyxygen atoms of XDK and a bidentate diphenyl phosphate
(55:45). TheAG¥ values for5 and6 were calculated from the ligand. In the dimagnesium(ll) compleX Mgl has trigonal
rate constants determined at the coalescence temperaturegipyramidal and Mg2 octahedral geometry, with the monoden-
assuming a 1:1 two-site exchange motfelThis procedure is  tate phosphate ester bound to Mgl. For the dizinc(ll) analog
often used for unequally populated cases as well, since suchs zn1 is tetrahedral and Zn2 octahedral, with the terminal
results have been shown to be in good agreement with those

(52) Kost, D.; Carlson, E. H.; Raban, NCchem. Communl971, 656—
(51) Cohn, M.; Hughes, T. R., Jd. Biol. Chem1962 237, 176-181. 657.
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Scheme 1. Proposed Mechanism for Phosphate Ester Exctfange
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aM = Mg(ll), Zn(ll), or Ca(ll); L = CD;OD or H,0.

diphenyl phosphate ligand being coordinated to Znl. In the

studies of3, 5, and 6 in methanol are consistent with the

dicalcium(ll) analog6, Cal and Ca2 are both octahedral, with dissociation of the monodentate diphenyl phosphate ligand. The
a phosphate group bridging Ca2 and CalA from a neighboring two metal ions are in equivalent environments, as evidenced
molecule, leading to a polymeric structure. The results reflect by their'H and3P{*H} NMR spectra. Conductivity measure-

the preferred coordination numbers for these metals, with ments revealed 1:1 electrolyte behavior, supporting the observa-
calcium adopting the highest coordination number, followed by tion of a dissociated diphenyl phosphate ligand. These results

magnesium, then zirf®.
The metat-metal separations i8 and5 are comparable to

indicate that the bridging phosphate ester ligand is more stable
to exchange than the terminal one.

the distances found in phosphatases, such as the Klenow The variable-temperatuf@P{'H} NMR study revealed that

fragment of DNA polymerase | which can accommodate 2g
2Zré*, or Mg?t/Zn?t ions in its carboxylate-bridged center at
a M---M distance of 3.9 A& Interestingly, this enzyme is not
activated by calcium(llf® The Ca--Ca distance of 4.4628(9)
A in 6 suggests that the inability of calcium(ll) to activate this
enzyme may be due in part to the larger metaktal separation
required for this carboxylate-bridged center.

Until recent NMR work on the €domains of synaptotagmin
and protein kinase €' there were no examples of structurally
characterized carboxylate-bridged dicalcium(ll) metalloenzymes.
In the G domain, the C# ions are apparently linked by both
bidentate and monodentate bridging aspartate residues.
SNase, two calcium(ll) ions are required for catalysis of
phosphate ester hydroly$s,but in the available crystal
structures, only one calcium(ll) ion coordinated by two mono-
dentate aspartate residues has been obsé#wédOne of the

the bound and free phosphodiester ligands exchange with one
another in methanol. The phosphate ester exchange rates at 25
°C were calculated to be 1.9 1(*s™%, 7.5 x 10*s™%, and 9.1

x 1 s71, respectively, for3, 5, and6. Thus, the phosphate
ester exchange rate of the dimagnesium(ll) compou)ds(
~1(? times slower than that of the dizinc(ll) analo§) (@and
~1C® times slower than that of the dicalcium(ll) comple).(
These relative values parallel the differences poHxchange
rates of hydrated magnesium(ll), zinc(ll), and calcium(ll) ions,
1, 3 x 107, and~10® s71, respectively® The fact that the
dimagnesium(ll) center iB is kinetically less labile with respect

Into diphenyl phosphate ligand exchange than the dizinc(ll) center

in 5 and the dicalcium(ll) center irf6 may be useful for
understanding the metal ion preferences of phosphate ester-
processing enzymes.

In the Klenow fragment of DNA polymerase |, the carboxy-

monodentate aspartate residues in the active site could poteniate-bridged dimetallic active site can employ a 2MPZr?",

tially coordinate to the other required calcium(ll) ion in this
enzyme. The dicalcium(ll) comple&may be a useful structural

or a Mg#"/Zn?* pair. Although the identity of the metal ions
in vivo has not yet been determined, the X-ray structure of the

model for biochemists studying SNase, protein kinase C, and Klenow fragment complexed with a deoxynucleoside mono-

related G-domain proteins, and other calcium-dependent en-
zymes.
Since 3, 5, and 6 have structural similarities to phosphate

phosphate product in the presence of both zinc and magnesium
revealed a pentacoordinateZrion in one site (site A) and an
octahedral M&" ion in the other (site B. In the two-metal-

ester-processing metalloenzymes, their phosphodiester ligandon phosphoryl transfer mechanism proposed for this enzyme,

exchange properties in solution were investigated. Solution

(53) Lehman, I. R.; Richardson, C. Q. Biol. Chem.1964 239, 233~
241.

(54) Shao, X.; Davletov, B. A.; Sutton, R. B.; @uof, T. C.; Rizo, JScience
1996 273 248-251.

(55) Cuatrecasas, P.; Fuchs, S.; Anfinsen, Cl.BBiol. Chem1967, 242,
3063-3067.

(56) Cotton, F. A.; Hazen, E. E., Jr.; Legg, M.Broc. Natl. Acad. Sci.
U.S.A.1979 76, 2551-2555.

(57) Loll, P. J.; Quirk, S.; Lattman, E. E.; Garavito, R. Biochemistry
1995 34, 4316-4324.

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 pentavalent phosphorus transition state. Our observation
that carboxylate-bridged dimagnesium(ll) centers provide a
kinetically more stable binding site for phosphate esters than
the corresponding dizinc(ll) center is consistent with this site
preference. Furthermore, our results offer some insight into the
inability of calcium(ll) ions to activate the Klenow fragment.

(58) Eigen, M.Pure Appl. Chem1963 6, 97—115.
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In addition to the relatively large metainetal separation in a  ester-processing metalloenzymes. These magnesium(ll) com-
dicalcium(ll) carboxylate-bridged environment mentioned above, plexes should be of value for interpreting electron density maps
the more rapid phosphate ester exchange rate may be too fasin protein X-ray crystal structure determinations, since the
to bind and orient the substrate properly. current resolution of many dimagnesium-dependent metallo-
The faster rate of phosphate ester exchange for the dical-enzymes structures is too low to reveal detailed geometries
cium(ll) complex 6) may be useful in explaining the metal ion around the metal center. The dinuclear magnesiXDK
preferences of SNase. This highly proficient calcium-dependent center is unstable in the presence of acid, however, as evidenced
enzyme accelerates the hydrolysis of phosphodiester bonds byy protonation of the carboxylate ligand to liberate one
a factor of 18659 Other metal ions such as &oand Mr#t magnesium(ll) ion and generate [Mg(HXDK)-0),] (4).
bind competitively at the G4 binding site, but are at least %0 The carboxylate- and phosphodiester-bridged magnesium,
fold less effective at activating the enzyfffe Magnesium(ll) zinc, and calcium complexes are useful models for studying
ions have been reported to be ineffective at activating this the behavior of these metal ions in relevant biomimetic
enzyme! and zinc(ll) is a potent inhibitdi2 The rate- environments. The metametal separation in the dimagnesium
determining step for SNase is believed to be product re@ase. and the dizinc complexes are comparable to those found in
Our results that carboxylate-bridged dicalcium(ll) centers Similar carboxylate-bridged phosphatase active sites. The
exchange phosphate esters more rapidly than dimagnesium(ll)observed differences in phosphate ester exchange rates for
and dizinc(ll) analogs are consistent with the preference of dimagnesium, dizinc, and dicalcium centers were found to be

SNase for calcium(ll). comparable to the differences in water exchange rates for the
hydrated metal ions. The phosphodiester exchange rates may
Conclusions be useful to biochemists studying phosphate ester-processing

metalloenzymes. Elsewhere we describe the functional activity
With the use of the dinucleating XDK ligand, we have of the phosphatase model complexes.

prepared several novel carboxylate-bridged dimagnesium(ll)
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