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The complete array of those hydrotris(pyrazolyl/thioimidazolyl)borate ligands that were developed and used in the
author's laboratories, with N3, NS, NS, and S; donor sets, was scanned for their ability to form Zn—OH, and
Zn—OH complexes. The coordination motifs found were Zn—OH,, Zn—OH, Zn—0OH-Zn, and Zn—0;H3;—Zn. Of these,
the well-established Zn—OH motif was complemented with novel species bearing N3, NS,, and Ss tripods. The
Zn—OH, motif was observed only with pyrazolylborate ligands and only in unusual situations with coordination
numbers higher than 4 for zinc. The new Zn—OH-Zn motif was realized for three different pyrazolylborates, for one
NS, tripod, and for two S; tripods. Finally, it was verified that the Zn—O,H;—Zn motif again occurs only with
pyrazolylborate ligands. The new complexes were identified by a total of 11 structure determinations.

is still awaiting its isolation, with its closest representation
being Parkin's T[§*“M&Zn—OH:-H---HOB(CsFs)3.2 The same
holds true for tripod-Zn complexes with N/S donor sets,

Introduction

Among the many tripo¢Zn complexes that were used
to model zinc enzyme'sthe tris(pyrazolyl)borate-ligated ones
certainly were mzstepﬁroducti(\?g. Ong Zeason fgr this is the Where again the tetrahedral Zaqua species have only been
fact that with suitably substituted Tp ligands the-ZDH proposed, but not isolated yet, as intermediétes.
complexes as the essential mimics of the active state of The challenge of making tetrahedral tripagin—OH and
hydrolytic zinc enzymes could be isolated and used for tripod—Zn—0OH, complexes with i N,S, NS, and S donor
biomimetic chemistry.For most of the other Zn-containing  sets should be manageable ever since the pyrazolylborate-
model systems, such a central model species, i.e., onerelated tripod ligands with p8*° NS,58 and S donor
containing a Zr-OH function in the pocket of the tripod set§ 12 have become available and applicable for Zn model
ligand, could only be proposed as a necessary intermediate.complex chemistry. We have contributed to thidtand we

The pyrazolylboratezinc hydroxide complexes with their  recently have presented several new polar tris(pyrazolyl)-
(N,N,N)Zn—X core in a strict sense represent only those zinc borate ligand$3** With all of these ligand types,
enzymes that bind Zn through three histidine units. In recent
years, it has become evident, however, that an increasing 3y gergquist, C.; Parkin, GI. Am. Chem. Sod999 121, 6322.
number of zinc enzymes applies (N,N,S), (N,S,S), and (S,S,S) (4) Benkmil, B.; Ji, M.; Vahrenkamp, Hnorg. Chem 2004 43, 8212.

donor sets for the metal, using histidine and/or cysteihate.

Model systems for these enzymes are emerging, but with

one or two exceptions, they have not yielded—2dH
complexes yet.

On the other hand, while simple Z®OH, complexes are
commonplace, an unsupported cationic Tg2ZH, species
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we have tackled the above-mentioned challenge. This papercomplex. There is no case where all four complex types are
reports our findings, accumulated over the last 5 years.  accessible for one and the same tripod ligand, and there is
A survey of the literature has shown that apart from the no case where one complex type, once isolated, could be
TpZn—OH species only one tripeeZn—OH complex was  converted to another one.
fully characterized: Parkin’s tris(1-phenylthioimidazolyl)- Results of the desired kind were obtained with the tripods
borate-zinc hydroxide!® Three crystal structures of TpZn offering Ns, NS;, and S donor sets. The reason that the bis-
OH, complexes were reported, our FFeZn(OH,)[OPO- (pyrazolyl)thioimidazolylboratésas NS tripods did not yield
(OPh}),%® Parkin’'s TpgB“MeZn(OH,)[HOB(CsFs)3),® and any one of the OH-containing Zn complexes must be sought
Carrano’s TOCEMZn(OH,)(OAc),t” while the complex in the fact that they contain unsubstituted pyrazolyl groups
TpCOOEMeZN(OH,)3(ClO,) was mentioned among similar  and, hence, cannot provide the encapsulating pocket around
complexes of other metal$!® This paper adds three aqua the Zn ion that seems to be essential in this field of chemistry.
and six terminal hydroxo complexes, plus six examples of a Similarly nonproductive were attempts to prepare the-Zn

new structural type, the OH-bridged dinuclear tripath OH-containing complexes starting from precursors other than

complexes. Zn(ClQy),, for instance, by treating a-Zn halide complex
with freshly precipitated AgD. Thus, although quite a

Results and Discussion number of the desired complexes have been found, the

We had previously observed that the complex types challeng_e remains to complete the various series by different
TpZn—OH and [TpZn-(u-O.H3)—ZnTp]* can form from preparative procedgres or to .reach the stage where the
the Tp ligand and hydrated zinc perchlorate even without members of the series can be interconverted.
the addition of a base, although as a rule a stoichiometric Adqua Complexes While attempting to study the TpZn-
amount of KOH favors their formation in good yielts?t ~ (OH2)/TpZn(OH) equilibrium by potentiometric titratiéh
This implies that subtle changes of the acidity of the for species with 3ert-butyl- or 3-aryl-substituted Tp ligands,
solutions, which can even be brought about by a variation We observed that complete protonation of TpAbH, i.e.,
of the solvent composition, can affect the accessibility of the formation of [TpZn(O)]* in solution, leads to decom-
such species. On the one side, TpZdH is endangered in ~ Position involving the autocatalytic hydrolytic destruction
the presence of acids because the resulting [TPEa] " is of the Tp ligand. Attempts to isolate any such TpZn(pH
prone to hydrolytic self-destruction of the Tp ligand. On the complex must therefore avoid acidic media or save the
other side, the enforced formation of the hydroxo complex Product by quick isolation. After many attempts with the
in the presence of a base goes a|ong with an increasecformer, we succeeded in one case with the latter. Mixing
tendency for its dismutation to Zn(Op#and ZnTp. These  KTpP"Mewith Zn(CIOy),+6H,0 in acetone, followed by the
phenomena may explain why a compound containing isolatedaddition of KBPh and precipitation of the product, allowed
tetrahedral TpZrOH, cations has not been obtained yet and the isolation ofl.
why attempts have failed to prepare TpZ@H species by
hydrolysis of TpZr-R 31 [Tp™"MZn(H,0),]BPh,

The complex types 1Zn—OH, L-Zn—0H,, (L-Zn),OH, 1
and (L:Zn),O,H3 described in this paper must all be involved
in acid-base equilibria of the above-mentioned type. Ac-  Compoundl could not be subjected to a crystal structure
cordingly, their formation is controllable only to a limited ~determination, and its spectral data only allow one to guess
extent, and, according|y, it has taken years of repeating about its structure. The water resonance in tHeNMR
experiments and varying conditions to isolate and character-Spectrum at 2.03 ppm in CDEOproves that there is no free
ize the specific complexes, yet finally in a reproducible way. Water in solution (which in CDGlgives rise to a signal at
In principle, all of their syntheses follow the same scheme: 1.47 ppm). The strong broad IR band at 3360 tindicates
a zinc salt with nonnucleophilic anions, typically zinc that the water molecules are involved in H bonds. Thus, the
perchlorate, is treated with the tripod ligand. Variations of duestion of how many of the water moleculed.iare directly
the solvent and the possible presence of KOH are used toPound to Zn and how many are attached to these by H bonds
adjust the conditions for the isolation of the resulting remains open.

In contrast to our “classical” pyrazolylborates that bear

(13) Maldonado Calvo, J. A.; Vahrenkamp, Horg. Chim. Acta2006 only hydrocarbon substituents, our new polar ones bearing
359, 4079. _ ; ; H ;

(14) Peez Olmo, C.; Bbmerle, K.; Steinfeld, G.; Vahrenkamp, Bur. J. 4 pyrldyl or carboxamido substitueftsmade it easy t?
Inorg. Chem, 2006 early view. prepare the TpZn(Opl complexe and3, whose composi-

(15) Bridgewater, B. M.; Parkin, Gnorg. Chem. Commui2001, 4, 126.  tjons (but not their solid-state structures) are indicated in the

(16) Weis, K.; Vahrenkamp, Heur. J. Inorg. Chem1998 271. . . .

(17) Hammes, B. S.; Luo, X. M.; Carrano, M. W.; Carrano, Clnarg. formu_lal drawings below. Complekwas obtained by simply
Chim. Acta2002 341, 33. combining KTg="Meand Zn(CIQ),, and comple:B resulted

(18) ?rzw:ﬁggbﬁ.lizgarrano, M. W.; Carrano, Cl.Xhem. Soc., Dalton from treatment of T*AMeZn—Br with AgClO,-H,0. They

(19) Alsfasser, R.; Ruf, M.; Trofimenko, S.; Vahrenkamp,&hem. Ber. show the presence of their Zn-bound water ligand by their

1993 126, 703. i

(20) Ruf. M. Weis. K.: Vahrenkamp, HI. Am. Chem. Sod996 118 IR bands at 3515 and 3361 cfnrespectively. In the polar
9288.

(21) Ruf, M.; Vahrenkamp, Hinorg. Chem.1996 35, 6571. (22) Blindauer, C.; Vahrenkamp, H., unpublished. Compare to ref 2.
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g
Figure 1. Structure of one of the two dimeric cations ®fin the solid Figure 2. Structure of the cation & in the solid state. Bond lengths (A):
state. Bond lengths (A): ZaN1 2.031(5)/2.060(5), ZAN2 2.352(5)/ Zn—N2 2.024(3), Za-N5 2.019(3), Zr-O1 2.190(3), Zr-02 2.276(3),

2.278(5), Zr-N3 2.025(5)/2.024(5), ZaN8' 2.005(5)/2.011(5), ZrO Zn—04 1.922(3), 04-03 2.586(5).
2.168(4)/2.139(4).

.molecule. It is noteworthy that thtH NMR solution data

deute_rated media necessary to record their NMR spectra, thelrmc 2 do not reflect the structure in the crystal. As was
OH signals could not be observed.

observed previously for other T¥:M&Zn complexes? two

H sets of resonances are observed for the Tp ligand with an

| ® intensity ratio of 1:5, indicating other coordination patterns

\__B
7 N SN A\ and/or equilibration in solution.
N | The structure of3 is quite different (see Figure 2). The
NF " N> tert-butylcarboxamido-substituted Tp ligand is using only two
/\\ / of its pyrazole donors for coordination, which is rare and
/ \ ] &n 74 previously unobserved for this type of ligaktinstead, the

N \ two carbonyl O atoms of the two coordinating carboxami-

N— OH, ~N dopyrazoles are bound to Zn, creating two five-membered

2 N,O chelate rings. This XD, donor arrangement constitutes

the basis of a square pyramid, the apical position of which

H is occupied by the water ligand. This, in turn, is connected

\ é —‘ ® to the carbonyl O of the noncoordinating carboxamidopy-

72 N < \N N razole. Compared to the other Zligand bonds, the Zn
/I {7‘ | O(H.0) bond is remarkably short.

N\“ N> All three new aqua complexes described here display

HN/Q / unusual structural features. It is likely that all three have a

HN ° Z|" ¢ NH coordination number higher than 4 for the Zn ion, following
"/< PRl on i the trend that harder donors (or a higher polarity) in the

2

ligand sphere of Zn go along with higher coordination

3 numbers. Thus, although the goal of making TpZngDH
complexes was achieved, the quest for a genuine tetrahedral
Both 2 and3 were identified by structure determinations. TpZn(OH,) cation remains.

The structure of one of the two independent units2dg (u-O2Hz)Zn, Type. If one out of two L:Zn(OH,) complex

shown in Figure 1. Like in almost all other Zn complexes units is deprotonated, the composition of the bulk i&,-

of Tp* PyMel4 association has occurred by using one of the (O,Hs). This would be the case if the pH of the solution is

pyridyl N atoms. In the case & the result of this is a dimer  identical with the K, of the L-Zn(OH,) species. We had

with five-coordinate Zn. The coordination geometry of the verified this condition for TpZn complexes with 3-pyridyl-

metal is trigonal-bipyramidal with the water ligand and one and cumenyl-substituted Tp’s. As a result, we had isolated

of the tripod’s N atoms on the axis (angle ca. 1j70n the dinuclear TpZn(-O;H3)ZnTp complexed? Later Cohen

accordance with their elongated bonds to Zn. Just like in had obtained the same result with ourP'Fie ligand23

many Zn complexes of the previously reported® "¢, During our attempts to grow single crystals of the aqua

including the aqua/phosphate compléthe increased polar-  complex 1, we experienced that, instead &f only its

ity of the environment of Zn goes along with an increase of relatives4 and 9 (see below) could be precipitated in a

the coordination numbers. The main difference between thecrystalline form. A very small amount of was obtained

two independent units d in the crystal is that in one of  from dichloromethane/methanol; an equally small amount

them the water ligand is H-bonded to another water molecule

in the crystal, while in the other, it is H-bonded to a methanol (23) Puerta, D. T.; Cohen, S. Nhorg. Chim. Acta2002 337, 459.
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of 9 resulted from acetone/water. In both cases, no acid or of all (tripod)Zn(OH,) species in solution. Accordingly, the
base was added to the crystallization solutions, which implies five previously reported hydroxo complexes with Tp
that the acid/base properties of the solvent mixtures aloneligand$®212426 and the one with a tris(thioimidazolyl)borate
account for the partial deprotonation bfThe formation of ligand® were prepared from the tripod, a simple zinc salt
4 corresponds to the above-mentioned deprotonation of oneand a base. However, in many cases, particularly with the
out of two TpZn(OH) units, with the subsequent linking of NS, and S tripods, this did not yield the desired result
TpzZn(OH) and TpZn(Ok) via a H bond. The formation of  because of the high tendency of formation of the Zn(tripod)
9 involves the same 50% deprotonation and subsequentcomplexes, causing the dismutation of (tripodjZDH to

substitution of water from TpZn(OHl by TpZn(OH). Zn(tripod) and Zn(OHj).
The availability of the new polar tris(pyrazolyl)borate
[TpP"M&Zn—OH:+-H--*HO—ZnTp™""4BPh, ligand$* as well as further NS and S tripodst2gave us
4 an opportunity to search for further (tripod)Z®OH com-

plexes with them. This search yielded the four new com-

The crystal structure o# was determined (see the pounds5—8, whose compositions (but not necessarily their
Supporting Information). The structural details of theZn  structures) are shown as formula drawings here. Again their
O,Hz—2Zn core (Zn-0 1.884(2) and 1.892(2) A; @0 2.43 synthesis is seemingly straightforward: zinc perchlorate or
R) closely resemble those of Cohen’s identical complex with nitrate is treated with the tripod and base. Yet, it took some
perchlorate counteriofsand also those of our three previous adjustment of the reaction conditions to get the desired

structure determinations of similar (Tpz(-O.Hs) com- products (Chart 1).

plexesz.‘? In a way, complex is a bettfer representation of Except for the two cases mentioned below, compl&xe
the desired tetrahedral TpZn(@Fbpecies than complek did not yield crystals suitable for structure determinations.
insofar as it can be described, just like Parkin’s TpZH,: They could be identified by theitH NMR spectra. One

**OHB(GsFs)s,” as a TpZn(Oh) species stabilized by a H 6u1d have wished to observe NMR or IR data of their OH
bond to a base whose corresponding acid is of strengthfynctions, as was possible for the TpZOH complexes with
similar to that of this TpZn(O#). hydrocarbon-substituted Tp ligands, which show sharp IR
In the context of this work, comple4 was the only bands near 3600 crh and*H NMR signals near 0 ppm.
occurrence of theutO,Hs)Zn; type. However, its “water-  However, the presence of water or methanol in the isolated
free” equivalent represented by comple®esl4 (see below)  compounds and/or H/D exchange in the NMR solvents wiped
provides ample evidence that our tripedn—OH species  out the OH NMR signals and shifted the OH IR bands, just
are protonated (and likewise their implied counterparts as in the previous ZnAOH complexes with polar Tp ligands
tripod—Zn—0OH, are deprotonated) near neutral pH. This, or the one case with a&ipod 31517.25The observed broad
in turn, implies that the TpZnOH; species havef's near  OH bands in the IR spectra in the 3268400-cnT? range
7, as confirmed by our preliminary potentiometric measure- are indicative of H-bonded species. The lack of spectroscopic
ments?? an essential quality making the TpZ@OH com-  evidence for the ZROH units is overcome, however, by
plexes viable models of hydrolytic zinc enzynfes. the structure determinations d§a and 8 and, equally
Hydroxo Complexes. The formation of the hydroxo important, by the hydrolytic activity of all four new
complexes (tripod)ZrOH corresponds to the deprotonation complexes’

Chart 1
H H
s s
avls s
—N /N?’ N>~ —N /N% N>~

/

\

7 N\
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Figure 3. Proposed structure for complé&x

In the 'H NMR spectrum of comple), there is a 2:1
splitting of all nonmultiplet resonances. This supports the
notion thats, like the parent aqua compl@and the related
methanol compleX} is a dimer, in which one pyridyl

groups. We have no convincing explanation for this, other
than that the bulkyert-butyl groups enforce rigid orientations
of the twotert-butylphenyl substituents. It would have been
advantageous to have a structure determinatiohbefcause
this (NS)Zn—OH complex is the first of its kind. However,
the lability of 7 in solution, related again to the tendency
for dismutation, prevented the growing of suitable single
crystals.

For the (8)Zn—OH complex8, the dismutation tendency
could be kept under control, and crystals for a structure
determination could be obtained. Figure 5 shows the
structure. The molecules d8 have crystallographically
imposed trigonal symmetry, and the coordination of Zn is
close to ideally tetrahedral. The Z© bond is slightly longer
than those in the TpZAOH complexe¥-?but corresponds
to that in Parkin’s related g&n complex Tmi"Zn—OH?®

substituent of each TpzZn unit is coordinated to a second such(1-90 A). Most molecular features 8fcorrespond to those

unit, creating the dimeric structure displayed in Figure 3.
Compound5 was obtained only when the reaction solu-

of Parkin’s compound, including the presence of three
H-bonded methanol molecules in the vicinity of the OH

tions were permanently cooled in an ice bath. When this was 9roup- The H atom of the OH group could not be located
not the case, partial decomposition took place with the crystallographically because of its disordered position due

formation of Zn(OH) as a cloudy precipitate. This indicated
dismutation with concomitant formation of Zn(TfY:Ve),.
Confirmation for that came after isolation of the species
remaining in solution, which turned out to be the 2:1
association producia.

Zn(Tp" ™ "YM9 2T PYMezZn—OH
5a

Complex5a seems to exist with the same composition in

the solid state as well as in solution, as evidenced by the

occurrence of four sets dH NMR signals with 2:2:1:1
intensity ratios. The result of the structure determination o

5a(see the Supporting Information) is shown schematically

in Figure 4. The central ZnTgunit uses two of its six pyridyl
substituents to coordinate to the external TpZ¥H units.
This gives the two symmetry-related TpZ®H units an
extremely elongated trigonal-bipyramidal coordination, with
one pyrazole arm almost detached from the metal. Thel\Zn
distances reflect this situation: they are 22928 A at the

to the 3-fold molecular symmetry.

This paper describes only the syntheses and structures of
the new OH- and OH-containing complexes. The motivation
for their investigation, as mentioned above, was their hoped-
for applicability as models of hydrolytic zinc enzymes. Our
investigations toward this end, particularly with the (tripod)-
Zn—OH species, have borne some fruit already, and they
will be published subsequently.

OH-Bridged Dinuclear Complexes The dinuclear (tri-
pod)Zn complexes with a ZAOH—Zn center, hitherto
represented by just one examplewere an unexpected

§ outcome of this study. However, they turned out to be the

easiest to prepare and to crystallize. All tripod types used
here yielded this type of complex, and all six new compounds
could be subjected to structure determinations.

As mentioned above, the formation of the Z@H—Zn
species can be understood as a reaction that competes with
the formation of the ZrO,H3;—Zn species: one out of two
Zn(OH,) units is deprotonated, and the resulting—ZDH

octahedral central Zn, and the three “normal” ones at the Unit behaves as a ligand, replacing the water molecule of

external zinc atoms are 2.62.12 A, while the elongated
Zn—N interaction is 2.81 A long. The ZrO distance of

the second Zn(OHK unit. In line with this, our first Za-
OH—Zn complex of this type was found accidentally:

1.874(3) A corresponds to those in the other tetrahedral compound resulted in the form of just a few crystals from

TpZn—OH complexeg>19.2!

We assume the structures of complex@sand 7 to
correspond to the formula drawings shown above. e
NMR data of complex6 show no peculiarities, indicating
that 6 is a normal tetrahedral TpZ0OH complex. The'H
NMR spectrum of the (N§Zn—OH compound7 shows
separate resonances of equal intensity for tivé-butyl

(24) Alsfasser, R.; Trofimenko, S.; Looney, A.; Parkin, G.; Vahrenkamp,
H. Inorg. Chem.1991, 30, 4098.

(25) Weis, K.; Vahrenkamp, Hnorg. Chem.1997, 36, 5592.

(26) Ruf, M.; Burth, R.; Weis, K.; Vahrenkamp, Ii&@hem. Ber1996 129,
1251.

(27) Peez Olmo, C.; Bomerle, K.; Ibrahim, M. M.; Vahrenkamp, H., to
be published.

attempts to crystallize the aqua compl&xXrom acetone/
water, with the yield being so low that the structure
determination is the only identification 8f Having realized
the existence of this complex type, compount¥-12
followed in quick succession. All three resulted in good
yields from the combination of zinc perchlorate with the
tripod ligand without the addition of a base. Finally, the two
(Ss tripod)Zn complexed 3 and14 required the addition of
KOH to result in good yields. Of the six new complexes,
three ((2—14) have no counterpart among the Z@H or
Zn(OH,) complexes and twolQ and 11) are relatives of
the Zn—OH complexes (Tp"M&Zn—OH' and 6 described
here). Only9, which contains our most thoroughly investi-

Inorganic Chemistry, Vol. 45, No. 18, 2006 7497
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Figure 5. Molecular structure of complef. Bond lengths (A): ZrS
2.342(2), Zr-O 1.906(9).

e f
[(tripod)Zn—OH—Zn(tripod)] X
no. 9 10 11 12 13 14
tripod a b c d e f
X BPhy ClO4 ClO4 ClO4 ClO4 ClO4

documented in the Supporting Information. For two repre-
sentative example® and 13, the molecular structures are
displayed in Figures 6 and 7.
Figure 6. Structure of the dinuclear cation 6f The structural details of all six complexes are closely
related. Each contains two pseudotetrahedral (tripoe2Zn
gated Tp ligand, has counterparts in all other classes: Zn-units that display the usual attachment of the tripod ligands
(OHy) (1), Zn—0OH3—2Zn (4), and Zn-OH (Chart 2)2°The to zinc. As Table 1 shows, all ZrO bond lengths fall into
»(OH) IR bands of complexe8—14 do not yield charac-  a very narrow range, with a slight tendency to get longer
teristic information. They are weak and broad, located with an increasing S content of the tripod ligand. Compared
between 3300 and 3500 cfn In some, but not all, cases, to corresponding mononuclear (tripod)Z®H complexe¥2124
this relates to the existence of H bonds between the OHincluding 8, they are only 0.020.04 A longer.
groups and either cocrystallized solvent molecules or donor The noteworthy feature of the ZOH—Zn complexes is
functions on the tripod. Unambiguous identification of the the bent arrangement of the Z@H—2Zn unit. This is certain
complexes came from the six structure determinations, for 9 and 11-13, and it had to be revealed by resolving
particularly from the location of the counterions therein, disorder in 10 (where the Zr-O—Zn array is on the
which ruled out the presence of uncharged (tripod)r- crystallographic 3-fold axis) ant¥ (where the O atom seems
Zn(tripod) compounds. All crystallographic information is to be on an inversion center). As Table 1 shows, the bending

7498 Inorganic Chemistry, Vol. 45, No. 18, 2006
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Figure 7. Structure of the dinuclear cation &B.

Table 1. Structural Characteristics of the Z@H—Zn Complexes

Zn—-0 (A) Zn—0—2n (deg)
9 1.909(2)/1.908(2) 156.2(5)
100 1.877(16) 156.0(4)
11 1.885(5)/1.901(5) 120.3(2)
12 1.911(5)/1.913(5) 130.1(3)
13 1.925(5)/1.943(5) 139.5(3)
142 1.82(3)/1.99(2) 160(1)

aDisordered positions for the O atom.

angles vary between 120 and 26@hich corresponds to
the situation in the two (tridentate)Z©OH—Zn(tridentate)
complexes in the literature (134 and 2528 This, of
course, is a reflection of the sterical demands of the
intertwining tripod ligands but, more importantly, of the
“softness” of large bonding angles at O, for which phenom-
enon the silicates provide the most striking examples.

Conclusions

Another title of this paper could have been “Derivatizing
Water in the Presence of Tripedinc Complexes”, which

Each preparation was found empirically. It is most likely
that two or three of the product types were present as parts
of equilibrium mixtures in each reaction solution. Subtle
differences in their acidbase behavior and their solubility
must then have decided which species was isolated. The three
different realizations of the TpMZn—(OH,) system,2, 5,

and 5a, shed light on the intricacies involved. Yet, in the
end, things were rather simple again: most of the specific
tripods used yielded just one type of product.

The next step in the chemistry of these compounds must
be Zn catalysis, i.e., their investigation toward stoichometric
or catalytic cleavage of hydrolyzable substrates. We have
made some preliminary studies toward this éhlut most
of it will be left to our successors. There is no doubt that
the acid-base equilibria underlying the preparative chemistry
will be equally decisive for the reactivity of the isolated
Zn(OHy) compounds.

Experimental Section

General Data All experimental techniques and the standard IR
and NMR equipment were as described previod&lyhe tripod
ligands in the form of their potassium salts were prepared as
published’ 811426 A common problem with these types of
complexes is that the C values in the elemental analyses are
inconsistent. Therefore, when they were off by more than 1%, at
least one more value (hormally for S or Zn) was obtained.

Caution! Perchlorate salts are potentially explesi They should
only be handled with utmost care in small amounts and with suitable
safety equipment.

1. A solution of 199 mg (0.38 mmol) of KT§#Mein 20 mL of
acetone was mixed with a solution of 143 mg (0.38 mmol) of
Zn(ClOy),-6H,0 in 4 mL of O-free water. After the solution was
stirred for 1 h, 130 mg (0.38 mmol) of NaBPtvas added to the
clear solution. The mixture was stirred overnight and then reduced
in vacuo to 8 mL, upon which a precipitate formed. This was filtered
off and dried in vacuo, leaving behind 192 mg (57%)1oés a
colorless powder. Mp: 124C. IR (KBr): 3363 (vs, b, HO), 2554
(m, BH). IH NMR (CDCly): 2.03 [s, 6H, HO], 2.58 [s, 9H,
Me(pz)], 6.26 [s, 3H, H(pz)], 6.797.41 [m, 35H, Ar]. Anal. Calcd
for CssHs4aN2NgOsZn (M = 922.07): C, 70.34; H, 5.90; N, 9.11.
Found: C, 70.90; H, 5.78; N, 9.04.

expresses both the motivation for and the results of the 2. A total of 165 mg (0.31 mmol) of KTgPvMewas dissolved

studies described here. New Z®H, combinations were
found for our old tripods, the nonpolar tris(pyrazolyl)borates,

in 20 mL of methanol/dichloromethane (1:1), and 128 mg (0.34
mmol) of Zn(ClQ,),-6H,0 in 5 mL of water was added dropwise.

as well as the NSand S tripods, were found to be equally
able to derivatize water in all possible ways.

Of the four bonding combinations observed here;~Zn
OH,, Zn(OG,H3)Zn, Zn—0H, and Zr-OH-2Zn, the first one
is still more a challenge than a reality for the (tripod)Zn units,

precipitated KCIQ was filtered off. The filtrate was concentrated
in vacuo to half of the initial volume and then slowly evaporated
at room temperature to yield 151 mg (72%Ydds colorless crystals
(mp 300°C). Cocrystallized water could not be completely removed
by prolonged pumping. IR (KBr): 3515 (m, b,.8), 2567 (m,
BH), 1622 (s, Py)!H NMR (DMSO-dg): 2.00 [s, 1.5H, Me(pz)],

and the last one, which was almost unprecedented, turnec 55 [s, 7.5H, Me(pz)], 6.46 [s, 0.5H, H(pz)], 6.63 [s, 2.5H, H(pz)],
out to be the simplest to prepare. It should be noted that the7.67 [m, 6H, Py], 8.53 [dJ = 6.0 Hz, 1H, Py], 8.84 [dJ = 5.9

“final step”, the formation of a ZrO—2Zn species for which
we have one exampfé was not observed here.

Hz, 5H, Py]. Anal. Calcd for &H,7;BCINgOsZn-H,0O (669.22+
18.02): C, 47.19; H, 4.25; N, 18.34. Found: C, 47.01; H, 4.15; N,

It cannot be said that systematic procedures have beent8-19.

developed for the synthesis of any of the four product types.

(28) Voo, J. K.; Incarvito, C. D.; Yap, G. P.; Rheingold, A. L.; Riordan,
C. G. Polyhedron2004 23, 405.
(29) Ruf, M.; Vahrenkamp, HJ. Chem. Soc., Dalton Tran995 1915.

3. A solution of 45 mg (0.20 mmol) of AgCI®H,O in 2 mL of
methanol was added to a solution of 140 mg (0.20 mmol) of

(30) Faster, M.; Burth, R.; Powell, A. K.; Eiche, T.; Vahrenkamp,&hem.
Ber. 1993 126, 2643.

Inorganic Chemistry, Vol. 45, No. 18, 2006 7499



Ibrahim et al.

8820 692°0 69€°0 2.0 Z8T°0 (supal |e) zum
Z80°0 1100 6600 9600 8500 (suyai psqo) T
+ - - + - $avavg u.od sqge
TL0 68°0 160 8.0 80T (g-wiw) (ox o)
ITT 9T 9g'T LET ZST (g-wo B)P2rEp
(1)z662 (2)8092 (2)8ct8 (TT)S22¥T (1)062€ Y) A
(e)sse 28 06 06 06 02T (Bap) 4
(€)rzzeL (r)e08v0T (€)660°66 (1)19°01T 06 (Bap) ¢
(€)69928 06 06 06 06 (Bap) 0
(@)16L7T (r)L8Tv2 P)T29ve (6)eor6T (2)2051€ (y)o
(@zzL v (r)os8'6T (e)zer6T (8)e0L°LT (298211 (y)a
(2)sorvT (€)9ge 9T (€)ozz LT (@or vy (2)982 1T (y)e
z 1% 1 8 € z
€62 €ee eve €67 YA N L
1d 9/'zd of'zd 29120 e dnoib aoeds
HOBWFIOHD HOBWFIDED aueluadAOHO HO®W/EIOHD HO3WEIOHD wouy 1sKI0
LT'TE0Z €/°98ST G5'9G/T ST'2LYT 9/°€STT M
HOSHD HOSHOE 9OHOE
2| OHOZ AUZOSSOCTNI DT T HO8D 2UZ9SSOCTNIDPEoH9D LUZPSSOETNIOPESOH 9D 2UZTTOBTNIOPEEOH%D UZITOEINIOPES T HEYD e|nwio}
vT €T z1 1T 0T
99€T'0 00€°0 1120 69T°0 08T°0 SET0 (supau [re) zum
L¥0°0 0600 0900 €500 2900 1800 (supyal psqo) T
+ - - + - + $avavg uiioo sqe
99'0 ¥8'0 €80 0.0 980 080 (g-wiw) (0 o)
62T 8Z'1 ov'T 62T Sh'T 8Z'T (g B)PrEp
(2)526L (2)ss8¢e (e)6v8TT (TzvLe (¥)2'998T (e)eteL YA
06 0z1 06 (e)679'88 (2oLev6 06 (Bap) 4
(€)rss 00T 06 (v)LsT26 (€)16€°L8 (2)600°€0T (¥)206°0TT (Bap) ¢
06 06 06 (e)88L72L (2)258°9TT 06 (Bap) »
(r)ezsze (L)zsLet (9)ve6'€E (r)v86'0z (2)9s9eT (9)ze6's2 (yo
(2)eorvT ()810°'ST (€)196'9T (£)90T¥T (@)LeveT (2)91€'TT (ya
(r)aLs vz (v)8T0°ST (€)99s 0z (e)evz et (2)9s6°TT (9)zTE92 (y)e
1% v v z 4 ¥ z
€02 112 €62 124 €02 YAz oL
ofzd Togd 9/20 Td d 9/'zd dnoib soeds
ls1em/suolsoe HO®IN HO3BWEIOHD HO3BWFEIDMHD g OHD OH/HOBNFIOHD wouy 1Ko
86'67ST 2185, 28's6v¢ ¥8'LSPT 9828/ 8t'88€T MIA
02%EHD)Z HO®HOE Y OHOS €-OHZ Y OHOG0 O?H-HO®HD
ZOFINEGLLHYED UZESOINGSCHED BUZEOENYGEOTHEOTD 2IZEOPINEGSLHIED -UZBOSNIOEOSHLED LUZOTOBTNE| O SHY D B|nwiuo}
6 8 eg v € z

ereq owydelbojeishiy "z ajqel

7500 Inorganic Chemistry, Vol. 45, No. 18, 2006



Zn—0H; and Zn—OH Complexes

TpCONHBUMeZNBr4 in 12 mL of methanol at 0C with exclusion
of light. After 30 min of stirring, the resulting precipitate was filtered

off. The filtrate was evaporated to dryness in vacuo, leaving behind

140 mg (100%) oB as a colorless, very hygroscopic powder. Mp:
212 °C. IR (KBr): 3361 (s, br, HO), 2560 (w, BH), 1651 (s),
1608 (s, CO), 1072 (vs, CIOJH NMR (CD;OD): 1.48 [s, 27H,
t-Bu], 2.46 [s, 9H, Me(pz)], 6.55 [s, 3H, H(pz)]. Anal. Calcd for
CoHs50BCINgOgZn-2H,O (M, = 740.39+ 36.04): C, 43.05; H,
6.29; N, 16.73. Found: C, 43.08; H, 6.26; N, 16.19.

4. A total of 9 mg (0.01 mmol) ofl was dissolved in 2 mL of

694.86+ 18.02): C, 55.60; H, 4.81; N, 17.68. Found: C, 54.60;
H, 4.54; N, 18.05.

7. A solution of 81 mg (0.22 mmol) of Zn(CIg,:6H,0 in 12
mL of methanol was added dropwise with stirring to a solution of
136 mg (0.22 mmol) of KHB(Tir#u2Ph,(PZ"M8 in 12 mL of
methanol. After stirring for 2 h, the mixture was filtered and the
filtrate evaporated in vacuo to 5 mL. Then a solution of 13 mg
(0.23 mmol) of KOH in 3 mL of methanol was added. After stirring
for another 20 h and filtering, the filtrate was evaporated to dryness.
The residue was extracted with 10 mL of dichloromethane, which

dichloromethane/methanol (1:1) and subjected to very slow evapo-was filtered and evaporated to dryness again, leaving behind 98
ration through a rubber stopper. The first few crystals forming after mg (71%) of7 as a colorless powder. Mp: 198. IR (KBr): 3426
about 2 weeks were taken for structure determination, which (m, br, OH), 2513 (w, BH)!H NMR (CDCly): 1.11 [s, 18H, t-Bu],

revealed the identity of. The remaining solution, according 1d
NMR, still consisted ofl together with some decomposition
products.

5. A solution of 128 mg (0.34 mmol) of Zn(CKp-6H,0 in 5
mL of water was added dropwise to a solution of 165 mg (0.31
mmol) of KTp*~P¥:Mein 20 mL of dichloromethane/methanol (1:
1). After 2 h of stirring, the precipitate was filtered off. The filtrate

1.23[s, 18H, t-Bu], 2.46 [s, 3H, Me(pz)], 6.30 [s, 1H, H(pz)], 6.68
[d, J=2.0 Hz, 2H, H(im)], 6.90 [dJ = 2.0 Hz, 2H, H(im)], 6.96-
7.89 [m, 11H, Ph]. Anal. Calcd for 4H40BNsOSZn (M, =
713.08): C, 60.64; H, 5.65; N, 11.79; S, 8.99. Found: C, 61.22;
H, 5.82; N, 11.78; S, 9.07.

8. A total of 3.5 mL (0.88 mmol) of a 0.25 M solution of NaOMe
in methanol was diluted with methanol to 40 mL. A solution of

was cooled in an ice bath and treated with a solution of 35 mg 144 mg (0.48 mmol) of Zn(Ng),-6H,O in 20 mL of methanol

(0.62 mmol) of KOH in 10 mL of dichloromethane/methanol (1:
1). After anothe 2 h of stirring and filtration, the filtrate was

was added slowly with stirring, followed by a solution of 300 mg
(0.48 mmol) of KTn#~T°! in 30 mL of methanol. After about 1 h

concentrated in vacuo until a precipitate started to form. Keeping of stirring, a precipitate appeared, which was filtered off, washed

this mixture at 5°C for 2 days resulted in the precipitation of 142
mg (73%) of5 as a colorless, very hygroscopic powder. Mp: 296
°C (dec). IR (KBr): 3633 (w, OH), 3394 (m, br,8), 2551 (w,
BH), 1605 (s, Py)!H NMR (DMSO-ds, 40°C): 2.01 [s, 6H, Me-
(p2)], 2.55 [s, 3H, Me(pz)], 6.44 [s, 2H, H(pz)], 6.62 [s, 1H, H(pz)],
7.56 [m, 6H, Py], 8.41 [dJ = 5.6 Hz, 4H, Py], 8.73 [dJ = 5.3
Hz, 2H, Py]. Anal. Calcd for gH2BNoOZn-2H,0 (M, = 568.76

+ 36.04): C, 53.62; H, 5.00; N, 20.84. Found: C, 53.68; H, 4.81;
N, 21.07.

5a When the synthesis & described above was carried out at
room temperature, the final solution remaining after the last filtration
developed a cloudy precipitate, presumed to be ZngOwWhich
was removed twice by filtration during the process of slow
evaporation. Upon further evaporation, 20 mg (10%)5afhad
formed as colorless crystals (mp 176), which were analyzed
without drying in vacuo. IR (KBr): 3407 (s, br, ), 2555 (w,
BH), 1606 (vs, Py)H NMR (DMSO-ds, 40 °C): 2.02 [s, 14H,
Me(pz)], 2.08 [s, 4H,Me(pz)], 2.16 [s, 4H, Me(pz)], 2.55 [s, 14H,
Me(pz)], 5.74 [s, 4H, H(pz)], 6.44 [s, 5H, H(pz)], 6.55 [s, 1H,
H(pz)], 6.62 [s, 5H, H(pz)], 6.70 [s, 1H, H(pz)], 7.56 [m, 20H,
Py], 7.63 [d,J = 6.2 Hz, 2H, Py], 7.74 [dJ = 6.2 Hz, 2H, Py],
8.41[d,J = 5.9 Hz, 10H, Py], 8.48 [dJ = 6.2 Hz, 2H, Py], 8.59
[d, J = 6.2 Hz, 2H, Py], 8.73 [dJ = 4.9 Hz, 10H, Py]. Anal.
Calcd for C108H10284N36022n3‘2H20'2CH2C|2 (Mr = 2175.65+
36.04+ 171.88): C, 55.43; H, 4.74; N, 21.15. Found: C, 55.12;
H, 5.28; N, 20.75.

6. A solution of 0.11 g (0.31 mmol) of Zn(Cl,:-6H,0 in 2
mL of methanol was dropped into a solution of 0.18 g (0.28 mmol)
of KTpCONHPhin 10 mL of dichloromethane/methanol (1:1) while
cooling with ice. After 10 min of stirring, a solution of 28 mg (0.50
mmol) of KOH in 1 mL of water was added. Aftd h of stirring
while cooling with ice, the precipitate was filtered off. The filtrate

with a small amount of methanol, and dried in vacuo, leaving behind
140 mg (42%) oB as a colorless powder (mp 216). The filtrate,
upon cooling in a refrigerator, precipitated another 171 mg (53%)
of crystalline8. IR (KBr): 3160 (m, br, OH), 2463 (m, BH}H
NMR (CDCL): 2.36 [s, 9H, Me(p-Tol)], 4.80 [s, 6H, CiDH],
6.79 [d,J = 2.0 Hz, 3H, H(im)], 7.15 [d,) = 2.0 Hz, 3H, H(im)],
7.19 [d,J = 9.0 Hz, 6H, GH,], 7.24 [d,J = 9.0 Hz, 6H, GH,].
Anal. Calcd for GoH20BNgOS:Zn-2CH;OH (M, = 662.00 +
64.08): C, 52.94; H, 5.14; N, 11.57; S, 13.25. Found: C, 53.69;
H, 5.46; N, 11.92; S, 12.91.

9. A total of 9 mg (0.01 mmol) ofl was dissolved in 2 mL of
acetone/water (3:1) and subjected to very slow evaporation through
a rubber stopper. The first few crystals forming after about 2 weeks
were taken for structure determination, which revealed the identity
of 9. The remaining solution, accordingtd NMR, still consisted
of 1 together with some decomposition products.

10. A solution of 74 mg (0.20 mmol) of Zn(CIg,-6H,0 in 20
mL of methanol was dropped with stirring into a solution of 100
mg (0.20 mmol) of KTH*Mein 20 mL of dichloromethane over a
period of 2 h. After filtration, the filtrate was evaporated to dryness
in vacuo. The residue was suspended in 10 mL of methanol and
the solvent filtered off. The remaining solid was recrystallized from
dichloromethane/methanol (1:1) by slow evaporation, yielding 100
mg (87%) ofl0 as colorless crystals. Mp: 22€. IR (KBr): 3531
(w, OH), 2543 (m, BH), 1107 (s, CIO}H NMR (CDCly): 2.59
[s, 18H, Me(pz)], 5.91 [ddJ = 3.4 and 1.8 Hz, 6H, Fu], 6.31 [s,
6H, H(pz)], 6.50 [dJ = 3.4 Hz, 6H, Fu], 6.63 [dJ = 1.7 Hz, 6H,

Fu]. Anal. Calcd for GgHsB,CIN120:,Zn, (M, = 1153.82): C,
49.97; H, 3.93; N, 14.47. Found: C, 49.51; H, 4.07; N, 14.17.

11. A solution of 84 mg (0.22 mmol) of Zn(CIg,-6H,0 in 2
mL of methanol was added dropwise to a solution of 133 mg (0.20
mmol) of KTpcONHPh.Mejn 10 mL of methanol/dichloromethane (1:

was evaporated to dryness and the residue recrystallized from1). After 3 h of stirring, the precipitated KCl9was removed by
dichloromethane/methanol (4:1) by very slow evaporation, yielding filtration and the clear filtrate was slowly evaporated at room

24 mg (12%) of6 as a colorless powder. Mp: 25& (dec). IR
(KBr): 3281 (m, br, HO), 2561 (w, BH), 1655 (s), 1600 (vs, CO).
IH NMR (DMSO-dg): 2.41 [s, 9H, Me(pz)], 6.80 [s, 3H, H(pz)],
7.14 [m, 3H, Ph], 7.37 [tJ = 7.4 Hz, 6H, Ph], 7.74 [m, 6H, Ph],
10.18 [s, 3H, NH]. Anal. Calcd for £H3,BNgO,Zn-H,O (M, =

temperature to yield 111 mg (74%) b1 as colorless crystals. Mp:
218°C. IR (KBr): 3298 (m, br, OH), 2565 (w, BH), 1107 (s, CIO).
H NMR (CDCL): 1.55 [s, br, 2H, HOJ, 2.43 [s, 18H, Me(pz)],
6.54 [s, 6H, H(pz)], 6.78 [m, 18H, Ph], 7.07 [m, 12H, Ph], 9.29 [s,
br, 6H, NH] Anal. Calcd for @6H6352C|N180112n2'H20 (Mr =
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1472.19+ 18.02): C, 53.20; H, 4.40; N, 16.92. Found: C, 52.84; Mp: 260 °C (dec). IR (KBr): 3442 (w, br, OH), 2442 (w, BH),
H, 4.67; N, 16.34. 1097 (s, CIO)*H NMR (CDClg): 0.39 [d,J = 6.8 Hz, 12H, Me-
12. A solution of 123 mg (0.20 mmol) of KHB(Titty"),(PZ°"M9 (i-Pr)], 0.88 [d,J = 6.8 Hz, 12H, Me(i-Pr)], 1.03 [dJ = 6.8 Hz,
in 50 mL of methanol was added dropwise with stirring to a solution 6H, Me(i-Pr)], 1.20 [dJ = 6.8 Hz, 42H, Me(i-Pr)], 2.35 [m, 10H,
of 74 mg (0.20 mmol) of Zn(Clg),-6H,0 in 20 mL of methanol. H(i-Pr)], 2.71 [m, 2H, H(i-Pr)], 6.85 [dJ = 2.1 Hz, 6H, H(im)],
After stirring for 12 h and filtration, the solvent was removed in  6.99-7.16 [m, 6H, Ar], 7.18 [dJ = 2.1 Hz, 6H, H(im)], 7.23-
vacuo. The residue was picked up in 10 mL of dichloromethane, 7.39 [m, 12H, Ar]. Anal. Calcd for gH118B2CIN1,05SZn, (M, =
washed twice with 5 mL of water, filtered through a layer of Celite, 1829.26): C, 59.09; H, 6.56; N, 9.12; S, 10.52. Found: C, 58.70;
and then evaporated to dryness again. Recrystallization by diffusionH, 6.45; N, 9.02; S, 10.64.
of pentane into a solution in 5 mL of chloroform yielded 38 mg Structure Determinations. All details are listed in Table 2.
(27%) of 12 as colorless crystals. Mp: 22€. IR (KBr): 3437 Diffraction data were recorded with a Bruker AXS Smart CCD
(m, OH), 2462 (m, BH), 1090 (vs, CIOJH NMR (CDCl): 1.89 diffractometer with Mo Kux radiation. The structures were solved
[s, 6H, Me(XyD)], 1.93 [s, 6H, Me(Xyl)], 2.43 [s, 3H, Me(pz)],  with direct methods! Parameters were refined agaiR$t Drawings
6.36 [s, 1H, H(pz)], 6.77 [d) = 2.1 Hz, 2H, H(im)], 7.01 [dJ = were produced wittSCHAKAL?? In the crystal lattice o2, two
2.1 Hz, 2H, H(im)], 7.047.31 [m, 4H, Ar], 7.447.75 [m, 7H, water molecules, one methanol, and one dichloromethane molecule
Ar]. Anal. Calcd for G4HgsB2CIN1,0sS,Zn, (M, = 1398.41): C, and, in the crystal lattice df1, one water molecule, one methanol,
54.97; H, 4.68; N, 12.02; S, 9.17. Found: C, 53.38; H, 4.62; N, and one dichloromethane molecule per asymmetric unit were present
11.65; S, 8.75. in a severely disordered form. They were treated as a diffuse
13. A solution of 200 mg (0.30 mmol) of KTH in 10 mL of contribution using the progra®QUEEZE? Accordingly, they do
methanol was added dropwise with stirring to a solution of 112 not appear as individual atoms in the parameter listings.

mg (0.30 mmol) of Zn(Cl@),-6H,O in 10 mL of methanol. After .
stirring for 2 h and filtration, a solution of 17 mg (0.30 mmol) of Acknowledgment. This work was supported by the

KOH in 5 mL of methanol was added with stirring. Within 15 h of ~D€utsche Forschungsgemeinschaft and by the Fonds der
stirring, a precipitate was formed. This was filtered off and the Chemischen Industrie. We are indebted to Drs. W. Deck and
filtrate evaporated to dryness. The residue was suspended in 20H. Brombacher for help with the structure determinations
mL of dichloromethane and filtered and the filtrate evaporated to and to Petra Klose, Fadime Bitgand Boumahdi Benkmil
dryness again. Recrystallization from dichloromethane/methanol by for assistance in the laboratory.

slow evaporation yielded 169 mg (75%) 18 as colorless crystals. . . . .

Mp: 234 °C (dec). IR (KBr): 3508 (w br, OH), 2418 (w, BH), _ Supportlng Informatl_on Avall_abl_e: El_even crystallographlc_
1100 (s, CIO).XH NMR (CDCl): 1.93 [s, 36H, Me(Xyl)], 6.51 files, in CIF format. This material is available free of charge via
[d, J= 2.1 Hz, 6H, H(im)], 6.75 [dJ = 2.1 Hz, 6H, H(im)], 6.80- the Internet at http://pubs.acs.org.

7.03 [m, 12H, Ar], 7.057.13 [m, 6H, Ar]. Anal. Calcd for IC060752F

CoseHgaB2CIN1,05S6Zn, (M, = 1490.60): C, 53.18; H, 4.67; N,
11.28; S, 12.91. Found: C, 54.54; H, 4.97; N, 11.47; S, 13.21. (31) Sheldrick, G. MSHELX, Program Package for the Bruker AXS Smart

; CCD diffractometerversion 5.1; Bruker AXS: Madison, WI, 2002.
14?7';'551 13, 14 was produced from 200 mg (0.24 mmol) of (32) Keller, E.SCHAKAL for WindowsUniversitd Freiburg: Freiburg,
KTm'=Pr2Ph 90 mg (0.24 mmol) of Zn(Clg).-6H,O, and 14 mg Germany, 2001.

(0.24 mmol) of KOH. Yield: 179 mg (81%) as colorless crystals. (33) Spek, A. L.J. Appl. Crystallogr.2003 36, 7.
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