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Treatment of the bmnpa (N,N-bis-2-(methylthio)ethyl-N-((6-neopentylamino-2-pyridyl)methyl)amine) ligand with
equimolar amounts of Cd(ClO4),-5H,0 and MesNOH-5H,0 in CH3CN vyielded the binuclear cadmium hydroxide
complex [((bmnpa)Cd),(ze-OH),](ClO4),*CH3CN (1). Complex 1 may also be prepared (a) by treatment of a CH;CN
solution of (bmnpa)Cd(CIO,), (2) with 1 equiv of n-BuLi, followed by treatment with water or (b) from 2 in the
presence of 1 equiv each of water and NEt;. The hydroxide derivative 1 is not produced from 2 and water in the
absence of an added base. Complex 1 possesses a binuclear structure in the solid state with hydrogen-bonding
and CH/z interactions involving the bmnpa ligand. The overall structural features of 1 differ from the halide derivative
[((bmnpa)Cd)2(u-Cl),](ClO4), (3), particularly in that the Cd,(u-OH), core of 1 is symmetric whereas the Cd,(u-Cl);
core of 3 is asymmetric. In acetonitrile solution, 1 behaves as a 1:2 electrolyte and retains a binuclear structure
and secondary hydrogen-bonding and CH/z interactions, whereas 3 is a 1.1 electrolyte, indicating formation of a
mononuclear [(bmnpa)CdCI]CIO, species in solution. Treatment of 1 with CO, in anhydrous CH3CN yields the
bridging carbonate complex [((bmnpa)Cd),(¢-CO3)](ClO,),-CH3CN (4). Treatment of a chemically similar zinc hydroxide
complex, [((benpa)Zn),(u-OH),](ClO,), (benpa = N,N-bis-2-(ethylthio)ethyl-N-((6-neopentylamino-2-pyridyl)methyl)-
amine, with CO, also results in the formation of a carbonate derivative, [((benpa)Zn),(u-COs3)](ClO,), (5), albeit the
coordination mode of the bridging carbonate moiety is different. Treatment of 4 with added water results in no
reaction, whereas 5 under identical conditions will undergo reaction to yield the zinc hydroxide complex [((benpa)-
Zn)z(‘u-OH)z](C|O4)z.

Introduction may be involved in two reported reactions of synthetic
cadmium complexes with CQunder basic aqueous condi-

The coordination chemistry of cadmium hydroxide (€d . . . .
4 4 te tions, albeit they were not isolated or spectroscopically

OH) species has received little attention in the literature. To haracterized.Our interest in the structural and reactivit
our knowledge, this area is limited to six reports of characterized.Ou eres € structural a ceactivity

multinuclear complexes that contain one or more-Qd properties of complexes posse§sing aQH unit st'ems.in
OH)—M units (M = Cc?+, C&, or C#+), reactivity studies part from the proposed formation of a €E®H moiety in

of which were not reportetiCadmium hydroxide species several cadmium-substituted binuclear zinc hydrolytic en-
' zymes and from the recent identification of a naturally
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Notably, the complete amino acid sequence of CCA1 reveals

the presence of a number of cysteine residues, which may

be involved in cadmium binding to the enzyme.

Due to the dearth of structural and spectroscopic data and
reactivity studies of cadmium hydroxide species, we became
interested in examining whether mixed nitrogen/sulfur ligand
systems capable of secondary interactions.(égdrogen
bonding) would enable the isolation of reactive cadmium
hydroxide complexes. Previous studies by Borovik and
Masuda, using tripodal ligand systems that incorporate
multiple secondary hydrogen bond donors, have demon-
strated that secondary interactions may be utilized to stabilize
a variety of oxo and hydroxo moieti€g. In our own
laboratory, we have prepared several mixed nitrogen/sulfur

ligands possessing a single internal hydrogen bond donor

and have shown that one such ligand (bmnpa, Scheme 1
enables the isolation of a binuclear nitrogen/sulfur-ligated
zinc hydroxide speciesWe note that our goal in using only
one hydrogen bond donor group in these systems is to
stabilize the moiety of interest (e.g., €OH) without
inhibiting further reactivity studies with suitable substrates.
In the work described herein, we are not seeking to model
a particular metalloenzyme but instead to examine the
formation and reactivity of a cadmium hydroxide species
wherein direct comparison could be made to relevant
cadmium and zinc analogue complexes. To our knowledge,
this type of study has not previously appeared in the
inorganic literature but is directly relevant toward developing
an understanding of the differences in coordination chemistry
between cadmium hydroxide and halide derivatives and,
more importantly, between cadmium and zinc hydroxide
species. The studies outlined herein encompass (1) develop

(5) Saito, M. A.; Lane, T. W.; Morel, F. M. MAbstracts of Paper223rd
National Meeting of the American Chemical Society, Orlando, FL,
Spring 2002; American Chemical Society: Washington, DC, 2002;
INOR 35.
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Int. Ed. 1999 38, 666—-669. (b) MacBeth, C. E.; Golombek, A. P.;
Young, V. G., Jr,; Yang, C.; Kuczera, K.; Hendrich, M. P.; Borovik,
A. S. Science200Q 289 938-941. (c) Shirin, Z.; Hammes, B. S.;
Young, V. G., Jr.; Borovik, A. SJ. Am. Chem. So200Q 122, 1836—
1837. (d) MacBeth, C. E.; Hammes, B. S.; Young, V. G., Jr.; Borovik,
A. S. Inorg. Chem.2001, 40, 4733-4741. (e) Gupta, R.; MacBeth,
C. E.; Young, V. G., Jr.; Borovik, A. SI. Am. Chem. So2002 124,
1136-1137.

(7) Harata, M.; Jitsukawa, K.; Masuda, H.; Einaga,Gthem. Lett1996
813-814.
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ment of synthetic routes to a binuclear -©dH complex,
including its formation from water, (2) reactivity studies of
the Cd-OH complex with CQ, and (3) extensive structural,
spectroscopic, and reactivity comparisons with cadmium and
zinc analogues. Of particular importance, the results of this
work demonstrate that, in a specific ligand environment, zinc
and cadmium hydroxide complexes differ notably in their
structural features and reactivity properties with L@
preliminary account of this work has previously been
reported?

Experimental Section

General Methods.All reagents and solvents were obtained from
commercial sources and were used as received unless otherwise
noted. Solvents were dried according to published procethaed
were distilled under N prior to use. Air-sensitive reactions were
performed in a MBraun Unilab glovebox under an atmosphere of
purified Np.

Physical Methods.FTIR spectra were recorded on a Shimadzu
FTIR-8400 spectrometer as KBr pellef$l and *C{'H} NMR
spectra were recorded at 20¢0) on a JEOL GSX-270 spectrom-
eter. Chemical shifts (in ppm) are referenced to the residual solvent
peak(s) tH, 1.94 ppm (quintet)}3C{1H}, 1.39 (heptet) ppm).
Details regarding the acquisition &fCd NMR spectra are given
in the Supporting Information. Fast atom bombardment (FAB) mass
spectra were obtained at the University of California, Riverside,
CA, using a VG ZAB2SE high-resolution mass spectrometer in a
matrix of m-nitrobenzyl alcohol (MNBA). Elemental analyses were
performed by Atlantic Microlabs of Norcross, GA.

Caution! Perchlorate salts of metal complexes with organic
ligands are potentially explosive. Only small amounts of material
should be prepared, and these should be handled with gredécare

Synthesis of Ligands and ComplexesThe bmnpa and benpa
ligands and the zinc complexes [((bmnpa)ZmOH),](ClO,), and
[((benpa)Zm)(u-OH),)(ClO4), were prepared as previously re-
ported®12

[((bmnpa)Cd),(u-OH),](CIO 4),:CH3CN (1). The entire previ-
ously reported synthetic procedure for this complex was performed
under an atmosphere of purified,,N1Cd NMR (CDs;CN, 88.8
MHz): 6 304 ppm.

(bmnpa)Cd(ClOy), (2). A CH3CN solution (3 mL) of bmnpa
(0.13 g, 0.37 mmol) was added to solid Cd(@I6H,0 (0.15 g,
0.37 mmol) in a glass vial. Following 30 min of rapid stirring, an
excess of diethyl ether~30 mL) was added and the resulting
cloudy mixture was cooled te-—10 °C for 14 h. A white solid
that had deposited was dried under vacuum. Diffusion gDHto
a CHsCN solution at ambient temperature yielded the product as a
crystalline solid (0.24 g, 91%}H NMR (dry CDsCN, 270 MHz):

0 7.70 (t,J = 8.0 Hz, 1H), 6.81 (dJ = 8.6 Hz, 1H), 6.71 (dJ) =

7.4 Hz, 1H), 5.40 (tJ = 5.9 Hz, 1H, N-H), 3.91 (s, 2H), 3.09 (d,

J = 5.9 Hz, 2H), 3.04-2.74 (m, 8H), 2.19 (s, 6H), 1.00 (s, 9H).
13C{1H} NMR (CDsCN, 67.9 MHz): 6 160.1, 152.2, 142.7, 114.9,
108.6, 59.7, 55.1, 50.4, 33.1, 32.3, 27.5, 15.1 (12 signals expected
and observed)}:'*Cd NMR (dry CD;CN, 88.8 MHz): ¢ 280 ppm.

(9) Allred, R. A.; Arif, A. M.; Berreau, L. M.J. Chem. Soc., Dalton Trans.
2002 300-301.
(10) Armarego, W. L. F.; Perrin, D. DPurification of Laboratory
Chemicals 4th ed.; Butterworth-Heinemann: Boston, MA, 1996.
(11) Wolsey, W. CJ. Chem. Educl973 50, A335—-A337.
(12) Garner, D. K.; Allred, R. A.; Arif, A. M.; Berreau, L. Mnorg. Chem.
2002 41, 3533-3541.
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FTIR (KBr, cm%): 3405 (ny—), 1120 ¢or—cio, CIO" asym bend), ~ (CDsCN, 67.9 MHz): 6 161.0, 152.4, 142.1, 113.9, 108.0, 60.2,

1021 ¢o—cio, ClO3 sym stretch), 91416+ —cio,, CIO stretch), 629 55.4,50.9, 33.3, 32.1, 27.9, 15.3 (12 signals expected and observed).

(vor—cio, ClOs sym bend), 624/61%6+_cio,, ClO; asym bend}# 113Cd NMR (CDsCN, 88.8 MHz): ¢ 361 ppm. FTIR (KBr, cm?):

Anal. Calcd for G7H31N3S,Cl,0sCd: C, 31.24; H, 4.78; N, 6.43. 3357 n—n), 3336 ¢n-—n), 1083 fcio,, asym stretch), 623v€io,,

Found: C, 31.54; H, 4.82; N, 6.52. asym bend}* LRFAB-MS (CH,CN—NBA) [nVz (relative intensity)]:
Deprotonation of Secondary Amine of 2 Followed by Addi- 490 ([(bmnpa)Cd- CI]*, 100%). Anal. Calcd for €HsoNeSs-

tion of H,O: NMR Tube Reaction. A NMR tube containing2 Cls0sCdy: C, 34.67; H, 5.31; N, 7.14. Found: C, 34.73; H, 5.32;

(84 mg, 0.13 mmol) in dry CECN was prepared. ThiH NMR N, 7.07.

spectrum was identical to that reported above for compliexdry [((bmnpa)Cd),(s-CO3)](ClO 4)2*CH5CN (4). 4was prepared as

CD4CN. Following the addition of 1 equiv af-BuLi (81 uL, 1.6 previously reported123Cd NMR (CDsCN, 88.8 MHz): 6 245 ppm.

M hexane solution (Aldrich)), the tube was vigorously shaken and  Treatment of 2 with H,O/CO,. A CD3CN solution ¢-0.5 mL)

a second'H NMR spectrum was obtained wherein some peak of 2 was prepared containing5 equiv of water. This NMR tube

broadening had occurred and the signal for the N{8)proton had was cooled to—78 °C, opened to vacuum to remove headspace

disappeared. To this solution was added 1 equiv of waten{2)4 gases, and was then returned to ambient temperature under vacuum.

the tube was shaken vigorously for30 s, and a thirdH NMR CO, was then purged into the tube-{ atm). The tube was then

spectrum was obtained. This spectrum indicated the clean formationsealed via stopcock and vigorously shakentHANMR spectrum

of 1. of this solution obtained at 20(EC exhibited spectral properties
Treatment of 2 with H,O in the Presence of NEf NMR consistent only with the presence ®fand water, indicating that

Tube Reaction.A NMR tube containing? (26 mg, 0.040 mmol) o reaction involving C@had occurred.

in CD:CN was prepared containingl equiv of water. To this Treatment of [((benpa)Zn),(u-OH)2](CIO 4), with CO,. Char-

tube was added NE(1 equiv), and the tube was shaken vigorously. acterization of [((benpa)Zn)(u-CO3)](CIO 4)2 (5). CO; (~1 atm)

A H NMR spectrum of this solution indicated the quantitative was condensed into a dry GON (1 mL) solution of [((benpa)-

formation of1. Zn),(u-OH),](ClOy); (0.017 g, 0.015 mmol). AH NMR spectrum
Treatment of 2 with H,0: NMR Tube Reaction. A NMR of this solution indicated complete conversion to a new complex

tube containing (38 mg, 0.058 mmol) in dry CEEN was prepared. 2 ‘H NMR (CDsCN, 270 MHz, CQ atmosphere): 7.66 (t,J =

1H NMR (dry CDsCN, 270 MHZ)Z 5771 (tv‘J = 8.0 Hz, 1H), 7.8 Hz, lH), 7.59 (bl’, 1H, NH), 6.68 (d,J = 8.6 Hz, 1H), 6.60

6.82 (d,J = 8.6 Hz, 1H), 6.71 (dJ = 7.4 Hz, 1H), 5.36 (br, 1H,  (d,J=6.6Hz, 1H), 3.90 (s, 2H), 3.612.71 (m, 12H), 2.66.2.40

N—H), 3.91 (s, 2H), 3.11 (d] = 5.9 Hz, 2H), 3.042.74 (m, 8H), (M, 4H), 1.17 (tJ = 7.2 Hz, 6H), 1.01 (s, 9H)}*C{*H} NMR

2.20 (s, 6H), 1.02 (s, 9H). This spectrum is highly similar to that (CD:CN, 67.9 MHz, CQ atmosphere):6 170.0 {-CO;), 160.4,

reported above for compleX in dry CD:CN, albeit the N(3)-H 152.0, 142.6, 112.4, 108.0, 59.2, 55.3, 52.3, 32.9, 29.3, 27.9, 27.0,

proton is shifted~0.04 ppm upfield and slightly broadened, which 144 (14 signals expected and 14 observed; carbonate carbon found

may indicate some degree of ion pairing. Following the addition USing**CO,) ppm. Diffusion of EO into this solution at room

of 1.0 equiv of water (1.QuL), the tube was vigorously shaken —temperature, under a G@tmosphere, yielded a few clear crystals

and a secon#H NMR spectrum was obtainet NMR (dry CDs- and a powdered precipitate (total mass: 0.015 g). The raitof

CN, 270 MHz): 6 7.71 (t,J = 8.0 Hz, 1H), 6.81 (dJ = 8.6 Hz, [((benpa)Zn)(u-OH),])(ClO4), in this bulk sample, as determined

1H), 6.71 (d,J = 7.4 Hz, 1H), 5.43 (br, 1H, NH), 3.90 (s, 2H), by IH NMR in dry CD;CN, was~3.5:1. Despite repeated attempts

3.10 (d,J = 5.9 Hz, 2H), 3.04-2.74 (m, 10H), 2.20 (s, 6H), 1.01  at recrystallization from CECN/EO solution under a C©O

(s, 9H). A new feature at 2.81 ppm was assigned a0, Hs it atmosphere, conditions under which 'l NMR experiment

increased with subsequent additions and underwent an upfield shiftindicated>95% formation of5, the carbonate compleX could

of only 0.01 ppm or less with each additional 1 equiv of water. NOt be isolated as an analytically pure material. Even when single

Following the addition of 2 and 3 equiv of water, respectively, the Crystals were harvested, & NMR spectrum (in dry CBCN

N(3)—H proton shifted downfield to 5.50 and 5.57 ppm. Tié solution) indicated the presence of [((benpaplOH),](ClO,)s.

NMR spectrum remained unchanged after several days at room Note: Treatment of the structurally related [((bmnpa)#n)
temperature. OH),](CIO,), with excess C@in CH3;CN resulted in the formation

[((bmnpa)Cd)»(u-Cl)5](CIO 1), (3). A solution of bmnpa (0.10 of a new complex6. On the basis ofH and'3C NMR experjments
g, 0.30 mmol) in CHCN (3 mL) was added to a vial containing conducted under a GOatmosphere, we suggest thatis the

solid Cd(CIQ),"5H,0 (0.12 g, 0.30 mmol). The resulting clear, analogous bridging carbonate derivative [(bmnpa@ALOs)l-

colorless solution was stirred for 5 min and then transferred to a (€/94)2: *H NMR (CDiCN, 270 MHz, CQ atmosphere): 7.66

vial containing NMgCl (0.033 g, 0.30 mmol). The resulting mixture (t, J=7.8 Hz, 1H), 7.59 (br, 1H, NH), 6.8 (d, J = 8.6 Hz, 1H),

was stirred fo 4 h atambient temperature at which time the solvent 6.60 (d,J = 6.6 Hz, 1H), 3.90 (s, 2H), 3.652.68 (m, 10H), 2.05

was removed under reduced pressure. The remaining white solid(S 6H), 1.01 (s, 9H)}C{*H} NMR (CD:CN, 67.9 MHz, CQ

was redissolved in CKl, (10 mL), the mixture was filtered through atmosphere):0 170.1 (-CO), 160.6, 152.0, 142.7, 112.5, 108.1,

glass wool/Celite to remove MECIO,, and the CHCI, filtrate 58.8, 55.4, 51.6, 32.9, 31.9, 27.9, 15.6 (13 signals expec.ted and 13

was pumped to dryness. The product was recrystallized from CH 0PServed; carbonate carbon found ustigO,) ppm. As with5,

CN/EO to yield crystals suitable for X-ray diffraction analysis all at_tempts tq isolate analytically put‘gresulted in the isolation

(0.11 g, 60%)H NMR (CD:CN, 270 MH2): & 7.64 (t,J = 7.8 of mixtures with the p.recursor hydroxide complex. .

Hz, 1H), 7.19 (t,J = 5.8 Hz, 1H, N—H), 6.71 (d,J = 8.6 Hz, 1H), Trgatment of 4 Wlth H,0: NMR Tube Reactlpn. Ap-

6.61 (d,J = 6.9 Hz, 1H), 3.87 (s, 2H), 3.03 (d,= 5.9 Hz, 2H), proximately 36 mg of dried crystalliné was dlssqlved |nv.1 mL

3.00-2.72 (m, 8H), 2.16 (s, 6H), 1.02 (s, 9HFC{H} NMR of dry CDsCN. A 'H NMR spectrum was obtained, which was
identical to that reported fo# (see above). To this solution was

(13) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307—326. added 1.5 equiv of pO (1.6uL). The resulting solution was mixed

(14) Coetzee, J. F.; Cunningham, GJPAm. Chem. S0&965 87, 2529 for about 1 min, and @H NMR spectrum was obtained. The
2534, spectrum was unchanged except for a slight upfield shifd.{
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ppm) of the N(3)-H proton and the appearance of theCHpeak in occupancy over two positions for each carbon. Two perchlorate
at 2.39 ppm. An additional 5.0 equiv of,8 (5.3uL) was added, anions in the asymmetric unit also exhibit disorder. The'Y>4ad
and the solution was mixed again for about 1 minltA NMR O(10) oxygen atoms, bonded to CIf2 were split into two
spectrum of this solution indicated only a further upfield shifo(3 fragments (O(9/0(9b), O(10)/O(10b)) and were refined. This
ppm) of the N(3)-H proton. After 4 days at 48C, another'H refinement led to a 0.61:0.39 ratio in occupancy over two positions
NMR spectrum was obtained and no changes were observed.  for each oxygen atom. The O(9) and O(10) oxygen atoms, bonded
Treatment of 5 with H,O: NMR Tube Reaction. Ap- to CI(2), were split into two fragments (O(9)/0O(9a) and O(10)/
proximately 11 mg of bulk compound isolated from attempts to O(10a) and were refined. This refinement led to a 0.75:0.25 ratio
crystallize5 was dissolved inv1 mL of dry CD;CN. A 'H NMR in occupancy over two positions for each oxygen atom.
spectrum (20(1)C) of this solution showed a ratio &fto [((benpa)- The cadmium perchlorate complex (bmnpa)Cd(£4QR2) crys-
Zn)(u-OH),](ClOy), of ~2.7:1 (from integration of-Bu resonances tallized in the space group2i/a. A portion of the hydrogen atoms
of each complex). To this solution was added 1 equiv gDHO.2 (those on the thioether arms and the benzylic position) were located
uL). Following mixing for about 1 min, 8H NMR spectrum was and refined independently while the remaining atoms were assigned
obtained (20(1YC), which indicated that the ratidto [((benpa)- isotropic displacement coefficient{H) = 1.2U(C) or 1.8J(Cretny),
Zn)(u-OH),](ClOy), had decreased tol.5:1. Addition of asecond  and their coordinates were allowed to ride on their respective
equiv of water (0.2uL), followed by mixing for about 1 min, carbons using SHELXL97. N(3) as well as carbon atoms of the
yielded a solution that when analyzed By NMR indicated a pyridyl ring exhibit vibrational motion, and three of the carbon
further reduction of the ratio betweé&rand [((benpa)Znju-OH),]- atoms of neopentyl group of the bmnpa ligand exhibit disorder.

(ClOy), to ~1.3:1. With addition of subsequent equivalents e These carbon atoms (C(13)/C(15)/C(16)) were each split into two
the ratio continued to decrease but in a less dramatic fashion. Infragments (second fragment denoted by a prime) and were refined.
addition, a precipitate began to form, consistent with the formation This refinement led to a 0.64:0.36 ratio in occupancy over two
of [((benpa)Zn)(u-OH),](ClO,),, which exhibits relatively low positions for each carbon atom.

solubility in CD;CN. Using the residual BD,CN signal as an The cadmium chloride complex [((bmnpa)@@)Cl)2](ClO,),
internal standard, it was observed that the overall amount of 2CH,CN (3-2CH;CN) crystallized in the space grol2;/c. There
[((benpa)Zn)(u-OH);](ClOy), in the solution remained constant is one binuclear cation (and corresponding anions) in the asymmetric
throughout the water additions, whereas the amoubtdafcreased. unit. Carbon atoms of the neopentyl unit of the bmnpa ligand
As 5 is highly soluble in CRCN, this behavior is indicative of bonded to Cd(2) exhibit disorder. These carbon atoms (C(31)/C(32)/

reaction of5 with water to produce [((benpa)Zif)-OH).](ClO4)2, C(33)) were each split into two fragments (second fragment denoted
which then partially precipitates from solution. by “a”) and were refined. This refinement led to a 0.51:0.49 ratio
X-ray Crystallography. A crystal of each compounti—5 was in occupancy over two positions for each carbon atom. Of the two

mounted on a glass fiber with traces of viscous oil and then perchlorate anions present in the asymmetric unit, one exhibits
transferred to a Nonius KappaCCD diffractometer with Ma K disorder over two positions. There are two molecules of acetonitrile
radiation ¢ = 0.710 73 A) for data collection at 200(1) K. For  solvate present in the asymmetric unit, one of which exhibits
each compound, an initial set of cell constants was obtained from disorder.
10 frames of data that were collected with an oscillation range of ~ The cadmium carbonate complex [((bmnpa)}@diICO;)](ClO,),*
1 deg/frame and an exposure time of 20 s/frame. Indexing and unitCHsCN (4) crystallized in the space groupl. One molecule of
cell refinement based on observed reflections from those 10 framesacetonitrile is found in the asymmetric unit. Hydrogen atoms on
indicated monoclini® lattices forl, 2, and5, a monoclinicC lattice N(3) and N(6) were located and refined independently, while the
for 3, and a triclinicP lattice for 4. Final cell constants for each  rest were assigned isotropic displacement coefficidntid) =
complex were determined from a set of strong reflections from the 1.2U(C) or 1.83J(Cmetny) and their coordinates were allowed to ride
actual data collection. For each data set, these reflections wereon their respective carbons using SHELXL97. Oxygen atoms of
indexed, integrated, and corrected for Lorentz, polarization, and both perchlorate anions exhibit disorder. For the first perchlorate
absorption effects using DENZO-SMN and SCALEPACThe anion, two oxygen atoms (O(4) and O(5)) were each split into two
structures were solved by a combination of direct methods and fragments (second fragment denoted by a prime) and were refined.
heavy atom using SIR 97. All of the non-hydrogen atoms were This refinement led to a 0.62:0.38 ratio in occupancy over two
refined with anisotropic displacement coefficients. Unless otherwise positions. For the other perchlorate anion, three oxygen atoms
stated, hydrogen atoms were assigned isotropic displacement(O(10)/O(11)/0(12)) were each split into two fragments (second
coefficientsU(H) = 1.2U(C) or 1.8J(Cnetny), and their coordinates ~ fragment denoted by a prime) and were refined. This refinement
were allowed to ride on their respective carbons using SHELXL97. led to a 0.75:0.25 ratio in occupancy over two positions for each
Structure Solution and Refinement.The cadmium hydroxide oxygen atom.
complex [((bmnpa)Cdju-OH),](ClIO4)2* CHsCN (1) crystallized in The zinc carbonate complex [((benpa)#nyCO5)](ClO4): (5)
the space group2i/c. Hydrogen atoms of the hydroxy groups were crystallized in the space grol®,/c. Hydrogen atoms on N(3) and
located and refined independently. There are two independentN(6) were located and refined independently. Oxygen atoms of one
binuclear cations (and corresponding anions) in the asymmetric unit, perchlorate anion exhibit disorder. These oxygen atoms (O(8)/O(9)/
with the second cation being denoted by atom numbering possessing2(10)/O(11)) were each split into two fragments (second fragment
a prime () notation. There is one molecule of @EN/binuclear denoted by prime) and were refined. This refinement led to a 0.61:
cation in the asymmetric unit. For one cation, the positions of two 0.39 ratio in occupancy over two positions for each oxygen atom.
carbons and the thioether sulfur atom of each thioether arm bonded Conductance.Conductance measurements were made at 22(1)
to Cd(2) are disordered. These carbon and sulfur atoms of each®°C using a YSI model 31A conductivity bridge with a cell having
thioether arm (C(18)/C(19)/S(4) and C(21)/C(22)/S(3)) were split a cell constant of 1.0 cnt using MaNCIO, as a standard.
into two fragments (second fragment denoted by “a”) and were Acetonitrile was used as the solvent and was dried over,CaH
refined. The refinement led to a 0.68:0.32 ratio in occupancy over distilled, and then collected by vacuum distillation prior to use.
two positions for each thioether sulfur atom and a 0.70:0.30 ratio Each complex was recrystallized and dried in vacuo to obtain clean,
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crystalline material. Using a measured amount of material, typically
45-55 mg, solutions ranging from approximately3.05 mg/mL
were prepared by serial dilution. While most solutions were
prepared open to the air, those of the [((bmnpa)@ePH),]-
(ClO4)2*CH3CN (1) complex were prepared under an inert atmos-
phere to minimize the reaction with atmospheric 0o reduce
electrolyte contamination, all glassware was rigorously cleaned,
rinsed with distilled water, and subsequently oven-dried.
Conductance Data AnalysisThe data derived from conductance

measurements of all solutions were used to calculate respective

equivalent conductances which were plotted as a function of the
square root of the equivalent concentration for each conipféx.

The data of the linear portion (found between anomalous behavior
at either end of the concentration range) were extrapolated to give

a hypothetical equivalent conductance at infinite dilution as the
y-intercept. Onsager plots were constructed by plotting the differ-
ence between thg-intercept and the equivalent conductange (
versus the square root of the equivalent concentration Hor
complexes wherein the solution behavior could conceivably be

either a 1:1 or 1:2 electrolyte, the Onsager slopes were calculated

for both cases. The electrolyte type was then determined by
eliminating the slope inconsistent with either possibility.

Results
What Synthetic Routes Will Yield Cd—OH Species?

Allred et al.

Figure 1. ORTEP representation @f All ellipsoids are drawn at the 35%
probability level. Details of the X-ray data collection and refinement may
be found in Table 1. Selected bond distances and angles are given in Table
2. Hydrogen atoms (except the secondary amine hydrogen) are not shown
for clarity.

anions are released, as determined by conductance measure-
ments (Figure S1). This is consistent with formation of a
N/S-ligated Cd(ll) ion in CHCN solution, perhaps possessing
one or more coordinated nitrile liganéfs.

Treatment of a dry CECN solution of2 with 1 equiv of
n-BuLi yielded *H NMR spectroscopic changes suggesting

We have evaluated various synthetic approaches towarddeprotonation of the bmnpa ligand. For example, the NEB)

generating a cadmium hydroxide complex. Using conditions

resonance at 5.40 ppm disappeared. In addition, peak

under which an external base is added, attempts to preF"""ebroadening in the ligand proton resonances was observed.

1in MeOH solution using KOH, conditions similar to those
utilized for the preparation of a zinc hydroxide complex of
the bmnpa ligand,failed to give clean crystalline product
following recrystallization from CHCN/EtO. However,
using CHCN as the solvent, treatment of the bmnpa ligand
(Scheme 1) with equimolar amounts of Cd(@bH,O and
Me;s;NOH-5H,0 under anaerobic conditions followed by
workup and crystallization from C#N/EtO yielded the
hydroxide derivative [((bmnpa)Cgl-OH),](ClO4),CHs;CN
(2) as a crystalline solid in 79% yield. The chemical makeup
of this hydroxide derivative was determined %y, :°C, and
113Cd NMR, FTIR, elemental analysis, and X-ray crystal-
lography. Details of the solid-state and solution properties
of 1 will be presented following discussion of other synthetic
routes to this complex.

To investigate whethet could be prepared using water

as the source of hydroxide anion, two independent pathways

were examined, both starting from a cadmium perchlorate
derivative (bmnpa)Cd(CIg, (2) that was independently
synthesized. CompleXwas prepared by mixing equimolar
amounts of Cd(CIg),*5H,0 and bmnpa in CECN solution
followed by recrystallization from CHCN/ELO. Complex

2 has been characterized by several methods incluttihg
and BC NMR, %Cd NMR, FTIR, elemental analysis,
conductance (in dry C¥CN), and single-crystal X-ray
crystallography. In the solid state (Figure 1), the cadmium
center is six-coordinate, exhibiting a distorted trigonal
prismatic geometry with both perchlorate anions coordinated
to the Cd(ll) ion. In dry CHCN solution, both perchlorate

(15) Geary, W. JCoord. Chem. Re 1971, 7, 81-122.
(16) Feltham, R. D.; Hayter, R. G. Chem. Socl964 4587-4591.
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However, because notable changes in the chemical shifts of
ligand resonances were not observed, the results suggest that
the bmnpa ligand undergoes deprotonation under these
conditions without drastic structural rearrangement of the
complex. Notably, addition of 1 equiv of water to this
solution gavel in quantitative yield (as determined Bii
NMR).

A second synthetic route tb involving water and? is
depicted in Scheme 1. Treatment of a {CID solution of2
with equimolar amounts of water and NEyielded 1
guantitatively as determined B NMR spectroscopy.

Finally, we have examined whether the cadmium hydrox-
ide complexl could be generated froi and water in the
absence of an external base. Treatment of gGN\Dsolution
of 2 with 1 equiv of water at 20(1JC results in a slight
downfield shift of the N-H resonance of the bmnpa ligand
(Figure S2) from 5.36 to 5.43 ppm. A resonance for water
is observed at 2.81 ppm, which increases in intensity with

(17) A search of the Cambridge Crystallographic Database (CSD version
5.23, April 2002) revealed 9 examples of Cd(ll) complexes possessing
one or more coordinated GBN ligands: (a) Adams, H.; Bastida,
R.; Fenton, D. E.; Macias, A.; Spey, S. E.; Valencialnorg. Chem.
Communl1999 2, 513-515. (b) Adams, H.; Bastida, R.; Fenton, D.
E.; Macias, A.; Spey, S. E.; Valencia, L. Chem. Soc., Dalton Trans.
1999 4131-4137. (c) Li, S.-L.; Zhang, Z.-Z.; Mak, T. C. Wnorg.
Chim. Actal998 268 177-187. (d) Adams, H.; Bailey, N. A.; Fenton,

D. E.; Ford, I. G.; Kitchen, S. J.; Williams, M. G.; Tasker, P. A,;
Leong, A. J.; Lindoy, L. FJ. Chem. Soc., Dalton Tran991, 1665~
1674. (e) Bebout, D. C.; Stokes, S. W.; Butcher, Rndrg. Chem.
1999 38, 1126-1133. (f) Brooker, S.; Bertel, N.; Stalke, D.;
Noltemeyer, M.; Roesky, H. W.; Sheldrick, G. M.; Edelmann, F. T.
Organometallicsl992 11, 192-195. (g) Barnett, S. A.; Blake, A. J,;
Champness, N. R.; Nicolson, J. E. B.; Wilson JCChem. Soc., Dalton
Trans.2001 567-573. (h) Kitazawa, T.; Kikuyama, T.; Ugajin, H.;
Takahashi, M.; Takeda, Ml. Coord. Chem1996 37, 17—22.
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the addition of subsequent equivalents of water. TheHN
proton resonance @ shifts downfield to 5.57 ppm following
the addition of a total of 3 equiv of water. The downfield
shift of the NH resonance could arise from formation of a
hydrogen-bonding interaction with water, which may be
competing with solvent for the open coordination site(s) of
the Cd(Il) ion*& No further change in thtH NMR spectrum
was observed after several days at room temperature,
indicating that the presence of water, in the absence of an
external base, does not enable the formation of the cadmium
hydroxide complext..

X-ray Crystallographic Characterization. The structure
of 1 was determined by X-ray diffraction. An ORTEP
representation of the cationic portionbfs shown in Figure
2 (top). For structural comparison to the hydroxide derivative,
we have prepared a cadmium chloride compl& &s
outlined in Scheme 2. An ORTEP representation of the
cationic portion of3 is shown in Figure 2 (bottom). At first
glance, the structural features of the cationic portiong of
and 3 appear similar, with both possessing a binuclear
structure, each cadmium ion exhibiting a distorted octahedral
geometry, and similar CelN,, (average 2.36 A) and Cd
Nam (average 2.40 A) distances. In addition, the neopentyl-
amino portions of the bmnpa ligands in both cases are
positioned on one side of the &d-X), (X = OH or Cl)
core. In this orientation, two hydrogen-bonding interactions
are formed with the bridging anions. For the hydroxide
derivative 1, these interactions are classified as moderate
hydrogen bonds, having N(3)O(2)/N(6)+-O(1) heteroatom
distances 0f~2.9 A9 In 3, heteroatom distances (N¢3)

. .. FH Figure 2. ORTEP representations of the cationic portiond ¢fop) and
Cl(2) 3.26 A’ N(6)--CI(1) 3.32 A) indicate hydrogen bonds 3 (bottom). All ellipsoids are drawn at the 35% probability level. Only one

between the ligand secondary amino groups and the bridgingof two independent but chemically similar cations in the asymmetric unit
chloride aniong® Examination of the metrical parameters of 1 is shown. Hydrogen atoms (except the secondary amine hydrogens

of the Cd-S interactions, the G@i-X), cores, and secondary ~ 2"d the hydroxyl hydrogens @) are not shown for clarity.
interactions within the cationic portions @fand 3 reveals Scheme 2

notable differences between the complexes. For example, the X

Cd-S distances ir8 (average 2.69 A) are slightly shorter P Cd(ClO,);5H;0 \— hed 2§ J \—I 2+
than the average GeS distance irl (average 2.76 A). In ><\N£NL Me,NCI, CHyCN Q*‘}pr\“@ (CIO4)2
addition, whereas the Q@-OH), core of 1 is nearly H N‘;\% % <M b2
symmetric (Ce-O(H)ayg 2.22 A; Cd--Cd 3.32 A), the Cgt — K,; T@

(u-Cl), core of3 is notably asymmetric, with each cadmium bmnea s

ion involved in two distinct Ce Cl interactions (Cd(%)Cl- ) ) o ) )

(1) 2.7664(11), Cd(HCI(2) 2.5362(5), Cd(2yCI(1) 2.5305- to secondary interactions within the binuclear catiorlof

(12), Cd(2)-CI(2) 2.7509(6) A; Ce+-Cd 3.76 A). In regard as shown in Figure 3 (top), two similar Cidinteractiong*

1o A P —————— o Dambase (CSD versi (perpendicular C(alkyf)-arene distances of 3.84 and 3.63

search of the Cambridge Crystallographic Database version ; o

5.23, April 2002) revealed 7 examples wherein a cadmium coordination A’ respectively) are found between a—.El unit (—CH, Or,
environment contained both a water ligand and nitrogen and sulfur —CH;—) of the neopentyl group of one ligand and the pyridyl
dg”g?%ﬁ?&p%%gh}?gi_'-J;”\r/]g'\?gliiri‘af-l .'Eé,ﬁﬁfbi'rﬁﬁ'ﬂggé Bologa. - group of the second bmnpa ligand. This contrasts with the
692-695. (b) Rodesiler, P. F.; Charles, N. G.; Griffith, E. A. H.; Structural features o (Figure 3 (bottom)), wherein only a

Amma, E. L. Acta Crystallogr., Sect. 4987 43, 1058-1061. (c) single very short CHf interaction (C(32}-arene centroid

Pickardt, J.; Gong, G.-TZ. Naturforsch., B1993 48, 23—26. (d) : ;
Griffith, E. A. H.; Amma, E. L.Chem. CommurL979 1013-1014. distance 3.18 ',&‘) IS present.
(e) Baggio, S.; Baggio, R.; Garland, M. Acta Crystallogr., Sect. C Spectroscopic Properties of [((bmnpa)Cd)u-OH),)-

1998 54, 1099-1102. (f) Yang, G.; Zhu, H.-G.; Liang, B.-H.; Chen, . id-
X.-M. J. Chem. Soc., Dalton Tran001, 580-585. (g) Casas, J. S.; (ClO4)2"CHSCN (1). The solid-state FTIR spectrum df

Castellano, E. E.; Garcia-Tasende, M. S.: Sanchez, A.; Sordo, J.; (Collected as a KBr pellet) exhibitsia-— vibration at 3587

19) %ugermaGn-ASXhﬂetctoc;, Z?‘ Antora- /gllg- ChBemt%é ?233 %2&83%- cmtand CIQ vibrations. While perchlorate vibrations are
erirey, G. N Introauction to Rydrogen bonain@xior niversity . .
Press: New York, 1997, also found in the solid-state FTIR spectradtnd 3, the
(20) (a) Allerhand, A.; Schleyer, P. V. R. Am. Chem. Sod.963 85,
1233-1237. (b) Steiner, TActa Crystallogr., Sect. B998 54, 456— (21) Nishio, M.; Umezawa, Y.; Hirota, M.; Takeuchi, Yetrahedronl995
463. 51, 8665-8701.
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C(34)...centroid -

C(13)...centroid
3.84A

3.63A

C(32)...Centroid "~
3.153A

Figure 3. Views of the secondary interactions surrounding the(G«X)»
cores inl (top) and3 (bottom).

region >3500 cnT?! in these complexes lacks the feature
assigned aso-y in 1.

Because reactivity studies dfwith CO, were undertaken
in CH3CN solution, we have further examined the solution
properties ofl by conductance measurements and!y
13C, and'**Cd NMR. In CH;CN solution, complexX behaves

Allred et al.

Scheme 3

CO,, CHiCN

He e f7N\
/ /D\gp/\ fd\}

figec

chemical shifts ¢ 3.03 and 1.02 ppm, respectively) similar
to those found for the mononuclear cadmium com€®
3.09 and 1.00 ppm, respectively) under identical conditions.
Cadmium Hydroxide vs Zinc Hydroxide Reactivity:
CO; Hydration. Because a naturally occurring cadmium-
containing carbonic anhydrase has been recently idenfified,
we have focused our initial efforts on examining the CO
reactivity properties ofl versus [((benpa)Zaju-OH),]-
(ClOy),, a binuclear zinc hydroxide complex of the bmnpa
ligand that we have previously report€dAs shown in
Scheme 3, treatment of a dry @EN solution ofl with CO,,
followed by crystallization from CECN/E%O, yielded the
binuclear cadmium carbonate complex [((bmnpa)Gd)
CO3)](ClO4)2»CHSCN (4) in quantitative yield. This carbonate
derivative has been characterized'bly 13C, and'**Cd NMR,
FTIR, elemental analysis, and X-ray crystallography.
Evidence for the key involvement of the E®OH moiety
of 1 in the observed COreactivity was derived through
examination of the reactivity of (bomnpa)Cd(C)@(2) with

a2+
(ClOg)2

as a 1:2 electrolyte (Figure S1), consistent with the presenceCQOz under varying conditions. Treatment of a €IN

of a binuclear cation in solution. Evidence for retention of
the secondary hydrogen-bonding and @Hfiteractions in
CD4CN is derived from'H NMR spectral properties of the
complex. Specifically, the observation of a single secondary
amine proton resonance shifted notably downfield3(81
ppm) from its position in the free ligand under identical

solution of 2 containing HO (~5 equiv), followed by
addition of CQ, resulted in no reaction. However, addition
of NEt; to a CD,CN solution of2 containing water {1
equiv) yielded a'H NMR spectrum consistent with the
guantitative formation of. Addition of CG; to this solution
resulted in quantitative formation of the carbonate derivative

conditions § ~5.0 ppm) is consistent with the presence of 4

chemically equivalent hydrogen-bonding interactions be-

Bubbling of CQ through a dry CBCN solution of

tween each secondary amine unit of the bmnpa ligand and al((benpa)Zny(u-OH),](ClO,). results in the formation of a

bridging hydroxyl group. Significant upfield shifts of the
neopentyl group proton resonancés2(15 (—CH,—), 0.71
(—CHs3)) suggest that the Chi/interactions identified in the
solid-state structure df are maintained in CECN solution.

The solution behavior of contrasts notably with that of
the chloride derivative. In CH;CN solution,3 behaves as
a 1:1 electrolyte (Figure S1), indicating that the asymmetric
Cd,Cl, core undergoes cleavage in &N to yield mono-
nuclear [(bmnpa)CdCl]* cations in solution. Consistent
with cleavage of the binuclear structure and loss of the ligand
CH/z interactions, the—CH,— and —C(CHg); proton
resonances of the bmnpa neopentyl moiety are found at

6796 Inorganic Chemistry, Vol. 41, No. 25, 2002

single new complex as indicated byH NMR. Attempts

to isolate this complex on a bulk scale via crystallization
under a CQatmosphere have yielded mixturestodnd the
starting hydroxide complex. As discussed more fully herein,
this is consistent with reactivity of the carbonate-bridged
complex5 with water to give the starting hydroxide complex
(Scheme 4). Independent experiments (vida infra) have
confirmed this reactivity pathway, which has previously been
identified by Parkin to occur fof#3-HB(3-Bu-5-Mepz)}-
Zn—OH in the presence of GG3?

(22) Looney, A.; Han, R.; McNeill, K.; Parkin, G. Am. Chem. Sod993
115 4690-4697.
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Scheme 4
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X-ray Crystallographic Characterization of Cadmium
and Zinc Carbonate ComplexesCrystals of4 suitable for
a single-crystal X-ray crystallographic experiment were
grown from CHCN/ELO at ambient temperature. The
cationic portion of4 is shown in Figure 4 (top). Details
regarding the data collection and refinement are given in _ . o )
Table 1. Selected bond distances and angles are given irfgure,% GRTEP representatons of e catioric potong don) and.
Table 2. The bridging carbonate group binds in a bidentate atoms (except the secondary amine hydrogens) are not shown for clarity.
mode to Cd(2) and in an anisobidentate fashion to Cd(1) A perchlorate anion weakly coordinated to Cd(2)4ns not shown for
(Ad = 0.424 A, A9 = 17.8).2 The bridging motif of the S
carbonate moiety it is slightly different from that observed  (2)—s(4) 2.720(3) A5 Similar Noy (~2.44 A) and N
for the only other known binuclear cadmium carbonate (~2.35 A) distances are observed for each of the cadmium

complex [Cd(npdaj(u-COs)(H0)](ClO,)»HAO (npda=N'- centers inl and4. Thus, comparison of the hydroxide and
isopropyl-2-methylpropane-1,2-diamine), wherein three dis- carbonate derivatives reveals that the-Gdlfur distances
tinct Cd—O(carbonate) distances (Cd{ip(1) 2.172(4) A, are sensitive to the nature of the coordinated anion, whereas

Cd(1)-0(2) 2.768(4) A, and Cd(2)O(3) 2.238(3) A) are  the Cd-N distances exhibit little change.

observed and carbonate binding is anisobidentate to Cd(1) |n 4, heteroatom distances and angles indicate that two

and monodentate to Cd(?ﬁThe Cd(l)“Cd(Z) distance in oxygen atoms (0(2) and 0(3)) of the br|dg|ng gOunit

4 (4.99 A) is notably shorter than the 6.05 A &¢€d are involved in hydrogen-bonding interactions (N¢(3)(2)

distance in [Ce(npda)(u-COs)(H20)](ClO4)2-H-0. 2.842(6) A, N(3)y-H(3)---O(2) 163(5}; N(6)-O(3) 2.816-
The geometric features of the Cd(2) centerdirdiffer (6) A, N(6)—H(6)-+-O(3) 174(5}) with the secondary amine

notably from those found irl. Specifically, Cd(2) in4 units (N(3-H and N(6)-H) of the supporting bmnpa

(Figure 5b) exhibits a distorted pentagonal bipyramidal |igands. Unlike the binuclear hydroxide and chloride deriva-

geometry* involving weak coordination of a perchlorate tives1 and3, CH/x interactions between components of the

anion, while Cd(1) exhibits a distorted octahedral geometry. two supporting chelate bmnpa ligands are not observed for
In 1 (Figure 5a), both cadmium ions possess a six-coordinatey,

distorted octahedral geometry. The observed-Sdlistances Despite difficulties in isolating clean bulk samples5f

for the pentagonal bipyramidal cadmium ion4r(Cd(2)- we were successful in generating a few single crystals of
S(3) 2.7308(16) A, Cd(2)S(4) 2.7519(14) A) are elongated  this complex suitable for X-ray crystallography. As is shown
as compared to those involving the distorted octahedralin Figure 4 (bottom) and Figure 5c, the binuclear cation
cadmium center in the same complex (Ce{$)1) 2.6400-  [((bmnpa)Zn)(u-COs)]?" exhibits bidentate binding of the
(16) A, Cd(1)-S(2) 2.6159(16) A) but compare well with  pridging CQ2~ moiety to both of the zinc centers (Zn()
the average of those found for the two cadmium ions in the
binuclear core ofl (C(;]—Savg 2.76 A; Cd(j_)—S(]_) 2_732(2) (25) The two thioether sulfur atoms bound to Cd(2) in the X-ray crystal
A, Cd(1)-S(2) 2.7572(19) A, Cd(®S(3) 2.875(3) A, Cd- structure ofl exhibit disorder. Each was split into two fragments and

refined. This refinement led to a 0.68:0.32 ratio in occupancy over
two positions for each thioether sulfur atom. The Ce{(8)3/4)

(23) Kleywegt, G. J.; Wiesmeijer, W. G. R.; Van Driel, G. J.; Driessen, distances given in the text are for the position each sulfur atom
W. L.; Reedijk, J.; Noordik, J. HJ. Chem. Soc., Dalton Tran985 occupies 68% of the time in the X-ray structure. The Cei@{3/4)
2177-2184. distances for the minor occupancy S(3a)/S(4a) positions are €d(2)

(24) A seven-coordinate pentagonal bipyramidal geometry has been S(3a) 2.649(6) A and Cd(2)S(4a) 2.718(10) A. There are also two
observed in other cadmium complexes: Turner, R. W.; Charles, N. independent binuclear cations in the asymmetric unit dhe average
G.; Amma, E. L.Cryst. Struct. Commurl982 11, 241-245. Cd—S distances for the two cations are similar (see Table 2).
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Table 1. Summary of X-ray Crystallographic Déta

Allred et al.

1 2 3 4 5
empirical formula 66H57Cd2C|2N701()S4 C17H31CdC|2N30832 C38H68Cd2C|4NgOgS4 C37H65Cd2C|2 N701154 C39H70C|2N601184Zn2
fw 1181.91 652.87 1259.84 1207.90 1128.89
cryst system monoclinic monoclinic monoclinic _triclinic monoclinic
space group P2,/c P2:/a C2lc P1 P2,/c
a(A) 11.4211(3) 15.1058(2) 24.6181(3) 9.1633(2) 11.7254(2)

b (A) 44.9639(13) 9.9859(3) 24.2867(4) 15.1298(6) 34.9029(7)
c(A) 20.3932(6) 18.2415(5) 19.3653(3) 18.9463(8) 13.6584(2)

o (deg) 90 90 90 99.5467(2) 90

B (deg) 101.5637(14) 109.7241(16) 102.1589(10) 93.106(2) 109.4825(11)
y (deg) 90 920 0 93.443(2)

V (A3) 10260.1(5) 2590.20(11) 11318.6(3) 2580.15(16) 5269.66(16)

4 8 4 8 4

d(calcd) (g cm®) 1.530 1.674 1.479 1.555 1.423

temp (K) 200(1) 200(1) 200(1) 200(1) 200(1)

cryst size (mrf)
diffractometer

0.28x 0.20x 0.15
Nonius KappaCCD

0.28x 0.25x 0.08

Nonius KappaCCD

abs coeff (mm?) 1.151 1.256

26max (deg) 54.88 64.96

reflens collcd 27431 13195

indepd reflcns 17 652 7980

variable params 1192 389

R1WR2 0.0568/0.1082 0.0408/0.0906
goodness-of-fitF?) 1.019 1.026

largest diff features (e &)  0.936/-0.891 1.135+0.973

0.28x 0.18x 0.16

Nonius KappaCCD
13

0.21x 0.16x 0.02

Nonius KappaCCD

0.38x 0.33x 0.23
Nonius KappaCCD

. 1.148 1.228

55.70 52.34 55.04

23200 14 352 19 387

13383 9915 11 247

602 619 632

0.0536/0.1185 0.0501/0.0938 0.0502/0.0964
1.029 1.013 1.060
1.036+0.795 0.780+0.725 0.371+0.344

2 Radiation used: Mo K (1 = 0.710 73 A).’PR1 = Y ||Fo| — |Fe/|/3|Fol; WR2 = [ [W(Fo? — FAZ/[ ¥ (Fod)] 2 wherew = 1/[04(Fo?) + (aP)2 + bP].

O(1) 2.3044(19) A, Zn(By0(2) 2.029(2) A; zZn(2>-0(1)
2.2594(19) A, Zn(2)-0(3) 2.028(2) A). This coordination
mode for the C@~ unit has been observed only once

state FTIR spectrum of failed to reveal distinguishable
C—O vibrations associated with the carbonate gr&ufhese
vibrations would be expected in the region of 120®50

previously in a binuclear zinc carbonate complex ([((pmap)- cm™. In 4, this region does exhibit some subtle differences

Zn)y(1-C0,)](ClO,)2* 7TH,0 (pmap= bis[2-(2-pyridyl)ethyl]-
((2-pyridyl)methyl)amine)¥é The metrical parameters of the
Zny(u-COs) core in5 (Zn—O distances, Zn-Zn 4.54 A)
match well with those observed for [((pmap)Z@)}COs)]-
(ClOy)2:7HO (Zn—0 distances: 2.079(3), 2.366(4), 2.067-
(4), 2.357(4) A; zn--zn 4.70 A).

as compared to the hydroxide derivati/éut is dominated
by vibrations associated with the supporting ligand. As bulk
samples ob always contain some [((benpa)Z()-OH),]-
(ClOy),, solid-state FTIR features of the carbonate moiety
in 5 also could not be conclusively assigned.

Conductance measurements (Figure S1) indicatedtisat

Comparison of the solid-state structural features of the g 1:2 electrolyte in CECN solution, suggesting retention of
cadmium §) and zinc b) carbonate complexes of the bmnpa  a binuclear cation possessing a bridging carbonate moiety
ligand reveals differences in the coordination geometry of and release of the perchlorate anion from Cd(2). Due to the
the divalent metal centers, the carbonate binding mode, andreactivity of 5 with water, and subsequent difficulties in
the nature of hydrogen-bonding interactions involving the isolating pure bulk compound, conductance measurements
bridging carbonate unit. Specifically, whereasxhibits an on this complex were not feasibléd NMR spectra of4
essentially anisobidentate/bidentate coordination mode of theand 5, collected at ambient temperature, suggest that the
carbonate ligand and a seven-coordinate distorted pentagonasupporting ligand environments for the individual metal
bipyramidal geometry for one cadmium center, the zinc centers in these binuclear complexes are generally similar,
analogue exhibits bidentate binding of the carbonate ligand gs only one set of sharp ligand resonances is observed for

involving both of the octahedral zinc centers. The secondary each complex. Significant deshielding of the-N proton
amine units of the bmnpa ligands in both complexes form resonance iAH NMR spectra (dry CBCN) of 4 and5 (>2
hydrogen-bonding interactions with the bridging carbonate ppm), as compared to its position in a spectrum of the free

ligands. In4, these interactions are characterized by-®

ligand under identical conditions (dry GON, 20(1) °C),

heteroatom distances and angles that are slightly shorter anghdicates retention of the secondary hydrogen-bonding
more obtuse, respectively, than those present in the zincinteractions involving the bridging carbonate in §HN

derivative5 (N(3)-O(2) 2.929(4) A, N(3}H(3)--0(2) 155-
(4)°; N(6)--O(3) 2.949(4) A, N(B)-H(6)---O(3) 158(4}).

solutions of both complexe&C NMR spectra oft and5 in
CDsCN exhibit a resonance at170 ppm, consistent with

Hence, the hydrogen-bonding interactions involving the the presence of a carbonate moigty.

bridging carbonate moiety id are slightly stronger than
those present ib.

Solid-State and Acetonitrile Solution Properties of
Binuclear Carbonate ComplexesExamination of the solid-

(26) Dietrich, J.; Heinemann, F. W.; Schrodt, A.; Schindleinsrg. Chim.
Acta 1999 288 206—209.
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113Cd NMR Spectral Characterization of 1—4. We have
also utilized *3Cd NMR to characterize the hydroxide

(27) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds5th ed.; Wiley & Sons: New York, 1997.

(28) Kitajima, N.; Hikichi, S.; Tanaka, M.; Moro-oka, Yd. Am. Chem.
Soc.1993 115 5496-5508 and also references therein.
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Table 2. Selected Bond Distances (A) and Angles (deg)

Molecule No. 1
Cd(1)-0(2)
Cd(1)-0(2)
Cd(1)-N(1)

O(1)-Cd(1)-0(2)
O(2)—Cd(1)-N(1)
N(1)—Cd(1)-S(1)
S(1)-Cd(1)-0(2)
Molecule No. 2
Cd(1)—0(2)
Cd(1)—-0(2)
Cd(1)—N(1)

O(1)—Cd(1)-0(2)
O(1)—Cd(1)-N(1")

N(L')—Cd(1)—S(1)
S(1)—Cd(1)-0(2)

Cd(1-0(1)
Cd(1-0(5)

O(1)-Cd(1)-0(5)
N(1)—Cd(1)-0(1)
N(1)—Cd(1)-0(5)

cd(1)-Cl(1)
cd(1)-Cl(2)
Cd(1)-N(1)

Cl(1)-Cd(1)-Cl(2)
Cl(1)—Cd(1)-N(1)
N(1)—Cd(1)-S(1)
S(1)-Cd(1)-Cl(2)

Cd(1)-0(1)
Cd(1-0(2)
Cd(1)-N(1)
cd(2)-0(1)

O(1)-Cd(1)-0(2)
O(1)-Cd(1)-S(1)
O(1)-Cd(1)-S(2)
0(2)-Cd(1)-S(1)
0(2)-Cd(1)-S(2)
O(1)-Cd(2)-0(3)

Zn(1)-0(1)
Zn(1)-0(2)
Zn(1)-N(1)
Zn(2)-0(1)

O(1)-Zn(1)-0(2)
O(1)-Zn(1)-N(1)
N(1)-Zn(1)-S(1)
S(1-Zn(1)-0(2)

2.237(5)
2.215(4)
2.412(5)

79.37(18)
161.24(19)
77.85(17)
89.60(15)

2.205(4)
2.251(5)
2.416(5)

78.31(17)
166.15(18)
76.94(14)
169.02(11)

2.497(2)
2.358(2)

68.11(8)
126.87(8)
164.85(8)

2.7664(11)
2.5362(5)

2.392(4)

87.44(3)
98.63(10)
78.90(10)
95.49(3)

2.616(3)
2.192(3)
2.428(4)
2.379(4)

53.64(12)
86.42(9)
79.52(9)
115.28(10)
100.91(10)
54.68(12)

2.304(2)
2.029(2)
2.138(3)
2.259(2)

61.20(8)
105.16(8)
86.76(7)
106.52(6)

[((bmnpa)Cd)(u-OH)2](ClO4)2"CHCN (1)2

CA(1IN(2) 2.360(5)  Cd(2-0(1) 2.188(4)  Cd(2YN(5) 2.372(5)
Cd(1¥S(1) 2.732(2)  Cd(20(2) 2.258(5)  Cd(2)S(3) 2.875(3)
Cd(1¥S(2) 2.757(2)  Cd(2yN(4) 2.391(5)  Cd(2)S(4) 2.720(3)
N@yCd(1)-S(2) 14253(12) O(BCA(2)-0(2)  79.49(18)  N(5yCd(2)-S(3)  143.14(16)
S(BCd(1)-0(1)  161.90(12) O(BCA(2-S(4)  99.27(14)  S(4Cd(2-0(2)  167.17(13)
N(BCd(1)-0(2) 161.24(19)  S(4)CA(2)-N@)  79.78(14)  N(4rCd(2-O(1)  168.59(19)

N(4yCd(2)-0(2)  103.95(18)
Cd(D—N(2) 2.347(4)  Cd(@-O(1) 2.231(5)  Cd(@-N(5) 2.361(5)
Cd()—S(1) 2.802(2)  Cd(2-0(2) 2.180(4)  Cd(9-S(3) 2.709(2)
Cd()-S(2) 2.720(2)  Cd(9-N(#) 2.397(5)  Cd(9-S(4) 2.802(2)
N(@-Cd(I)-S(2) 151.81(13) O()-Cd(2)-O(2) 79.26(17)  N(9—Cd(2)-S(3)  99.45(15)
S()-Cd(1)-0O(1) 90.72(13) O()-Cd(2)-S(4) 82.67(12) S(H—Cd(2)-0(2) 114.97(12)
N()-Cd(1)-O(2) 114.01(17) S(B—-Cd(2)-N@#) 78.50(15)  N(#—Cd(2)-O(r) 107.78(19)

N(§—Cd(2)—0(2) 165.90(19)

(bmnpa)Cd(ClQ). (2)
CA(I¥N(Q2) 2.283(3)  Cd(1)N(1) 2.424(2)  Cd(1)S(2) 2.6532(8)
Cd(1¥S(1) 2.5791(7)
N(LyCd(1)-S(2)  79.15(6) N(I}Cd(1)-N(@2)  74.25(11)  N(rCd(1)-S(2)  97.73(8)
O(5)Cd(1)-S(1)  99.58(8) S(BCd(1)-S(2)  111.81(3)
N(2yCd(1)-S(1)  136.39(9)
[((bmnpa)C)(-Cl)](ClO4)2*2CHsCN (3-2CHCN)
CA(BN(Q) 2.336(4)  Cd(2)Cl(1) 2.5305(12) Cd(2}N(5) 2.358(4)
Cd(1¥S(1) 2.6688(13) Cd(3)CI(2) 2.7509(6)  Cd(2yS(3) 2.6825(13)
Cd(1¥S(2) 2.6909(15) Cd(ZN(4) 2.373(4)  Cd(2)S(4) 2.7035(14)
N@2)yCd(1)-S(2)  143.68(9) CI(2yCd(2-N(4)  101.30(9) CI(1¥Cd(2-N(4)  169.98(9)
Cl(1yCd(1)-S(1)  172.99(5) N@YCd(2-S(3)  79.15(9) CI(2}Cd(2-S(3)  171.51(4)
CI(2yCd(1)-N(1) 172.92(10)  S(3)Cd(2)-Cl(1)  92.35(4)
NGYyCd(2)-S(4)  143.73(9)
[((bmnpa)Cd)(u-CO5)](ClO4)2*CHCN (4)
CA(BN(Q2) 2.355(4)  Cd(2}O(3) 2.391(4)  Cd(2S(3) 2.7308(16)
Cd(1¥S(1) 2.6400(16) Cd(2N(4) 2.458(4)  Cd(2}S(4) 2.7519(14)
Cd(1¥S(2) 2.6159(16) C(35)0(1) 1.271(6)  C(35)0(2) 1.299(6)
Cd(2)N(5) 2.337(4)  C(3550(3) 1.260(6)
O(BCA(1)-N(1) 144.16(14) O(I)Cd(2-S(3)  76.54(10) O(BCA(2-N(5)  137.41(13)
O(I}Cd(1)-N(2)  142.09(14)  O(1)Cd(2-S(4)  98.27(10)  O(3}Cd(2-N(4)  146.50(13)
O(2¥Cd(1-N(1)  160.27(14)  O(3}Cd(2-S(3)  130.40(9) O(3)Cd(2-N(5)  94.04(12)
O(Cd(1)-N(2)  91.00(14) O(3)Cd(2-S(4)  77.34(10)  S(3)Cd(1)-S(4)  103.97(5)
S(BCA(1)y-S(2)  121.26(6) O(BC(35)-0(2)  118.0(5) O(1yC(35-0(3)  119.9(5)
O(1yCd(2-N(4)  149.38(13)  O(JC(351-0(3) 122.1(5)
[((benpa)Zn)(u-CO3)](ClO4)2 (5)

Zn(1yN(Q) 2.115(2)  Zn(2}0(@3) 2.028(2)  Zn(2yS(3) 2.594(1)
Zn(1yS(1) 2.462(1)  Zn(2yN(4) 2.132(3)  Zn(2yS(4) 2.463(1)
Zn(13S(2) 2.561(1)  C(3%)0(1) 1.282(4)  C(39)0(2) 1.289(3)
Zn(2¥N() 2.127(2)  C(39¥0(3) 1.291(3)
S(AZn(1)-N(2)  149.84(8) O(1¥Zn(2-0(38)  61.97(8) S(3YZn(2-N(5)  151.22(8)
O(1yZn(1)-S(1)  166.29(6) O(HZn(2)-N@4)  104.51(9) O(1yZn(2)-S(4)  166.13(6)
O(JZn(1)-N(1)  166.18(9) N@4YZn(2)-S@)  87.19(7) O(3}Zn(2)-N(4)  166.31(9)
S(BZn(1)-S(2) 99.74(3) S(3)zn(2)-0(3)  90.28(6) S(3YZn(2)-S(4) 98.47(3)

aThere are two independent binuclear cations (with corresponding Glions) in the asymmetric unit &f Metric parameters for both are reported.

derivativel and complexe@—4 in CDs;CN solution. A single
113Cd resonance was found fbrat 304 ppm. This resonance plexes 2, 130 Hz; 3, 240 Hz;4, 160 Hz). This indicates
is upfield of that of the chloride compleX (361 ppm) but
downfield of the resonances observed for the perchlorate hnomogeneous environment in @IN solution. This behavior
(2: 280 ppm) and carbonatd:(245 ppm) derivatives under
similar experimental conditions. In general, th&Cd NMR

chemical shift range observed for this family of compounds

is similar to that of nitrogen-ligated systeiidNotably, the
peak width at half-height of the resonance 10{56 Hz) is

(29) (a) Armitage, I. M.; Boulanger, WMR Newly Accessible Nudl983
2, 337-365. (b) Summers, M. FCoord. Chem. Re 1988 86, 43—
134. (c) Reger, D. L.; Mason, S. S.; Rheingold, A. L.; Ostrander, R.
L. Inorg. Chem.1993 32, 5216-5222.

narrower than that observed for the other cadmium com-
that the cadmium centers B4 may not exist in a strictly

can be rationalized on the basis of the previously described
structural features and solution properties 4. For
example, in CRCN solution, the cadmium ion i2 may
possess one or more coordinated solvent molecules and/or
may form weak interactions with the perchlorate anions. For
the chloride derivativ8, which is binuclear in the solid state,
but behaves as a 1:1 electrolyte in £LH\ solution, a small
degree of binuclear complex formation in solution could be
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hydroxide complex, regardless of supporting coordination
environment. The synthetic routes that may be employed for
the preparation of include pathways involving the introduc-
tion of hydroxide anion, as well as routes involving water.
Addition of water to the mononuclear cadmium perchlorate
complex2, in the absence of an external base, does not result
in formation of 1. This is consistent with the weak Lewis
acidity of the Cd(ll) ion which® even upon formation of a
water adduct, will not lower theky, of water sufficiently to
induce deprotonation and metal hydroxide formation. How-
ever, introduction of an internal base through deprotonation
of the secondary amine moiety of the bmnpa ligandof
followed by addition of water, results in the quantitative
formation of 1. This reactivity is reminiscent of the role a
basic amino acid residue may play in deprotonating a
substrate in the active site of a metalloenzyme. From a
synthetic perspective, generation of a basic site within a
supporting ligand has recently been elegantly employed by
Borovik and co-workers for the preparation of novel mono-
nuclear hydroxo and oxo complexes of various first-row
transition metal§de
Cadmium Hydroxide vs Cadmium Halide Species.
While examples of structurally characterized binuclear
cadmium hydroxide species were unknown prior to this work,
numerous binuclear cadmium chloride complexes, possessing
Figure 5. Coordination environments of divalent metal ionslirfa), 4 two bridging chloride anions, have been repoe@om-
(b), and5 (c). parison ofl and 3 revealed differences in core structure,
secondary CH{ interactions, and solution nuclearity. In
responsible for broadening of th&Cd resonance. Finally, regard to differences in solid-state structure, most notable is
for the cadmium carbonate compléxthe anisobidentate/  the symmetric core of versus the asymmetric core found
bidentate coordination mode of the bridging carbonate ligand in 3. The Cd-Cl distances ir8 (Cd(1)-Cl(1) 2.7664(11),
yields cadmium centers that, while generally similar in Cd(1)-Cl(2) 2.5362(5), Cd(2)ClI(1) 2.5305(12), Cd(2)
supporting coordination environment in solution (as indicated CI(2) 2.7509(6) A) reveal a strong bonding interaction with
by *H NMR), may differ in regard to CECN solvation. The  only one bridging anion/cadmium. Notably, differences also

subtle broadening that is observed for tHéCd NMR exist in secondary CHY interactions betweerl and 3.
resonance ford supports this hypothesis. We note that Specifically, while the two ligand-based Ctlinteractions
measurement of th&3Cd NMR spectrum o# at —35(1) in 1 have an average C(alkylycentroid(arene) distance of

°C produced a slight upfield shift (240 ppm) and broadening ~3.7 A, the single CHt interaction in3 is shorter, with a
(Wi, = 186 Hz) of the observed resonance. Thus, perhapsC(alkyl)-+-centroid(arene) distance of3.2 A. However,

two cadmium resonances might be observabledfdgriow as these are weak intramolecular interactions, providing
enough temperatures could be utilized ¥6Cd NMR data <2 kcal/mol stabilization energd, subtle differences in
collection. However, the moderate to low solubility 4fn secondary interactions are insufficient to explain the aceto-

polar organic solvents with lower freezing points, such as nitrile solution behavior. Hence, formation of a monomeric
CH,Cl; and MeOH, makes this experiment unfeasible at this [(bmnpa)Cd-CI|CIO, species in acetonitrile solutions 8f
point. is likely a consequence of one weak-€dl interaction and
Reactivity of Carbonate Complexes with Water.The solvation effects.

reactivity properties ot and5 with water were probed in a Cd—OH vs Zn—0OH: CO, Reactivity and Carbonate
series of NMR tube experiments to gauge the hydrolytic Hydrolysis. The cadmium hydroxide complekis reactive
reactivity of these complexes relative to one another and toward CQ, yielding the bridging cadmium carbonate
versus other known divalent metal carbonate complé¥®s.  species4. The anisobidentate/bidentate coordination mode
Treatment of a dry CECN solution of4 with water results  of the carbonate anion i is different from that observed

in no reaction after several days. However, under the samefor the zinc analogus, wherein a symmetric bidentate Zn
conditions, the zinc carbonate compexndergoes reaction  (4-CO;) core is observed. Prior studies by Kitajithand

to yield [((benpa)Zn)u-OH).](ClO.),. Parkirf? have suggested that bidentate coordination of a

Discussion (30) Lippard, S. J.; Berg, J. MPrinciples of Bioinorganic Chemistry

. _ - : ’ University Science Books: Mill Valley, CA, 1994.
Preparation of Cd—OH Species.Complex1 is the first (31) Holloway, C. E.; Melnik, MMain Group Met. Cherr.995 18, 451

structurally characterized example of a binuclear cadmium 585.
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carbonate moiety to a metal center results in reduced
reactivity of that carbonate moiety toward hydrolysis.
Therefore, the symmetric bidentate binding mode to both
zinc centers irb suggests that this complex should be stable
with respect to hydrolysis. Complexmight then be expected
to exhibit some reactivity with water. However, as outlined
herein, we have found that, for this family of complexes,
exactly the opposite is true. Specifically, the cadmium
carbonate derivativé is unreactive with water, whereas the
zinc carbonate compleX reacts with water to produce the
hydroxide complex [((benpa)Zs(}i-OH),](ClO4),. Thus,
while, for the tris(pyrazolyl)borate-ligated divalent metal
complexes (Zn, Co, Fe, Mn, Ni, Cu) studied by Kitajima
and Parkirt>?2the most important determinant for hydrolysis
activity was unidentate coordination of the carbonate moiety,
in the nitrogen/sulfur-ligated systems presented herein this
is not the case. Differences in reactivity betwetand 5
with water likely involve alternative issues, including the
influence of thioether ligation that is typically weak for zinc
centers’? If thioether dissociation can occur i, which
seems feasible on the basis of the presence of a lor¢sZn
interaction (Zn(1}S(2) 2.561(1) A, Zn(2>S(3) 2.594(1)

A) for each zinc center, perhaps coordination of a water
molecule to the Lewis acidic zinc center in a site opened by
thioether dissociation facilitates hydrolysis of the bridging
carbonate moiety and release of £@is also possible that
subtle differences in the hydrogen-bonding interactions

(32) (a) Grapperhaus, C. A.; Tuntulani, T.; Reibenspies, J. H.; Darensbourg,
M. Y. Inorg. Chem1998 37, 4052-4058. (b) Brand, U.; Rombach,
M.; Vahrenkamp, HChem. Commuril998 2717-2718.

involving the bridging carbonate groups #hand 5 may
influence the reactivity of these complexes with water. To
address these issues, future studies directed at examining the
hydrolytic reactivity of zinc and cadmium carbonate species
as a function of the primary and secondary coordination
environment are underway.

Conclusions

Synthetic routes to a novel binuclear cadmium(ll) hydrox-
ide complex have been evaluated, including reaction path-
ways involving water. Structural comparison of binuclear
cadmium hydroxide and chloride complexes revealed dif-
ferences in core structure, secondary £itteractions, and
solution nuclearity. Comparison of the @@@activity of the
binuclear cadmium(ll) hydroxide complex with that of a zinc
analogue revealed that while both complexes undergo
reaction to yield binuclear carbonate species, only the zinc
carbonate derivative is water sensitive.
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