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Zinc compounds supported by carboxylate ligands are of
great interest owing to their role in biochemical systems,
catalysis, and materials chemistry. For instance, zinc carboxy-
lates, and particularly alkoxyzinc carboxylates, are attracting
a great deal of attention owing to their importance as highly
active catalysts for the polymerization or copolymerization of
a wide range of organic monomers.!"! Zinc oxocarboxylates
with the general formula Zn,O(O,CR), have been known for
decades,” and interest in them was renewed in the late 1990s
primarily by the work of Yaghi and co-workers, who
developed the synthesis of metal-organic frameworks
(MOFs) with high porosities and tailor-made molecular
cavities based on these oxo clusters as secondary building
units (SBU).P! Since then, MOFs based on zinc carboxylates
or oxocarboxylates have been studied for a variety of
applications, including hydrogen storage, nonlinear optics,
and catalysis.! In contrast to the rich chemistry of mixed
sulfidozinc thiolate complexes,”' there is a distinct lack of
synthetic methods leading to zinc sulfidocarboxylates, which
could be used as SBUs in the construction of extended
inorganic—organic structures.

The most common synthetic routes for the preparation of
extended framework structures with zinc carboxylates as
SBUs are based on solvothermal methods and involve
inorganic zinc salts as substrates.[! Our experience in the
design, synthesis, and structural characterization of organo-
zinc complexes as models for various transformations!®
prompted us to explore whether alkylzinc carboxylates!”’
can be used to synthesize alkoxyzinc carboxylates and other
potentially useful clusters. Herein, we present the synthesis
and characterization of the novel alkylzinc carboxylate cluster
[EtZn(O,CPh)]¢ (1) as well as its reactions with dioxygen and
elemental sulfur as a new efficient route to zinc oxocarboxy-
lates and sulfidocarboxylates.
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The reaction of Et,Zn with one equivalent of benzoic acid
in toluene affords 1 in essentially quantitative yield. Com-
pound 1 was characterized by spectroscopic and X-ray single-
crystal studies. The complex has a hexameric structure with
four-coordinate zinc centers (Figure 1). The association of six

Figure 1. Molecular structure of 1 with thermal ellipsoids set at 40%
probability. Hydrogen atoms have been omitted for clarity.

EtZn(O,CPh) molecules results in a tubular structure con-
taining fused networks of twelve- and six-membered hetero-
cycles. Each carboxylate ligand bridges three zinc centers and
adopts an m'm*:p; coordination mode. The Zn—O bond
lengths of the highly puckered 12-membered {ZnOCO};
rings fall within a narrow range (1.972-2.096 A). Two
{ZnOCO}; rings are further linked through six Zn—O
interactions (2.095(1) A) to give six puckered six-membered
rings.[") The structural motif observed for 1 is analogous to
that seen in the methylzinc derivative of N-methyl benza-
mide.”!

In the course of our studies on the role of supporting
ligands in the oxygenation of alkylzinc complexes,® we have
been interested in finding out whether well-defined zinc
alkylperoxides or alkoxides can be synthesized by the
selective oxygenation of alkylzinc carboxylates. Therefore,
in the next step, we treated 1 with O, in [Dg]toluene and
monitored the reaction by 'H NMR spectroscopy at 0°C
(Figure 2). The reaction proceeds in two distinct stages. Thus,
approximately half the Zn—C bonds in the complex are
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Figure 2. Representative '"H NMR spectra for the oxygenation of 1 in
[DgJtoluene at 0°C: a) before introduction of O, and during the
reaction with O, after b) 5, c) 10, and d) 30 min, and e) 24 h.

consumed during the first five minutes to form new clusters
with differing stabilities. Although we have no direct evidence
for the structures of these clusters, we suggest that they are
[EtZn(O,CPh)],[EtOOZn(O,CPh)], aggregates (x>y)).""!
This proposal is borne out by the 'H NMR spectra, which
reveal the presence of well-shaped multiplets of similar
intensity characteristic of EtZn and EtOOZn moieties
(Figures 2b and 2c¢). During the next 30 minutes or so the
signals assigned to the alkylzinc and alkylperoxozinc species
gradually disappear with concomitant evolution of ethane and
n-butane.""! At the end of the reaction only signals corre-
sponding to aromatic protons are observed and, strikingly,
there are no characteristic signals for ZnOEt species!'”!
(Figure 2¢; the '"HNMR spectra are provided in full as
Figure S2 in the Supporting Information).

These observations indicate that the putative [EtZn-
(O,CPh)],[EtOOZn(O,CPh)], clusters are unstable and
undergo further transformations to give the oxocarboxylate
species [Zn,(1-O)(0O,CPh)¢] (2). Unfortunately, we were not
able to isolate any partially oxygenated aggregates in separate
experiments carried out in a Schlenk tube. In a control
experiment, a solution of [EtZn(O,Ph)], (1) in THF at 0°C
was treated with an excess of dry dioxygen and the reaction
mixture was stirred for approximately five minutes. The
excess of O, was then removed and 2 deposited in good yield
after several hours. The identity of 2 has been confirmed by
X-ray crystallography. The molecular structure of 2, which has
previously been synthesized from zinc benzoate by both
thermal decomposition™ or serendipitously upon addition of
moist acetone,” consists of discrete, monomeric, oxo-cen-
tered tetranuclear units with u-1,2-carboxylate bridges (Fig-
ure S1 in the Supporting Information; the redetermined
crystal data are also provided).["’)

Thus, in contrast to our expectations, the oxygenation of 1
does not lead to isolable alkylperoxide or alkoxide species.
This observation demonstrates that the identity of the
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supporting ligand can dramatically alter the pathway of
oxygenation reactions. These observations are also another
instance where the radical-chain mechanism,!'¥ although
widely accepted for decades, fails to explain the product
formation in the oxygenation of alkylzinc complexes. Based
upon the reaction outcome and our recent extensive studies
on the oxygenation of alkylzinc complexes, it is reasonable to
propose the reaction mechanism shown in Scheme 1 as a
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Scheme 1.

working hypothesis. According to this mechanism,*! the
initial step in the oxygenation reaction involves the attack of
an O, molecule at the three-coordinate metal center of an
EtZn(O,CPh) molecule (our recent studies have demon-
strated convincingly that higher coordinate species are not
active toward O,/°*!). This attack is followed by the insertion
of O, into the Zn—C bond to give the zinc alkylperoxide
species EtOOZn(O,CPh), which forms the proposed [EtZn-
(O,CPh)],[EtOOZn(O,CPh)], cage with the parent mole-
cules.

Conventional wisdom states that the reaction of metal
alkylperoxides with their metal alkyl precursors should afford
isolable MOR alkoxide species. However, the further trans-
formations observed for zinc alkylperoxides supported by
carboxylate ligands can be understood by invoking O—O bond
homolysis, which produces an alkoxyl radical and a
(PhCO,)ZnOr radical, which likely remains in a cage of the
type [(PhCO,)ZnO"][EtZn(O,CPh)],,. The nascent EtO" rad-
ical diffuses out of the cage and the oxyzinc radical is
stabilized by electron transfer from one of the remaining Zn—
C bonds. This reaction produces an oxozinc species and gives
rise to the release of the ethyl radical, which can abstract
hydrogen from the solution bulk to produce ethane or
recombine with another Et" or EtO" radical to form butane
and diethyl ether, respectively.!'!! Consequently, the resulting
transient zinc species is a good candidate for involvement in
the in-cage rearrangement that leads to the final oxocarboxy-
late complex 2.

Encouraged by the results obtained from the oxygenation
of 1, we performed an analogous investigation with elemental
sulfur (Sg) to see whether an analogous transformation might
lead to the efficient synthesis of a new family of sulfidocar-
boxylates. The insertion of sulfur into Zn—C bonds has not
been studied extensively, and the reported data only concern
reactions with dialkylzinc compounds.'”! These latter reac-
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tions generally result in the insertion of sulfur into one Zn—R
bond and afford alkylzinc thiolate clusters of the type
[Zn(SR)R],. Interestingly, the reaction of Et,Zn with two
equivalents of sulfur in toluene at room temperature,
followed by addition of an excess of 3,5-lutidine (Lut),
produced the mixed sulfidozinc thiolates [Zn;S4(SEt),-
(Lut),] and [Zn,S(SEt)(Et)(Lut),]."™ To our knowledge,
the interaction of sulfur with monoalkyl RZn(L) complexes
(L is a monoanionic ligand) has not been studied before. The
reaction of Sg with 1 in THF solution proceeds with a color
change from yellow to colorless after several hours at ambient
temperature accompanied by the slow deposition of colorless
crystals of the novel zinc sulfidocarboxylate [Zng(us-S),-
(O,Ph)g(thf),] (3; Scheme 2). Thus, the introduction of
sulfur results in the formation of an unusual hexanuclear
species instead of giving a tetranuclear analogue of 2 or mixed
sulfidozinc thiolate complexes supported by carboxylate
ligands.
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Scheme 2.

Compound 3 crystallizes as a molecular hexanuclear
cluster with C; symmetry with one uncoordinated THF
molecule in the unit cell. The structure consists of a zinc
carboxylate cluster in which each central sulfide ion is
surrounded by three Zn atoms positioned at the corners of
a tetrahedron (Figure 3). The presence of Zn;(15-S) units is
striking as the central S atom in most reported structures of
mixed sulfidozinc thiolate complexes is found in an Zn,(p,-S)-
type environment and the former coordination mode has
hitherto only been observed very rarely.”) This observation

Figure 3. Molecular structure of 3 with thermal ellipsoids set at 40%
probability. Hydrogen atoms have been omitted for clarity.
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therefore indicates that sulfide ions are not suited to bind to
four zinc ions simultaneously in polynuclear zinc carboxylate
complexes. The metal centers within each SZn; unit are
connected by p-1,2-carboxylate bridges, and two such units
are also linked by similar p-1,2-carboxylate bridges through
one of their Zn atoms. Thus, compound 3 may formally be
viewed as a dimer of Zn;(;-S)(O,CPh),(thf) moieties where
the metal-sulfur framework of these moieties is based on a
metal-deficient {M}, tetrahedron lacking one vertex.

All the zinc centers are four-coordinate with an
Szn(ocarboxylale)3 or Szn(Ocarboxylale)z(olh[) environment. The
Zn—S bond lengths fall within a narrow range of 2.252-
2275 A (the shortest Zn--S distance in the vicinity of a us-S
center is 3.700 A). A similar situation is found for the Zn—
Ovcarboxylare interactions (av.: 1.967 A) and the Zn—Oy,; distances
(2.031(5) A). Both the composition and structure of 3 seem to
be without precedent in zinc coordination chemistry. The
presence of the peripheral thf ligand coordinated to two zinc
centers in 3 holds considerable promise for the development
of this unique sulfidocarboxylate zinc cluster as an SBU in the
construction of extended inorganic—organic structures.

In conclusion, we have reported a new efficient route to
zinc oxo- and sulfidocarboxylate complexes. In addition, the
isolation and characterization of 1-3 has afforded new
insights into the unexplored field of oxygenation and
sulfuration of alkylzinc carboxylates.

Experimental Section

1: ZnEt, (0.494 g, 4.00 mmol) was added to a suspension of benzoic
acid (0.488 g, 4.00 mmol) in hexane (7 mL) at —78°C. The reaction
mixture was allowed to warm to room temperature and the resulting
white slurry was stirred vigorously for a further 6 h. Colorless crystals
were obtained from CH,Cly/hexane at —20°C (0.655g, 76%);
elemental analysis (%) calecd for CyH;(O,Zn: C 50.15, H 4.68;
found: C 50.21, H 4.83; '"H NMR (400 MHz, CDCl,): 6 =—0.23 (q,
2H;ZnCH,CHj;), 1.07 (t,3H; ZnCH,CHj;), 7.42 (m, 2H; Ar), 7.57 (m,
1H; Ar), 8.09 ppm (m, 2H; Ar); IR (Nujol): #=1622(w), 1599(s),
1562(s), 1493(m), 1448(m), 1418(s), 1377(s), 1309(w), 1179(w),
1147(w), 1026(w), 719(s), 681(m), 614(w)cm™'. Our attempts to
perform molecular-weight measurements failed owing to the low
solubility of this complex in aromatic solvents.

2: A stirred solution of 1 (0.216 g, 1 mmol) in THF (5 mL) was
cooled to —20°C in a Schlenk tube then an excess of dry dioxygen
(1 atm) was introduced. After 5 min the excess of O, was removed on
a vacuum/nitrogen line. Colorless crystals deposited from a THF/
hexane mixture after several hours at —20°C (0.107g, 64%);
elemental analysis (%) caled for C,H;,03Zn,: C 50.23, H 3.01;
found: C 50.31, H 3.08; "H NMR (400 MHz, CDCL,): 6 =7.42 (m,2H;
CH,), 7.53 (m, 1H; Ar), 822 ppm (m 2H; Ar); IR (Nujol): 7=
1622(w), 1608(s), 1571(s), 1493(m), 1461(m), 1418(s), 1378(m),
1178(w), 1072(w), 1027(w), 716(s), 686(m), 679(m), 605(w) cm".

3: A solution of 1/8Sg (0.064 g, 2 mmol) in THF was added to a
stirred solution of 1 (0.216 g, 1 mmol) in THF (5 mL). The color of the
reaction mixture changed immediately to yellow and after two days
the solution became colorless. The mixture was concentrated to about
2 mL and stored at 0°C. Colorless, block-shaped crystals deposited
after one day (0.108 g, 55 % ). Compound 3 is slightly soluble in THF
and poorly soluble in CH,Cl, and aromatic solvents; elemental
analysis (%) caled for C5,H,50,SZn; (sample dried in vacuo for 10 h):
C 48.97, H 3.60, S 4.09; found: C 49.06, H 3.69, S 4.06; '"H NMR
(400 MHz, [Dg]THF): 6 =1.78 (m, 6H; CH,), 3.62 (m, 6 H; CH,), 7.36
(m 16 H; Ar),7.47 (m 8 H; Ar), 8.11 ppm (m 16 H; Ar); IR (nujol): 7=
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1622(w), 1600(s), 1562(s), 1557(s), 1553(s), 1544(s), 1493(m),
1447(m), 1418(s), 1378(m), 1177(w), 1070(w), 1025(w), 718(s),
688(m), 678(m) cm .

Crystal data for 1: Cs4Hg O ,Zng, M, = 1293.24, crystal dimensions
0.42x0.36 x0.18 mm®, trigonal, space group R—3 (no. 148), a=
13.5154(6), ¢ =54.4271(3) A, V=8609.5(7) A%, Z =6, F(000) = 3960,
Ocatea=1.497 gm ™2, 6,.., =27.48°, R, =0.0283, wR,=0.0711 for 4109
reflections with I, >20(1,). Crystal data for 2: C,H3,03Zn,, M, =
1004.25, 0.56 x 0.38 x 0.32 mm?, cubic, space group la3d (no. 230), a =
39.9595(5) A, V=63808.2(2) A%, Z=48, F(000)=22320, peeq=
1.158 gm3, 0, = 18.84°, R, =0.0825, wR, =0.2251 for 2019 reflec-
tions with 7, > 20(1,). Crystal data for 3: C¢4Hs,S,0,3Zns-C,;HO, M, =
1641.80, 0.48 x 0.32 x 0.22 mm’, triclinic, space group P1 (no. 2), a=
10.5411(8), b=13.2402(9), ¢=13.4481(9) A, a=80.522(6)°, f=
74.576(6)°, y=82.868(4)°, V=1778.03) A%, Z=1, F(000)=876,
Oeatea=1.60 gm >, 0,,,,=22.46°, R;=0.0514, wR,=0.1029 for 2919
reflections with I,>20(l,). The structures were solved by direct
methods using the program SHELXS-97""" and refined by full-matrix
least-squares on F2 using the program SHELXL-97.l") H-atoms were
included in idealized positions and refined isotropically.
CCDC 653815 (1), CCDC 654048 (2), and CCDC 653816 (3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Received: July 13, 2007
Revised: September 12, 2007
Published online: November 22, 2007

Keywords: carboxylate ligands - metal-organic frameworks -
oxygenation - sulfur - zinc

[1] a) W. Kuran, Principles of Coordination Polymerisation, Wiley,
Chichester, 2001, chap. 9; b) G. W. Coates, D. R. Moore, Angew.
Chem. 2004, 116, 6784—-6806; Angew. Chem. Int. Ed. 2004, 43,
6618-6639; c) D. J. Darensbourg, Chem. Rev. 2007, 107, 2388 —
2410.

a) H. Koyama, Y. Saito, Bull. Chem. Soc. Jpn. 1954,27,112-114;
b) R. M. Gordon, H. B. Silver, Can. J. Chem. 1983, 61, 1218—-
1221; c) W. Clegg, D. R. Harbron, C. D. Homan, P. A. Hunt, I. R.
Little, B. P. Straughan, Inorg. Chim. Acta 1991, 186, 51-60;
d) M. C. Yin, C. W. Wang, J. T. Sun, Chin. J. Lumin. 2003, 24,
485-488.

[3] O.M. Yaghi, M. O’Keeffe, N. W. Ockwig, H.K. Chae, M.
Eddaoudi, J. Kim, Nature 2003, 423, 705-714.

For selected examples, see: O. R. Evans, W. Lin, Acc. Chem. Res.
2002, 35, 511-522; J. L. C. Rowsell, O. M. Yaghi, Microporous
Mesoporous Mater. 2004, 73, 3—14; J. L. C. Rowsell, O. M.
Yaghi, Angew. Chem. 2005, 117, 4748 -4758; Angew. Chem. Int.
Ed. 2005, 44, 4670-4679; H. Chun, D. N. Dybtsev, H. Kim, K.
Kim, Chem. Eur. J. 2005, 11, 3521-3529; A. G. Wong-Foy, A. J.
Matzger, O. M. Yaghi, J. Am. Chem. Soc. 2006, 128, 3494 —3495;
T. Ohshima, T. Iwasaki, K. Mashima, Chem. Commun. 2006,

2

—

(4

—_

2711-2713;J. Y. Lee, D. H. Olson, L. Pan, T. J. Emge, J. Li, Adv.
Funct. Mater. 2007, 17, 1255-1262.

[5] G. Henkel, B. Krebs, Chem. Rev. 2004, 104, 801 —824.

[6] a) J. Lewinski, W. Marciniak, 1. Justyniak, J. Lipkowski, J. Am.

Chem. Soc. 2003, 125,12698-12699; b) J. Lewinski, E. Bojarski,

Z. Ochal, 1. Justyniak, J. Lipkowski, Angew. Chem. 2003, 115,

4791-4794; Angew. Chem. Int. Ed. 2003, 42, 4643—-4646; c) J.

Lewifiski, W. Sliwifiski, M. Dranka, 1. Justyniak, J. Lipkowski,

Angew. Chem. 2006, 118, 4944 -4947; Angew. Chem. Int. Ed.

2006, 45, 4826-4829; d) J. Lewiniski, M. Dranka, W. Bury, W.

gliwiﬁski, 1. Justyniak, J. Lipkowski, J. Am. Chem. Soc. 2007, 129,

3096 -3098.

The chemistry of alkylzinc carboxylates is still in its infancy and

the first structurally characterized alkylzinc carboxylate, namely

the dimeric complex [EtZn(MesA)], (MesAH = 2,6-bis-(2,4,6-
trimethylphenyl)benzoic acid), which has a tricoordinate geom-
etry, was reported only recently: D. A. Dickie, M. C. Jennings,

H. A. Jenkins, J. A. C. Clyburne, Inorg. Chem. 2005, 44, 828 —

830.

An analysis of the crystal structure of 1 revealed the presence of

a 3D network architecture with open-gated voids. An extended

crystal structure analysis and the supramolecular structure of 1,

along with its gas-sorption properties, will be the subject of

future reports.
[9] S.R. Boss, R. Haigh, D.J. Linton, P. Schooler, G.P. Shields,
A.E. H. Wheatley, Dalton Trans. 2003, 1001-1008.

[10] This first reaction step is fully consistent with our recent
observation that alkylzinc complexes supported by aminoalk-
oxide ligands, in other words [RZn(O,N)],-type complexes,
readily form adducts with the resulting alkylperoxides, [RZn-
(O.N)],]JROOZn(O,N)],; see ref. [6a].

[11] The presence of ethane, butane, and Et,0 was confirmed by GC-
MS analysis of the volatile products.

[12] When analogous reactions were performed on a larger scale only
small quantities of ethanol were identified by GC-MS analysis
after hydrolysis of the reaction mixture. Furthermore, trans-
formation of the ZnOR species to oxozinc species under the
reported reaction conditions would be unlikely. According to the
literature data, such processes may occur during thermal
decomposition: E. C. Ashby, G. F. Willard, A. B. Goel, J. Org.
Chem. 1979, 44,1221 -1232; S. Polarz, A. Roy, M. Merz, S. Halm,
D. Schroéder, L. Schneider, G. Bacher, F. E. Kruis, M. Driess,
Small 2005, 1, 540-552.

[13] Interestingly, an analysis of the crystal structure of 2 revealed
that the Zn,O clusters self-assemble through complementary
specific noncovalent interactions to produce an extended 3D
network with a topology nicely resembling that observed in
analcite. A detailed crystal structure analysis of 2 will be
published elsewhere (cf. ref. [8]).

[14] A.G. Davies, B. P. Roberts, J. Chem. Soc. B 1968, 1074-1078.

[15] a) D. Zeng, M. J. Hampden-Smith, E. N. Duesler, Inorg. Chem.
1994, 33, 5376-5377; b) M. D. Nyman, M. J. Hampden-Smith,
E. N. Duesler, Inorg. Chem. 1996, 35, 802—803.

[16] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 467 —473.

[17] G. M. Sheldrick, University of Gottingen, Germany, 1997.

[7

—

8

[

www.angewandte.de

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2008, 120, 583586


http://dx.doi.org/10.1002/ange.200460442
http://dx.doi.org/10.1002/ange.200460442
http://dx.doi.org/10.1002/anie.200460442
http://dx.doi.org/10.1002/anie.200460442
http://dx.doi.org/10.1021/cr068363q
http://dx.doi.org/10.1021/cr068363q
http://dx.doi.org/10.1246/bcsj.27.112
http://dx.doi.org/10.1139/v83-217
http://dx.doi.org/10.1139/v83-217
http://dx.doi.org/10.1016/S0020-1693(00)87930-X
http://dx.doi.org/10.1038/nature01650
http://dx.doi.org/10.1021/ar0001012
http://dx.doi.org/10.1021/ar0001012
http://dx.doi.org/10.1016/j.micromeso.2004.03.034
http://dx.doi.org/10.1016/j.micromeso.2004.03.034
http://dx.doi.org/10.1002/ange.200462786
http://dx.doi.org/10.1002/anie.200462786
http://dx.doi.org/10.1002/anie.200462786
http://dx.doi.org/10.1002/chem.200401201
http://dx.doi.org/10.1021/ja058213h
http://dx.doi.org/10.1039/b605066b
http://dx.doi.org/10.1039/b605066b
http://dx.doi.org/10.1002/adfm.200600944
http://dx.doi.org/10.1002/adfm.200600944
http://dx.doi.org/10.1021/cr020620d
http://dx.doi.org/10.1021/ic048443h
http://dx.doi.org/10.1021/ic048443h
http://dx.doi.org/10.1039/b210479b
http://dx.doi.org/10.1021/jo01322a007
http://dx.doi.org/10.1021/jo01322a007
http://dx.doi.org/10.1002/smll.200400085
http://dx.doi.org/10.1039/j29680001074
http://dx.doi.org/10.1021/ic00102a005
http://dx.doi.org/10.1021/ic00102a005
http://dx.doi.org/10.1021/ic951470a
http://www.angewandte.de

