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The synthesis of the highly encapsulating pyrazolylborate ligand hydrofris(8nenyl-5-methylpyrazolyl)borate

(L = Tp®mM§ and of its zinc hydroxide complelx-Zn—OH (1) are described.1 is converted by B into the
hydrosulfide complex.-Zn—SH (2). Both1 and2 seem to be contaminated with traces of the isomeric species
1" and2' containingL’ with one 3-methyl-53-cumenyl substituent. Thermal condensationd’'and?2 yield the
molecular zinc oxide and sulfide complexgszn—O—Zn-L' (3') andL-Zn—S—Zn-L (4). The hydroxide complex

1 has been found to react readily with cumulated double-bonded speciess i@brporated in alcoholic solutions

to form the alkylcarbonate complexds:Zn—OCOOR §). Similarly, CS in ethanol forms theO-ethyl
dithiocarbonate complek-Zn—SC(S)OEt §). SO, is converted to a bridging sulfito ligand in-Zn—0O-SO—
O—Zn-L (7), and phenyl isothiocyanate is bound as a thiocarbamidato ligdn&im—SC(O)NHPh 8). Complexes

1,2 2,3, 4,5, and6 have been confirmed by structure determinations and compleaad8 by spectral data.

Introduction desirable to increase their bulk. We chose to introduce the
p-isopropylphenyl f-cumenyl) substituents which subsequently
turned out to be favorable not only for obtaining a stable and
reactive TpZr-OH complex2 but also for successfully encap-
sulating a large range of ligands X in TpZX. According to
Trofimenko’s nomenclatufethe resulting ligand is Tg™Me
being abbreviated here &swhich in some cases was found to
appear as its 3-methyl-5-cumenyl isomer

The introduction and splendid development of the hydrotris-
(pyrazolyl)borate (Tp) ligands by Trofimenko and his parthiers
have created a potential in classical coordination chemistry
which can only be compared with that of the cyclopentadienyl
ligands in organometallic chemistry. To our opinion the most
unique aspect of this is the possibility to encapsulate metal ions
by means of bulky substituents at the pyrazole 3-positions. This
way low coordination numbers at the metals are enforced and
cone angles beyond 25@re achieved. This is turn allows to Me '," Me  Me
attach labile ligand systems at the metals in the protective Tp /B\\L
pocket which in recent years has begun to be exploited in terms N | O N
of ToM—X complexes for unusual MX combination=" or ,L N/ |
as bioinorganic model systerfislo

We have contributed to this in the field of zinc complexes,
for simple TpZn-X systems! as well as for a carbonic
anhydrase enzyme mod@l. The Tp ligands used had phenyl
or tert-butyl substituents at the pyrazole 3-positions ensuring
the Zn—X encapsulation and methyl substituents at the 5-posi- TpCum,Me
tions to protect the BN bonds against hydrolytic destruction.

It became obvious that the 3-substituents used were still not
optimal for the protection of some ZX units, so that it was
h Y
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L-Zn unit!®> Here we will describe the synthesis Iofand the
central zinc complexL-Zn—OH as well as the reaction
chemistry of thel -Zn unit with small molecule substrates.

Results and Discussion

Compounds KL and L-Zn—OH (1). The synthesis of
ligandL required only small variations of the general procedure
given by Trofimenko® Heating a melt of 3(5)-cumenyl-5(3)-
methylpyrazole with KBH to 240°C produced the potassium
salt KL which was obtained analytically pure by recrystallization
from acetonitrile. K. has a good solubility in polar organic
solvents and shows its typical-B1 band in the IR at 2463
cm L 1H-NMR spectra of K indicated that the compound

was not completely pure even after several recrystallizations.

The most visible NMR signals of the “impurity” are weak peaks
on the upfield sides of the aromatic signals df KOnly after

2" and 3' (see below) had been structurally characterized it
became evident that the impurity is the isomeric compoubtl K
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Figure 1. Molecular structure ofl. Pertinent distances (A): 201
1.847(4), Zn-N1 2.042(4), Zr-N2 2.039(4), Zr-N3 2.059(5), O1:--

Such isomers of Tp ligands with bulky substituents have also O2 2.68(1). Bond angles (deg): ©Zn—N1 125.8(2), O+Zn—N2

been observed by TrofimenKé. In our case the quantity of
L', as estimated from the NMR spectra or from the yield&' of

and3', must be 1% or less. We have not been able to enrich

KL' or its zinc complexl' by chromatography or fractional
crystallization, and thus the existence2fand3' is the only
indicator of their presence.

The conversion of K into the hydroxide complex -Zn—
OH (1) is best achieved in dichloromethane/methanol using
equimolar amounts of K, Zn(ClQy),-6H,0, and KOH. KOH

122.2(2), O+Zn—N3 121.1(2), N+-Zn—N2 94.5(2), N+-Zn—N3
91.5(2), N2-Zn—N3 93.2(2).

not good enough to decide whether the second H atom of the

CH3—OH/Zn—O0OH adduct is located on O1 or on O2.
Complexes L:Zn—SH (2) and L'-Zn—SH (2). Our studies

of the complexes Tp"MeZn—0OH!2 and TF"M&Zn—0OH2 had

shown that their hydroxide ligand is an excellent leaving group.

This is especially so when reagents leading te-Brbonds are

offered. We had, however, not been able to introduce the SH

serves the dual purpose of consuming one equivalent of aCidIigand this way. Therefore the successful conversiof ioto

from the intermediate ZrOH, complex and precipitating all
perchlorate. This allows the isolation of pure and crystalline
in good yields. 1 can also be obtained in methanol and without
using KOH in a very slow reaction. Under these conditions,
however, partial hydrolytic destruction of ligahdtakes place,
and the initial main product is the 38, bridged dinuclear
cationic complex I[ -:Zn—QH:++H-+*OH—Zn-L]*. The chem-
istry of this complex which is one of the rare examples gDkt
bridging and a model for oligonuclear hydrolytic zinc enzymes
is reported in a different contet.

The isolated (i.e. not hydrogen-bridged) situation of the
hydroxide ligand inl is evident from its sharp IR band at 3649
cm~1which is near those of TMezn—OH2 and TpP"iPZn—
OH.1% In contrast to the latter complexekdid not allow the
observation of a OH resonance in th&NMR spectrum. The
samples ofl subjected to IR and NMR spectroscopy were
solvent free powders. Crystallidecontains 1 equiv of methanol
which is very easily lost. The crystals used for the structure

2 was the proof for the superior stabilizing propertiesLof
Bubbling of H,S through a solution ot in dichloromethane

led to an almost quantitative yield @ The contamination of

2 by 2' going back to the contamination df by L' was
discovered accidentally when trying to obtain X-ray quality
crystals from benzene. Under these conditi@hgorms the
more evenly shaped crystals, one of which was therefore picked.
According to the visual impression the amount2fwvas less
than 1% of that oR. Good crystals oR were later obtained
from acetonitrile.

2 and2 extend the still quite short list of metahydrosulfide
complexes and are the first structurally characterized hydrosul-
fide complexes of zinc.2 and 2’ could not be distinguished
spectroscopically, and both do not show a typical SH absorption
in the IR. They share this deficiency with other classical SH
complexeg! but not with organometallic onés. The complex
Tp®BuZn—SH which is related t@ has recently been described
in the literature??

determination therfore had to be handled in the presence of the The structures of and 2’ (see Figures 2 and 3) show the

mother liquor. They yielded the molecular structure of the
hydrogen-bridged methanol solvate shown in Figure 1.

The coordination environment of zinc if is trigonally
distorted tetrahedral with Zn and O1 on the trigonal axis. The
Zn—0 bond (1.85A) is of the typical shortness of-Z® bonds
in this ligand environmeAt1215and exactly matches that in
TpBuMeZn—0OH1° As Figure 1 shows, the OH ligand is buried

well inside the hydrophobic pocket of the cumenyl substituents.

typical ZnNsX ligand distribution of the TpZnX complexes.
Compared to the structure df the trigonal symmetry is
somewhat distorted, as evidenced by the-Ehbond lengths
and S-Zn—N angles. Astonishingly the amount of distortion
is the same in both complexes despite the significantly different
environments of the sulfur atoms, and the-8H unit in2' is
stable even though the SH ligand is not fully encapsulated.
The Zn—S bond lengths in both complexes are practically

This pocket can even encapsulate the methanol molecule whichidentical. Their value (2.21 A) corresponds to that in other

is hydrogen-bonded to the OH ligand. The X-ray data were
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Figure 2. Molecular structure o2. Pertinent bond lengths (A): 25
2.210(3), Zr-N1 2.051(6), ZR-N2 2.072(6), Zr-N3 2.062(7). Bond
angles (deg): SZn—N1 119.5(2), SZn—N2 123.5(2), SZn—N3
127.9(2), N+-Zn—N2 94.1(2), N}-Zn—N3 93.0(2), N2-Zn—N3 89.8-

@).

Figure 3. Molecular structure of'. Pertinent bond lengths (A): 25

2.209(3), Zr-N1 2.037(7), Zr-N2 2.070(7), ZR-N3 2.058(7). Bond
angles (deg): SZn—N1 129.0(2), S-Zn—N2 124.0(2), S-Zn—N3

118.5(2), N+Zn—N2 90.5(3), N--Zn—N3 92.8(3), N2-Zn—N3 92.5-
(3).

from the overall similarity of the molecules this relative
shortening of the ZaX bonds is a common feature of
complexesl and2. It remains to be investigated whether the
similar bonding pattern df and2 manifests itself also in similar
reactivities.

Molecular Chalcogenides (L-Zn),0 (3) and (L-Zn),S (4).
The only evidence so far for similar reaction patternd @ind
2 was again found accidentally due to the contaminatioh of
by L'. While this did not manifest itself in the discovery Bf
the existence of’ must be invoked to explain the formation of
the dinuclear comple®'. 3" was isolated from the last crystal
fractions of1 after prolonged times of reaction and handling.
The simplest description of its formation consists in a thermal
condensation of two molecules ffwhich seems to be possible
at or slightly above room temperature. The yiel®ofvas again
less than 1%, but it was sufficient for a complete characteriza-
tion, and the formation was reproducible.

The sulfur-bridged complexd was cleanly accessible by
thermal treatment o2. At 200 °C the conversion took only a

(24) Brand, U.; Vahrenkamp, Hhorg. Chem1995 34, 3285-3293;Chem.
Ber. 1996 129 435-440 and references cited therein.
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few minutes. Evidence for the isomérwas not found, and
vice versa attempts to convdrthermally to3 were unsuccsess-
ful. An alternative synthesis of was found upon thermal
treatment of the dithiocarbonate compkefsee below).6 was
heated with the intention to subject it to a Cugaev elimin&bion
which under mild conditions liberates COS and ethylene, hoping
to convert it to2. The gas evolution frond, however, started
only above 190°C at which temperature the expect@ds
transformed tod.

Complexes3' and4 belong to the relatively small group of
transition metal compounds having nesligomeric molecular
M—0O—M or M—S—M units. There is some precedence for
this in iron (Fe-O—Fe¥®% and, for a few cases, in molybdenum
(Mo—S—Mo) chemistry?” but we have found only one other
such pair of compounds for which both structures have been
determined, viz. (salen)FeX —Fe(salen) with X= 0?8 and $%°
In zinc chemistry two-coordinate oxygen and sulfur are un-
precedented.

The dinuclear nature d and4 could be deduced from a
feature of high diagnostic value in thelH-NMR spectra,
namely the strong high-field shifts (3-8 ppm) for the cumenyl
protons in comparison to those of the mononuclear complexes
1 and 2 (see Experimental Section). This results from the
inertwining of the aromatic substituents from opposing Tp
ligands in3' and4 which exposes them mutually to their high-
field shift ring current effects. This phenomenon is observed
consistently for all dinuclear zinc complexes of aromatically
substituted Tp ligands.

The inspection of the molecular structures3fand4 (see
Figures 4 and 5) reveals that the general features of their
TpZn—X units (Zn—0, Zn—S, and ZA-N bond lengths and
general angle distribution) resemble those in the precursor
complexedl and2 and thus deserve no further comment. Some
structural details show, however, that there is intramolecular
crowding, especially irt. The most obvious of these are the
occurrence of three untypically long ZMN bonds and two
unusally large N-Zn—N angles in4. As Figure 5 shows, these
latter two angles involve the nitrogen atoms N1 and N103 which
due to the bent ZnS—Zn arrangement have the shortest-N
distance and hence the strongest interpenetration of their adjacent
cumenyl substituents. This intramolecular steric crowding can
explain the unusually large Z25—2Zn angle in4 (see below)
and the nonexistence 8f In a hypotheticaB the interligand
repulsion would be even stronger due to the shorter-Zn
distance (3.7 vs 4.1 A id). Thus the unsymmetrical isomer
3' is the only stable alternative, and its even distribution of
Zn—N bond lengths and -SZn—N angles indicates that it is
relatively strain-free.

The most noticeable features 8fand4 are their Zr-O—

Zn and Zn-S—Zn angles of 180 and 139respectively. The
value of 180 for 3' is somewhat doubtful as the oxygen atom
is located on an inversion center and displays very high
anisotropy (see Figure 4). It cannot be much smaller thaf, 180
though. This results first from the overall molecular symmetry,
i.e. the uniformity of the ZaAN bond lengths and ©Zn—N
angles and the low anisotropy at the Zn and N atoms. Second,
attempts to refine a structural model with disordered oxygen
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Figure 4. Molecular structure o8' displayed with thermal ellipsoids
for Zn and O. Pertinent bond lengths (A): 20 1.854(1), Za-N1
2.043(8), Zn-N2 2.014(8), Zr-N3 2.012(8). Bond angles (deg):
0—2Zn—N1 124.8(2), 6-Zn—N2 122.0(2), G-Zn—N3 118.0(2), N+
Zn—N2 94.5(3), N:--Zn—N3 93.6(3), N2-Zn—N3 97.1(3), Zr-O—
Zn 180.

Figure 5. Molecular structure of. Pertinent bond lengths (A): Zr1S
2.186(2), Zn2-S 2.189(2), Zn+N1 2.099(5), Zn+N2 2.183(5), Znt
N3 2.088(5), Zn2N101 2.141(6), Zn2N102 2.142(5), Zn2N103
2.066(5). Bond angles (deg):—¥n1—N1 133.5(2), SZn1—N2 112.5-
(2), S-Zn1—-N3 124.6(2), N+Zn1—N2 90.5(2), N+Zn1—-N3 92.3-
(2), N2-Zn1—-N3 92.5(2), S-Zn2—N101 123.8(2), SZn2—N102
111.2(2), SZn2—N103 136.3(2), N10£Zn2—N102 89.6(2), N10%+
Zn2—N103 88.9(2), N102Zn2—N103 95.5(2), Zn+S—2Zn2 138.9-

).

atoms produced ZnO—Zn angles not smaller than 172nd
increased th& value by 0.6%.

Both Zn—X—2Zn angles are unusually large albeit not totally
out of range. Thus MO—M angles of 180 are common in
iron chemistry26 and the complex [Cp(C@V].S displays a
W—S—W angle of 127.3° In the only other pair of comparable
complexes, [(salen)Fg{?82° the Fe-O—Fe and Fe-S—Fe

Ruf and Vahrenkamp

angles are 145 and 122respectively. In terms of modern
molecular orbital calculations which have been applied in detall
to main group element combinations like-$)—Si and Si-
S—Si3132 Jarger valence angles reflect higher bond polarities
and a higher tendency for sp hybridization by oxygen. Ac-
cordingly the electronic nature & and4 can be described in
terms of strongly polar, but covalently bonded-Z20—2Zn and
Zn—S—Zn units. The higher polarity allows or favors the linear
Zn—0—Zn arrangement i irrespective of the steric require-
ments of the Tp ligands, and analogously the bent &nzZn
arrangement id is enforced by electronic reasons despite the
steric strain.

Alkyl Carbonates L-Zn—OCOOR (R = Mg, 5a; R = Et
(5b). It was to be expected that the molecular hydroxidi&ke
its predecessors is a strong nucleophile capable of attacking acid
anhydrides and hydrolyzable substrates and that its protective
Tp ligand pocket stabilizes the products of nucleophilic attack.
This has been verified to a large extent. The results of the small
molecule reactions presented here also demonstrate that ligand
L (TpcumMe induces different reaction courses than other Tp
ligands, for instance T§'Me. As a rule, ligandL causes a
higher reactivity of the ZaOH function and a higher stability
of the resulting Za-X species, thereby enabling reactions which
did not occur before.

The reactions betweehand CQ can serve as an example
for this. The analogous complex ®pMeZn—OH reacts with
excess C@in alcoholic solution forming unstable species, one
of which presumably contains the Z&COOH unit and which
upon blowing the solvent away with GQrystallizes as the
dinuclear carbonate compléX.In contrast 1 picks up CQ from
the atmosphere in alcoholic solution like soluble metal hydrox-
ides, and in a C@atmosphere it incorporates gQuantitatively.
This is unusual, though not unprecedented in zinc chenist#).
The only products being formed are the alkyl carbonate
complexesa (R = Me) and5b (R = Et), and our attempts to
obtain the carbonate compléxZn—0O-CO-0—Zn-L failed.
This is reminiscent of similar reactions with cyclaminc
complexe& but unlike the observations with other zirligand
systemg2:34.35

Complexess are identified by*3C-NMR resonances at 158
ppm for the carbonate carbon, by IR bands at 1715 and 1300
cm! for the G-0 stretches, and b{H-NMR resonances with
strong high-field shifts for the alkoxy groups (see Experimental
Section). The fact that 1 equiv of alcohol is incorporated in
addition to CQ in 5a,b may be related to a better stabilization
of the COOR ester group rather than the COOH acid group in
the hydrophobic Tp ligand pocket. In agreement with this
complexess are stable in alcohol/water mixtures with up to
20% water while the corresponding #pMeZn—OCOOR
complexes whose COOR group is not encapsulated are quite
sensitive to watef?

The molecular structure &a (see Figure 6) displays a strictly
unidentate alkylcarbonate ligand similar to that idBr{ezn—
OCOOMe!'? This is obvious from the rather symmetrical
0OZnN; arrangement and the close to $28hgles at O1 and
02. There seem to be electronic reasons for this, as MO
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Figure 6. Molecular structure oba. Pertinent bond lengths (A): 2n
O1 1.924(4), Zr-N1 2.050(5), Zr-N2 2.011(4), Zr-N3 2.080(5),
01-C40 1.27(1), C46:02 1.30(1), C46-03 1.27(1). Bond angles
(deg): OFZn—N1 126.9(2), O+Zn—N2 121.4(2), O+Zn—N3
117.8(2), N:-Zn—N2 97.9(2), N:-Zn—N3 91.6(2), N2-Zn—N3 92.8-
(2), Zn—01-C40 118.7(5), O+C40-02 119.0(8), O+ C40-03
123.4(9), 02-C40-03 117.6(11), C4602—C41 123.6(10).

calculations on TpZrOCOH and TpZnr-ONO, complexes
have showr® Crystal data of a C®adduct of an inactivated

mutant of the enzyme carbonic anhydrase indicate, however,

that in the enzyme the bicarbonate ligand is coordinated in a
bidentate fashion to the Hgn unit3” The Zn—-O bond in5a
is longer than that in Tp“MezZn—OCOOMe (1.88 A?) but
shorter than that in [(Mg1l4]aneN,)Zn—OCOOMe]CIQ (1.97
A33). The planarity of the alkylcarbonate ligand, its uniform
C—0 bond lengths, and its complete set of near-to*kles
qualify it as a delocalized system.

The O-Alkyl Dithiocarbonate L -Zn—SC(S)OEt (6). Car-
bon disulfide which previously had been found not to react with
Zn—OH complexes was incorporated fyas easily as carbon
dioxide. The course of the reaction was completely analogous
to that of the CQreaction, i.e. the additional incorporation of
the solvent ethanol produced th@-ethyl dithiocarbonate
complex 6. As a result of this reactionf was always
accompanied by the dinuclear sulfide from which it was
difficult to separate. This is puzzling as the thermal conversion
6 — 4 (see above) requires temperatures around 20O It

Inorganic Chemistry, Vol. 35, No. 22, 1996575

Figure 7. Molecular structure 06. Pertinent bond lengths (A): 2zn
S12.264(1), ZrRN1 2.055(3), ZA-N2 2.077(3), Zr-N3 2.052(2), St
C40 1.726(4), C46S2 1.642(4), C4601 1.337(4). Bond angles
(deg): SEZn—N1126.5(1), S+Zn—N2 115.9(1), S+ Zn—N3 125.1-
(1), N1-Zn—N2 91.5(1), N+Zn—N3 96.1(1), N2-Zn—N3 92.6(1),
Zn—S1-C40 104.4(1), S£C40-S2 122.3(2), StC40-01 113.0-
(2), S2-C40-01 124.8(3), C4601-C41 119.2(3).

valence angle at S1 and the lack of delocalization in the £OS
triangle (cf. bond lengths). The comparison @®fvith other
zinc—ethyl dithiocarbonate complex&s*® reveals thaé seems

to be the cleanest case of monodentate coordination, whereas
the reference compounds display intermediate stages between
monodentate and bidentate, including bridging, coordina@on.
also has the shortest Zi$ distance for this type of ligands
which may, however, be related to the fact that it is the only
tetrahedral complex in the series.

Considering the large number of knov@alkyl dithiocar-
bonate complexes and the preference of zinc for sulfur donors,
the existence 06 is not surprising. Accordingly the novelty
in its formation is the attack of the ZrOH nucleophile on C$
which differs from the standard sequence of medaalkyl
dithiocarbonate formation by reaction between a metal alkoxide
and CS. This cannot be the case here since we have found
that the alkoxides TpZAOR are so sensitive toward traces of
water that they don'’t persist in alcoholic solution, not to say in
the presence of water liberated during the formatio.of

The u-Sulfito Complex L-Zn—0—-S0O—-0—Zn-L (7). On
the basis of the literature on reactions between metal aqua

must therefore be assumed that a reaction intermediate, pOSSib%omplexes and S@ it was expected that nucleophilic attack

L-Zn—0OCSSH o1 -Zn—S-CO-S—Zn-L, has a high tendency
for COS elimination leavingt or a labile precursor thereof
behind. Pure5 could be obtained more conveniently and in
high yields by reaction betweehand potassium xanthogenate
(KCS0EY).

Unlike for complexes5 there is no strong spectroscopic
evidence for the constitution & except for the high-fieldH-
NMR resonances of the ethyl group. The structure determina-
tion (see Figure 7) therefore had to provide this evidence as
well as some data for a comparison with the Cd&rived
complex5a.

The overall similarities betweesa and6 are obvious. They
concern the rather symmetricalz®&h—X environments, the
monodentate attachment of the (thio)carbonate ligands, the poin
of attachment and orientation of tkiealkyl groups, the planarity
of the whole (thio)carbonate ligands, and the elongation of the
Zn—X bonds with respect to those in the corresponding-Zn
XH complexes. Typical features of sulfur Bare the small

(36) Pavan Kumar, P. N. V.; Marynick, D. Biorg. Chem1993 32, 1857
1859.

(37) Xue, Y.; Vidgren, J.; Svenson, L. A.; Liljas, A.; Jonsson, B. H.;
Lindskog, S.Proteins: Struct. Funct. Genet993 15, 80-87.

t

of 1 on SG would produce a terminal sulfite ligand labile
toward isomerization or oxidation in a complex of low thermal
stability. We were therefore surprised to find that the reaction
produces the stable dinuclear complesontaining the dianionic
SO:?~ bridge, the analogue of which (GB), again to our
surprise, was not formed in the GQ@eaction. 7 is formed
guantitatively with a stoichiometric amount of g@nd de-
stroyed upon bubbling SOhrough the solution, because the
solution becomes so acidic that ligahdis decomposed.

As X-ray quality crystals of7 could not be obtained, its
constitutional assignment rests on the spectra alone. Beside the
elemental composition théH-NMR data are the strongest
indicator, displaying the typical high-field shifts for the cumenyl
substituents (see Experimental Section) as observed and dis-
cussed fol3 and4. Evidence for the given bridging type and

(38) Raston, C. L.; White, A. H.; Winter, Gwst. J. Cheml976 29, 731~
738.

(39) Ikeda, T.; Hagihara, HActa Crystallogr.1966 21, 919-927.

(40) Baggio, R.; Frigerio, A.; Halac, E. B.; Vega, D.; Perec, MChem.
Soc, Dalton Trans.1992 1887-1892.

(41) Maragh, P. T.; Dasgupta, T. P.; Williams, DJJChem. So¢Dalton
Trans.1995 2843-2849, and references cited therein.
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Figure 8. Proposed structure of compl&x

the Zn—0O coordination comes from the single medium-to-strong
v(SO) IR band at 886 cm, which is in the area typical for
O-bonded sulfite ligand3and near those of other sulfit®©—
bridged first-row transition metal complex&s*® Furthermore

a bridging arrangement like Z(180,—0—2Zn with one Zr-S
and one Zr-O connection should give rise to two sets of NMR

resonances for the Tp ligands. Thus the available evidence

allows to propose the structure éfas shown in Figure 8.

As mentioned above, classical complexes with sulfite ligands
are labile, being easily subjected to hydrolysis or oxidation, and
sulfite O—bridged complexes are rare. In the light of this the
stability of 7 is once more remarkable and must be related to
the encapsulation of the central [Z80;—Zn]>" unit by six
cumenyl substituents again. Unlike the situatiordinvhere
the close proximity of the two Zh units creates steric strain,
the more extended bridge i) which should cause a Znzn
separation of about 5.5 A, allows one to avoid the strain while
still allowing the protective enclosure.

The Thiocarbamato Complex L-Zn—SC(O)NHPh (8).
The last cumulated double bond system showing reactivity
toward 1 was phenyl isothiocyanate. While PhNCO did not
react, PhNCS was quantitatively converted to com@lex he
formation of 8 requires the isomerisation of an O-bonded
intermediate which must be driven by the thiophilicity of zinc
which is also responsible for the stability 8f

The constitution o8 can be derived with some certainty from
its spectra. ThéH-NMR spectrum shows the presence of all
constituents and gives no unusual signal shifts except for the
relatively high location of the NPh resonances. The IR spectrum
shows the NH stretch at 3232 cfand an intense CO band at
1613 cn?, thereby leaving no doubt about the atom sequence
in the thiocarbamate ligand. The resulting structural proposal
is displayed in Figure 9.

Conclusions

The new pyrazolylborate ligand F{"Me(L) has been shown
to have a very high potential for confining a metal to a low
coordination number while at the same time providing a
protective pocket for one additional labile ligand unit. This
property has been exploited here for the incorporation of very
small labile units and for the reaction with small molecule

Ruf and Vahrenkamp

Figure 9. Proposed structure of complé&x

The key to the successful exploitation of thezZn—X
chemistry was the stability and ease of preparation of the
hydroxide complexl. The very fact thatl exists as such in
aqueous methanol solution implies that the, pf the corre-
sponding ZrR-OH, complex is 7 or less, which means tHat
qualifies as a model for hydrolytic zinc enzymes. The chemi-
cally most useful consequence of this is the high nucleophilicity
of the Zn—OH function which has been put to use here. The
acid—base properties of include the capacity for hydrogen
bonding as has been observed in the structuré-6H;OH.
They also yield one explanation for the fact that the OH function
in 1 is a good leaving group being replaced by the anion X of
most weak acids HX having a lower then 72°i.e. the real
leaving group is HO being produced by protonation.

A simple application of the leaving group concept was the
formation of the SH comple® from 1 and HS. In this case
the thiophilicity of zinc provides part of the driving force for
the substitution and of the stability for the labile Z8H
combination. While in most classical complexes M-SH com-
binations are unstable with respect to metal sulfide formation,
complex2 persists at temperatures up to 2@ But even then
it does not lose its Tp ligand but manifests its tendency to move
toward zinc sulfide in the formation of the Z&—Zn complex
4,

The Zn—0O—Zn and Zr-S—Zn complex3' and4 are the most
striking examples of the encapsulating power of th&urgie
ligands. In3 and4 the basis of all coordination chemistry
(many donors per metal) is inverted for the bridging oxide and
sulfide ligands. Thereby thie-Zn units are simple univalent
substituents in a covalent @Xor SX; bonding situation,
allowing a discussion of the factors determining valence angles
at oxygen and sulfur.

The nucleophilicity of the Za-OH unit in 1 was used here
for the attack on cumulated double bond systems. In these
reactions the first step is supposed to consist of the addition of
the OH function across one double bond, as exemplified by the
conversion of C@ to Zn—O-C(O)-OH. In all four cases
investigated, the isolated products were due to a subsequent
additional reaction. For the GQand C$ incorporations the
second reaction is an esterification of the coordinated carbonic
acid by the alcohol solvent leading to compleXeand6. In
the case ob a third reaction step exchanging the-Z0 for a
Zn—S coordination must be invoked. The high tendency of
formation of the alkyl carbonate complexes draws the attention
to a potential practical application of zinc complexes like
namely their use in catalytic conversions of £0

The substrate SQwas the only one in this paper undergoing
a reaction with 2 equiv of. We assume that the first reaction

substrates. As a result several new bonding types and newstep produces the bisulfite compldx-Zn—OSOOH which

reactive systems have been found.

(42) Nakamoto, Kinfrared and Raman Spectra of Inorganic Coordination
Compounds3rd ed.; Wiley: New York, 1978.

(43) Wieghardt, K.; Drueke, S.; Chaudhuri, P.;'fke, V.; Haupt, H. J.;
Nuber, B.; Weiss, JZ. Naturforsch. B 1983 44, 1093-1101.

behaves like an oxoacid toward the second moleculd, of
expelling HO and generating the sulfite bridge ih The
resulting composition o7 does not involve ZarS bonds and
therefore may remain disputed until its confirmation by a
structure determination. In contrast, the proposed composition
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of 8, the product of the PhNCS reaction, seems to be undoubt-

able. In this case it is to be assumed again that the@n
bonded reaction intermediateZn—OC(S)NHPh is isomerized
to the Zn-S-bonded produd3.

The reactions described here are the simpledtarid mark
the beginning of the exploitation of its chemistry as well as
that of its derivatives. Further simple acids likeSHwith OH,
SH, and NH acidity and further double-bonded systems
susceptible to nucleophilic attack likee®€=X, N=S=X, allene,

Inorganic Chemistry, Vol. 35, No. 22, 1996577

crystals were more evenly shaped than thos@.ofAnal. Calcd for
CsoH4BNeSZn: C, 66.15; H, 6.69; N, 11.87. Found: C, 66.73; H,
6.79; N, 11.88.

(L'-Zn);0 (3). Performing a double-sized run for the synthesis
of 1 up to the first crystallization yielded 1.32 g (62%) bf The
mother liquor was again reduced in vacuo to yield another 210 mg
(10%) of 1. Then 5 mL of dichloromethane was added and the
volume of the solution reduced in a stream of nitrogen to 2 mL. Then
the remaining solvent was removed with a syringe and the crystalline
residue dried in a stream of nitrogen. A 13 mg (0.6%) yield of color-

and ketene come to mind. Also, nucleophilic substrate cleavagesess3’, mp 158°C, »(BH) 2553 cn1?, remained. Anal. Calcd for

by the Zn—OH function are attractive on the background of
bioinorganic model chemistry.

C7gHooBoN1,0Zn2CH,Cl,: C, 62,25; H, 6.31; N, 11.07; Zn 9.8.
Found: C, 62.56; H, 6.30; N, 10.95; Zn, 8.5.

Several of the products obtained here are candidates them- (L*Z)2S (4). (a) From 2. A 200 mg (0.28 mmol) sample &

selves for a new reaction chemistry. One of them is the SH
complex2 which may have as rich a chemistry Asanother
one the sulfite compleX. Above all the chemical behavior of
the carbonate derivativesis attractive to us. It will have to
be tested whether their formation is reversible, whether they

was quickly heated to 200C. The powdery starting material turned
brown without melting. Immediately after, the product was allowed
to cool to room temperature, washed twice with 5 mL of diethyl ether
each, and recrystallized from benzene/methanol (1:2). A 162 mg (83%)
yield of 4 resulted.

(b) From 6. 200 mg (0.25 mmol) o6 were heated slowly to 200

allow the attachment of a second substituent to the substrate°c. The complex started melting at 170. At 190°C some gas was

CO,, and whether they open an entry to catalytic;C€actions.

Experimental Section

General Data. All experimental techniques and the standard IR
and NMR equipment were as described previotslgtarting materials

evolved from the melt. After the melt was cooled to room temperature,
a brownish impurity was removed by washing twice with 5 mL of
diethyl ether each. Recrystallization from benzene/methanol (1:2)
yielded 150 mg (83%) oft. 4 forms colorless crystals, mp 27&€
dec,v(BH) 2544 cnt®. Anal. Calcd for GgHg,B2N12.SZny: C, 67.78;

H, 6.71; N, 12.16. Found: C, 67.76; H, 6.75; N, 12.09.

were obtained commercially. Solvents were dried according to standard L-Zn—OCOOMe (5a). A 200 mg (0.29 mmol) sample df was
laboratory procedures. Unless otherwise stated, reactions were carrieqjissolveol in 30 mL of dié:hloromethane. and 20 mL of methanol was

out in a water-free atmosphere, normally under nitrogen (99.99%). 3-
(5)-Cumenyl-5(3)-methylpyrazdfewas prepared starting from cumene
via p-isopropylacetophenoffeand cumenylacetorfé.

Preparations. KTp®mMe (KL). A 10.0 g (49.9 mmol) sample of
3(5)cumenyl-5(3)-methylpyrazole and 0.90 g (16.6 mmol) of KBH
were combined in a three-necked 250 mL flask equipped with an
immersing thermometer, a stirrer, and a gas outlet. Withih the
temperature of the mixture was raised to 24Dand the melt stirred

added. A slow stream of GQvas passed through the solution for 10
min. The flask was placed in a desiccator charged with £a6tl
filled with CO,. After 5 days, 183 mg (84%) of colorless, crystalline
5a, mp 240°C dec,v(BH) 2551 cn?, »(CO) 1714 and 1294 cm,
had precipitated which was filtered off and dried in vacuo. Anal. Calcd
for C41H4gBNsOsZn: C, 65.65; H, 6.58; N, 11.21. Found: C, 64.99;
H, 6.41; N, 11.61.

L-Zn—OCOOEt (5b). This was prepared lik&a with 20 mL of

until no more gas was evolveq (ca. 1 h). Aﬁer the melt was cooled to ethanol: yield 190 mg (86%) of colorle&s; mp 253°C dec;v(BH)
room temperature, the resulting glassy solid was broken up and the 555 cm, »(CO) 1713 and 1303 cm. Anal. Calcd for GoHsiBNgOs-

resulting powder extracted with 100 mL of boiling petroleum ether
(60—70°C) in order to remove any remaining pyrazole. The colorless
residue was recrystallized from acetonitrile-e80 °C. After filtration

and pumping to remove all solvent of crystallization 7.21 g (67%) of
potassium hydrotris(3-cumenyl-5-methylpyrazolyl)borate (KL, KT-
pCumMé remained as a colorless powder, mp 123v(BH) 2463 cnT™.
Anal. Calcd for GgHssBKNg: C, 72.20; H, 7.15; N, 12.96. Found:
C, 72.27; H, 7.10; N, 12.88.

L-Zn—OH (1). A 1.00 g (1.54 mmol) sample of Kin 50 mL of
dichloromethane was combined with 574 mg (1.54 mmol) of Zn-
(ClO4)2:6H,0 in 10 mL of methanol. Afte2 h of stirring, 86 mg
(2.54 mmol) of KOH powder was added. The mixture was stirred for
another 15 h and filtered. Then 30 mL of methanol was added to the
filtrate, the volume of which was then reduced to one-third in a rotary
evaporator with a 40C water bath. From the remaining solution within
a few hours 743 mg (70%) of colorleds mp 205°C, v(BH) 2550
cm 1, was precipitated, which was filtered off and dried in vacuo. Anal.
Calcd for GgHaBNgOZn: C, 67.69; H, 6.85; N, 12.15. Found: C,
67.23; H, 6.56; N, 11.92.

L-Zn—SH (2) and L'-Zn—SH (2). Hydrogen sulfide was bubbled
for 15 min through a solution of 200 mg (0.29 mmol) bfn 30 mL
of dichloromethane. Small amounts of a cloudy precipitate were
removed by centrifugation. The solvent was removed in vacuo and
the residue picked up in a minimum amount of acetonitrile. Cooling
to —30°C precipitated 186 mg (91%) of colorle3sv(BH) 2547 cnt?,
which sublimes at 1086C. During attempts to grow X-ray quality
crystals from benzene, minute amounts2bfvere discovered whose

(44) Faster, M.; Burth, R.; Powell, A. K.; Eiche, T.; Vahrenkamp,Ehem.
Ber. 1993 126, 2643-2648.

(45) Elguero, J.; Jaquier, Bull. Soc. Chim. Fr1966 2832-2845.

(46) Baddeley, G.; Holt, G.; Pickless, \W..Chem. Soc952 4162-4166.

(47) Swamer, F. W.; Hauser, C. R. Am. Chem. Sod.95Q 72, 1352—
1356.

Zn: C,66.02; H, 6.73; N, 11.00. Found: C, 65,75; H, 6.48; N, 11.37.

L-Zn—SCOOEt (6). (a) From CS. A 200 mg (0.29 mmol) sample
of 1 was dissolved in 30 mL of dichloromethane, and 20 mL of ethanol
was added. After addition of 18L (23 mg, 0.30 mmol) of CSthe
solution was stirred for 5 h. Then all volatiles were removed in vacuo
and the solid residue extracted three times with 3 mL of ethanol each.
The remaining colorless solid (170 mg, 76%) consisted of 83% of
and 17% of4 according to H-NMR. Repeated recrystallization from
benzene/ethanol mixtures resulted in rather small amounts of a product
consisting of6 with only traces of4.

(b) From KCS,OEt. A 200 mg (0.29 mmol) sample df in 30
mL of dichloromethane was treated dropwise with stirring with a
solution of 46 mg (0.29 mmol) of potassium xanthogenate in 20 mL
of ethanol. Afte 1 h ofstirring, the volume of the solution was reduced
to one-half in vacuo. Then the solution was allowed to slowly evaporate
in a nitrogen atmosphere to about 5 mL within a few days. A 199 mg
(87%) yield of6 precipitated, which was filtered off and dried in vacuo.

6 forms colorless crystals, mp 178, »(BH) 2553 cn1!. Anal. Calcd
for C42Hs1BNeOSZn: C, 62.84; H, 6.59; N, 9.83. Found: C, 63.36;
H, 6.46; N, 10.55.

(L-Zn),S0s (7). A 200 mg (0.29 mmol) sample dfin 20 mL of
dichloromethane was combined with 0.5 mL of methanol saturated with
SO, After 5 h of stirring, the solvents were removed in vacuo and
the residue crystallized from acetonitrile. A 190 mg (92%) yield of
mp 212°C dec,v(BH) 2541 cn1?, »(SO) 886 cm?, was obtained as
colorless crystals. Anal. Calcd forgg.BoN1,0:SZny: C, 65.51; H,
6.48; N, 11.72; Zn, 9.1. Found: C, 65.11; H, 6.43; N, 11.69; Zn, 10.5.

L-Zn—SC(O)NHPh (8). A 200 mg (0.29 mmol) sample dfin 30
mL of dichloromethane was treated with 8b (39 mg, 0.29 mmol)
of phenyl isothiocyanate. Aft h ofstirring, the solvent was removed
in vacuo and the residue taken up in a minimum amount of acetonitrile
and crystallized at-30°C. A 210 mg (88%) yield oB was obtained
as colorless crystals, mp 14€, v(BH) 2544 cn1?, »(CO) 1613 cm™.
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Table 1. Crystallographic Data

Ruf and Vahrenkamp

1 2 2z 3 4 5a 6

formula GoH47BNeOZn  CzgHa7BNgSZNn  GgHa7BNgSZr  C7gHooBoN120Zps CrgHgoBoN12SZp Ca1HagBNgO3Zn CaoHs:BNeOSZN
CH:OH CeHe 2CHzOH-H>0

mol wt 724.05 708.07 786.17 1448.2 1382.06 750.04 796.19
space group P2:/n P1 P1 C2/c P2i1/n P21/n P21/n
4 4 2 2 4 4 4 4
a(pm) 886.5(1) 1170.4(1) 1229.7(2) 2329.3(14) 2111.4(2) 879.4(5) 942.0(2)
b (om) 2280.3(2) 1340.7(1) 1399.1(2) 1336.9(3) 1537.8(1) 2232.9(7) 2242.3(4)
¢ (pm) 1971.1(1) 1398.3(4) 1461.7(2) 2674.5(8) 2342.4(2) 2000.1(8) 2014.4(4)
o (deg) 90 74.83(1) 72.36(1) 90 90 90 90
3 (deg) 93.46(1) 86.12(1) 65.31(1) 104.61(4) 105.23(1) 93.44(4) 92.90(3)
¥ (deg) 90 70.50(1) 81.33(1) 90 90 90 90
V (nme) 3.9773(6) 1.9958(6) 2.1766(6) 8.059(6) 7.338(1) 3.920(3) 4.249(1)
deaic (g cn1°3) 1.21 1.18 1.20 1.18 1.25 1.27 1.24
dobs (g CNT3) 1.20 1.20 1.20 1.20 1.26 1.25 1.21
& (mm1) 0.658 0.701 0.649 0.649 0.733 0.672 0.715
Ry (obsd reflens)  0.062 0.070 0.069 0.079 0.070 0.048 0.041
wR; (all reflens)  0.205 0.220 0.198 0.369 0.220 0.184 0.122

3Ry = Y |Fo — Fl/3Fo, WRy = [Y[W(F* — F)A/ Y [W(Fo?)] M2

Anal. Calcd for GeHs:BN;OSZn: C, 66.79; H, 6.34; N, 11.85.
Found: C, 67.07; H, 6.57; N, 11.58.

IH-NMR Data (CDCls3, Internal TMS). KL: 1.20 [d,3] = 6.9
Hz, 18H, Me(-Pr)], 2.55 [s, 9H, Me(Pz)], 2.74 [spt) = 6.9 Hz, 3H,
H(i-Pr)], 6.20 [s, 3H, H(Pz)], 7.08 [’J = 8.2 Hz, 6H, Cum(3,5)],
7.39 [d,3] = 8.2 Hz, 6H, Cum(2,6)].1: 1.27 [d,3] = 6.9 Hz, 18H,
Me(i-Pr)], 2.55 [s, 9H, Me(Pz)], 2.94 [spt) = 6.9 Hz, 3H, H{-Pr)],
6.28 [s, 3H, H(Pz)], 7.31 [’ = 8.2 Hz, 6H, Cum(3,5)], 7.78 [cfJ
= 8.2 Hz, 6H, Cum(2,6)].2: 1.27 [d,%] = 6.9 Hz, 18H, Mei-Pr)],
2.56 [s, 9H, Me(Pz)], 2.94 [spt) = 6.9 Hz, 3H, H{-Pr)], 6.19 [s, 3H,
H(Pz)], 7.27 [d3J = 8.2 Hz, 6H, Cum(3,5)], 7.61 [#] = 8.2 Hz, 6H,
Cum(2,6)]. 3: 0.79 [d,3] = 6.9 Hz, 24H, Mei-Pr)], 1.36 [d,3] =
6.9 Hz, 12H, Mei-Pr)], 2.32 [s, 12H, Me(Pz)], 2.60 [spt) = 6.9 Hz,
4H, H(-Pr)], 2.63 [s, 6H, Me(Pz)], 3.05 [spt) = 6.9 Hz, 2H, H{-
Pr)], 6.12 [s, 2H, H(Pz)], 6.26 [s, 4H, H(Pz)], 6.68 [{J,= 8.2 Hz,
8H, Cum(3,5)], 7.00 [d3) = 8.2 Hz, 8H, Cum(2,6)], 7.31 [¢] = 8.2
Hz, 4H, Cum(3,5)], 7.39 [®J = 8.2 Hz, 4H, Cum(2,6)].4: 0.74 [d,
3] = 6.9 Hz, 36H, Mei-Pr)], 2.42 [spt3J = 6.9 Hz, 6H, H{-Pr)], 2.55
[s, 18H, Me(P2)], 6.20 [s, 6H, H(Pz)], 6.54 [t = 8.2 Hz, 12H, Cum-
(3,5)], 7.34 [d,3) = 8.2 Hz, 12H, Cum(2,6)].5a: 1.25 [d,%J = 6.9
Hz, 18H, Me(-Pr)], 2.42 [s, 3H, OMe], 2.53 [s, 9H, Me(Pz)], 2.92
[spt, 3 = 6.9 Hz, 3H, H{-Pr)], 6.22 [s, 3H, H(Pz)], 7.28 [¢8) = 8.2
Hz, 6H, Cum(3,5)], 7.57 [B] = 8.2 Hz, 6H, Cum(2,6)].5b: 0.40 [t,
3J = 7.0 Hz, 3H, OCCH], 1.29 [d,3] = 6.9 Hz, 18H, Mei-Pr)] 2.57
[s, 9H, Me(Pz)], 2.83 [q3J = 7.0 Hz, 2H, OCH], 2.97 [spt,23J = 6.9
Hz, 3H, H{-Pr)], 6.28 [s, 3H, H(Pz)], 7.31 [¢}) = 8.2 Hz, 6H, Cum-
(3,5)], 7.61 [d,2J = 8.2 Hz, 6H, Cum(2,6)].6: 0.23 [t,3] = 6.6 Hz,
3H, OCCH}], 1.23 [d,3J = 6.9 Hz, 18H, Mei-Pr)], 2.54 [s, 9H, Me-
(Pz)], 2.78 [g,%] = 6.6 Hz, 2H, OCH], 2.89 [spt,®] = 6.9 Hz, 3H,
H(i-Pr)], 6.17 [s, 3H, H(Pz)], 7.24 [}J = 8.2 Hz, 6H, Cum(3,5)],
7.54 [d,3) = 8.2 Hz, 6H, Cum(2,6)].7: 0.80 [d,3] = 6.9 Hz, 36H,
Me(i-Pr)], 2.46 [spt3] = 6.9 Hz, 6H, H{-Pr)], 2.53 [s, 18H, Me(Pz)],
6.18 [s, 6H, H(Pz)], 6.60 [¢®J = 8.2 Hz, 12H, Cum(3,5)], 7.45 [&)
= 8.2 Hz, 12H, Cum(2,6)].8: 1.21 [d,3] = 6.9 Hz, 18H, Mei-Pr)],
2.54[s, 9H, Me(Pz)], 2.87 [spt) = 6.9 Hz, 3H, H{-Pr)], 6.15 [s, 3H,

H(Pz)], 6.83-6.97 [m, 5H, NPh], 7.18 [d®J = 8.2 Hz, 6H, Cum-
(3,5)], 7.54 [d,%] = 8.2 Hz, 6H, Cum(2,6)].

13C-NMR Data (CDCls3, Internal TMS). KL: 6 = 12.6 (pzMe),

24.0 (-PrMe), 33.7 (-Pr-CH), 102.2, 125.3, 126.6, 133.4 (aromatic),
145.3, 147.1, 150.3 (pyrazolel: 6 = 12.9 (pz-Me), 23.8 {-PrMe),
33.9 {-Pr-CH), 104.3, 126.8, 127.3, 129.1 (aromatic), 145.6, 149.3,
153.2 (pyrazole). Thé*C-NMR data of complexe2—8 differ only
little from those of1.

X-ray Crystallography. Crystals were obtained either directly from
the reaction solutions or by slow evaporation from the solvents given
in Table 1. Diffraction data were recorded at room temperature (at
—100 °C for 5a) with the w/26 technique on a Nonius CAD4
diffractometer fitted with a molybdenum tubedA = 0.7107 A) and
a graphite monochromator. An absorption correction (program DI-
FABS*) was only applied t&a. The structures were solved with direct
methods and refined anisotropically with the SHELX program sHite.
Hydrogen atoms were included with fixed distances and isotropic
temperature factors 1.2 times those of their attached atoms (1.5 times
in methyl groups). Some cocrystallized solvent molecules were found
for 2' and 3' which are not connected to the complexes, while the
cocrystallized methanol ithis hydrogen bonded to the ZOH group.
Parameters were refined agaif€t Drawings were produced with
SCHAKAL.5® Table 1 lists the crystallographic data.

Supporting Information Available: Fully labeled ORTEP plots
and listings of crystal data, bond distances and angles, anisotropic
thermal parameters, and hydrogen positionslfd, 2', 5a, and6 (31
pages). Ordering information is given on any current masthead page.
The structures 08 and4 have already been documentéd.
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