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The 1-substituted tris(2-thioimidazolyl)hydroborate ligand$Were prepared as the potassium salts from KBH

and the corresponding 1-R-2-thioimidazole forR-Bu and GH4-p-CH(CH;s), (Cum). Their reactions with zinc

salts yielded the tetrahedral complexe8Zit—X with X = F, Cl, ONQ, and (TtBY),Zn. With zinc perchlorate

the labile perchlorate complexesR"Zh—OCIO; were obtained. They served as starting materials for the
incorporation of substrates which are relevant for the chemistry of horse liver alcohol dehydrogenase: Ethanol
led to [Tt-BuZn-EtOH] ClO4 EtOH, p-nitrophenol (NitOH) yielded T&#™Zn—ONit. Pyridine-2-carbaldehyde and
salicylic aldehyde were incorporated as N(pyridine) and O(phenolate) coligands with possible additional O(aldehyde)
coordination. Substituted pyridyl methanolsRyCH,OH) yielded the trinuclear complexes [{P¥),Zns(R—
PyCH0),] (ClO4), with bridging Tt and pyridylmethoxide ligands. Preliminary experiments on the functional
modeling of alcohol dehydrogenase have shown that TtZn complexes promote both the dehydrogenation of
2-propanol and the hydrogenation of pentafluorobenzaldehyde.

Introduction all attempts to employ amine-bis(thiolate) ligands for the
synthesis of mononuclear tetrahedral (N,S,S)Xrcomplexe$ 12
Likewise, some very attractive tripodal tris-thiol ligaAgieere
found to be useless for the synthesis of mononuclear zinc

wurtzite) as well as in living matter (structural zinc in enzymes, complexes. The main reason the model complex chemistry fails
zinc fingers, etc.). But while ZnsZnNs;, and ZnNS, (N and in this respect is the bonding nature of the thiolate sulfur itself:

S representing histidine and cystelnate) coordllnatlons are theits divalent character does not allow the attachment of additional
preferred ones for structural zinc, they are quite unusual for

catalytic zinc which is predominantly linked to the protein substituents at sulfur which would provide the steric hindrance

environment by N(histidine) and O(glutamate, aspartatd which is self-evident in the active center of an enzyme.

this respect the enzymes horse liver alcohol dehydrogénase It therefore seems inevitable to modify the electronic nature
cytidine deaminastand spinach carbonic anhydrdsehich "of the sulfur donors in model ligands. That this may be sucessful

bind zinc in the active center by a Mhistidine, cysteinate, NS recently been shown by Riordéand Berreat? for (NS, S)-

cysteinate) ligation, are unusual. Their zinc centers are very softzr_‘_x complexes d?“"ed from_ tripodal _thloether Ilg_ands. et

and uncharged due to the attachment of the two anionic Cysteine’[hloethe.rs are too distant relatlyes of thlolates, anq it would be
residues and hence cannot be the typical Lewis acid centersTOre suitable to have “tame” thiolates, i.e., those with a reduced
which normally exert the catalytic functions of zinc in biology. ba}s!cn_y or bridging _tenderl(l:g/. In this respect Reglmsl_q’s
On the other hand this may be the basis for the unusual binding ficimidazolylborate ligand§™1 mark a breakthrough. Their

abilities of zinc toward alcohols, alkoxides and aldehydes during thioimidazolyl sulfur donors are *hidden” thiolate donors
the catalytic turnover of alcohol dehydrogenése.
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Sulfur-rich environments of zinc, typically with a tetrahedral
coordination, are common in the mineral world (zinc blende,
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according to the following resonance formulation which shows
that they are not as basic as thiols and do not bear a full negative \7
S

charge.

NO N

[ =5 [ ) X
N N Figure 1. Schematic drawing of the ligand arrangement in FtZnh
R R complexes.

Following the first report on the tris(1-methyl-2-thioimid-

azolyl)hydroborat¥ Reglinski®18 and ParkiA®2! could show

that ligands of this kind are indeed suitable for a biomimetic
zinc complex chemistry. In addition Parkin demonstrated that
the mixed bis(thioimidazolyl)(pyrazolyl)hydroborates open the
way to tetrahedral (N,S,S)ZnX complexes!?? |t became
obvious too, however, that such complexes have a tendency
for dismutation, resulting in neutral bis(ligand) complexes with two imidazole protons.

aing coord|nat|.onz.3. ] ) o Simple ComplexesThe potassium salt of & was used to

~ Our own work in this field was also triggered by Reglinski’s  expjore the basic zinc complex chemistry of these ligands. Its
first communicatiort® and we too ran into the problem of = yeaction with zinc chloride and zinc nitrate allowed the
redistribution and bis(ligand) complex formation. We therefore straightforward synthesis of and 3. Metathetical reaction
resorted to the approach which was so sucessful for us inpetween3 and potassium fluoride yielde?l Complexesl—3
pyrazolylborate zinc complex chemistry, the encapsulation of express a typical feature of the other complexes of this study,
the metal by large substituents on the three ligand &friikis insofar as they combine the very soft TtZn unit with harder

paper reports some of our results in the zinc chemistry of tris- (typically oxygen-containing) coligands. In contrast, a TtZn-
(thioimidazolyl)hydroborates, aiming at basic information for  thiglate complex has eluded us so far.

the modeling of alcohol dehydrogenase. Our work complements

and extends the work by Parkfrwith similar sterically hindered Tt-BuznCl T¢-Buzy F Te-BUZn.ONO,
thioimidazolylborates. Parallel to this work we have also 1 2 3

prepared bis(thioimidazolyl)(pyrazolyl)hydroborate ligands with

similar substitution patterns which have allowed the synthesis  Complexesl—3 define the basic structural features of all our
of the first correct structural model of alcohol dehydrogenase Ttzn complexes. Figure 1 symbolizes the main structural

sponding thioimidazole. It turned out, however, that ¥¥iand
KTtCm could be obtained under much milder conditions than
similar KTp compounds. Both were prepared in good yields in
boiling toluene from which they were isolated analytically pure
by precipitation. Their only typical feature in the IR is a low-
intensityv(BH) band above 2500 ct. In the NMR they show

a characteristic pair of doublets in the-B ppm range for the

in the form of a (N,S,S)Zrethanol comple®® characteristic: unlike for the TpZn complexes where the planes
of the three pyrazole rings are paralel to and include the
“ . H - molecular 3-fold axis, for the TtZn complexes the planes of

8 /\N%j .y \—| the three imidazole rings are tilted by 560° with respect to

/\n%’ \N/S N,{% S S the B—Zn axis (which in the case of TZn—F is a crystal-
"’{X ~4s ()-N lographic 3-fold axis) in the same direction, thereby defining a
>< /{\ )T propeller-like arrangement. The reason for this is the conflict

between the conformational requirements of the eight-membered
chelate rings and the tetrahedral nature of zinc. The resulting
arrangement seems to be strain-free: in all six FXn
structures described here theZn—S angles (105110°) are

For the nomenclature of ligands and complexes we adopt aclose to the tetrahedral value and the-Bhdistances are all in
scheme derived from that of the tris(pyrazolyl)hydroborate the very narrow range of 2.32.35 A. As a result, however,
ligands (TR, with R and R naming the substituents at the 3-  the tert-butyl substituents are not really encapsulating the zinc
and 5-positions of the pyrazole rings). We call the tris(2- jon, but rather point away from it. Thus in complexes3 the

thioimidazolyl)hydroborate ligands [t with R naming the  cone angle at zinc is about 15%Imost twice as large as that
substituents at the 1'p05iti0n5 of the imidazole rings. Thus the jn Tpt'BU zinc Comp|exes_ This in turn means that it is

Ttt-su TtCum

two ligands used in this study are*Pt and TEU™. considerably more cumbersome to construct a sterically confined
) ) environment for the zinc ion in TtZn complexes.
Results and Discussion The other details of the molecular structureslef3 are not

unusual. Figure 2 shows the moleculeslond 2. Figure 3

Ligands. The synthesis .Of the .Tt ligands is completel_y focuses on the semibidentate nature of the nitrate ligand which
analogous to that of the Tp ligands, i.e., they result as potassium.

) is quite similar to that in TPYZn—ONO,.26
salts from a thermal reaction between KiBind the corre Another simple complex of the undesirable 2:1 composition

was obtained by adding zinc perchlorate to a solution of

(20) gl)“c“b”ghgr-r?]ng?ner‘;vﬁtmegég-z"gsfh“mhi"' D.G.;Parkin, &.Chem.  kTttBu gnd extracting with nonpolar solvents. The molecular

(21) Bridgewater, B. M.; Fillebeen, T ; Friesner, R. A.; ParkinJGChem. nature of the product was obvious from its solubility, and it
Soc., Dalton Trans200Q 4494. was confirmed by the structure determination (Figure 44).

ggg E.'m&'.'ﬂcc I;%ZC:J\I/&JJ ';a;\';if_"c ﬁﬂ%rr?ii|c$eemil|3§§c§ﬁ’ _?‘??Doérkin extends the list of such ZnSpecies derived from thioimid-
G. Inorg. Chem200Q 39, 4240, P R ' azolylborate ligand3!232427|ts Zn—S bond lengths ranging

(24) Vahrenkamp, HAcc. Chem. Red.999 32, 589.
(25) Seebacher, J.; Shu, M.; Vahrenkamp, H.Chem. Soc., Chem. (26) Han, R.; Parkin, GJ. Am. Chem. S0d.99], 113 9707.
Commun 2001, 1026. (27) Walz, R.; Wu, B.; Vahrenkamp, H. Unpublished.
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Figure 2. Molecular structures of (Zn—Cl, 2.239(1) A) an® (Zn—
F, 1.85(1) A).

Figure 3. Zinc coordination in Tt8“Zn—ONO;, (3, major component
of a 7:3 composition of disordered nitrate ligands)—1, 2.014(4);
Zn—03, 2.719(5) A.

Figure 4. Molecular structure of (F¥),Zn (4). Zn—S2, 2.372(1); Zr-
S3, 2.413(1); ZrS4, 2.356(1); ZrS5, 2.384(1) A. S2Zn—S3,
111.53(3}; S2—Zn—S4, 109.11(3)} S2—-Zn—S5, 118.58(3) S3—Zn—
S4, 115.33(3) S3-Zn—S5, 85.58(3);, S4-Zn—S5, 115.15(3)

from 2.36 to 2.41 A and its very wide spread 6fBn—S angles
resemble those in the known complexes.

(Te-Buyyzn
4

Functional Complexes.The essential species of this paper,

Tesmer et al.

Figure 5. Zinc coordination in Tt8Zn—OCIG; (5). Zn—0, 2.040(3)
A.S1-7Zn—0, 112.1(1y; S2-Zn—0, 115.3(1y; S3-Zn—0, 101.5(13.

5 which was crystallized solvent-free and identified by a
structure determination (Figure 5).

Tit-Buzn-0C103
5

The Tt ligand in5 is arranged as discussed above, and hence
only the environment of the zinc ion is displayed in Figure 5.
The ZnSO coordination is close to ideally tetrahedral. The
Zn—0 bond is of the same length as that in the only other
tetrahedral zinc-perchlorate complex, a tris(pyrazole)-perchlorato
zinc cation?® It is somewhat longer than the comparable bonds
Zn—F in 2 and Zn-0O in 3 and 6, corresponding to the lower
donor qualities of the perchlorate ligand.

It is likely that in alcoholic solution the TtZn perchlorate
complex is in equilibrium with a solvated species comprised of
a TtZn—alcohol cation and uncoordinated perchlorate. While
from methanolic solution complex was most easily isolated,
crystallizations from ethanolic solution yielded the ethanol
complex 6. Complex6 is an analogue of Parkin's W&Zn-
MeOH complex?° The ease of formation of these Ttatcohol
complexes is a strong indicator for the correctness of the
assumption that the soft environment of zinc in alcohol
dehydrogenase is a prerequisite for the attachment and inter-
conversion of alcohols.

{Ttt-BuznEtOH] C104 » EtOH
6

Complex6 is also accessible by dissolvifign ethanol and
precipitating with petroleum ether, a procedure which does not
work when trying to prepare the corresponding methanol
complex. This points to an order of binding strenghts toward
the T#BYZn moiety as methanok perchlorate< ethanol. In
terms of a derivative chemistry this meant that it was most
favorable to use the isolated perchlorate complex or a freshly
prepared methanolic solution of it for the introduction of other
ligands.

The structure determination 6fshowed that the T8 ligand
is arranged as observed above. Therefore Figure 6 again shows
the essential molecular features only. The ethanol ligand is
bound to zinc with a ZrO distance of 2.01 A, i.e., with a
comparable strength as the nitrate8jrsomewhat stronger than
the perchlorate in5, and noticeably weaker than the
nitrophenolate in7 (see below). Parkin's T€Zn-methanol
complex has the same z® distanceé? which is also identical
to the one in the pentafluorobenzyl alcohol adduct of alcohol

which can be called a naked TtZn complex, was obtained by dehydrogenas&Altogether there seems to be little variation of

performing the KTtBY/Zn(ClOy), reaction such that there was
always a large excess of Zn(CJR in solution. From this

Zn—0 bond lengths in zinealcohol complexes, as we have

resulted, after removal of the solvent, the perchlorate complex (28) Titze, C.; Hermann, J.; Vahrenkamp, Ghem. Ber1995 125, 1095.
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Figure 6. Zinc coordination in [Tt®“Zn-EtOH] CIO, (6, major
component of a 5:1 composition of disordered ethanol ligands}. Zn
01, 2.009(3); 01:+02, 2.657(3); 0204, 2.833(4) A. S+Zn—01,
108.9(1); S2-Zn—01, 105.4(1); S3-Zn—01, 113.0(1); O1—H---
02, 146.5(5); O2—H---04, 169.3(5).

Figure 7. Molecular structure of T#™Zn-p-nitrophenolate 7). Zn—
01, 1.909(5) A. S+ Zn—S2, 111.22(6} S1-Zn—S3, 107.00(6) S2—
Zn—S3, 103.06(6} S1-Zn—01, 104.1(2); S2-Zn—01, 106.1(2);
S3-Zn—01, 125.3().

observed befor&’39The alcohol coordination ifi is completed

by the attachment of a second ethanol molecule via a hydrogen

bond. The latter in turn is connected to the perchlorate anion
by another hydrogen bond. Thus compléxeproduces the
essential features of the enzymatic situafiohi.e., the alcohol
coordination to a soft and tetrahedral zinc center and its
involvement in a hydrogen bonding network.

The second biologically relevant form of alcohol incorpora-
tion in these complexes is that as an alkoxide. While an ethoxide
derivative of a TtZn unit could not be obtained as yet, it was
easy to incorporate a phenoxide. This, together with the
oxidation of 2-propanol (see below), was the main application
of TtCm the second Tt ligand used in this study. The
incorporation ofp-nitrophenolate in compleX was done using
the TfU"Zn-perchlorate species in methanol as an intermediate.
Its treatment withp-nitrophenolate gave in good yields.7 is
thermally quite stable, and the zinphenolate combination is
not hydrolyzed by moisture.

TtCumz, 0CgH,-p-NO;
7

The structure determination of revealed a significantly
distorted tetrahedral Zn® arrangement, which is most notice-
able in the S3-Zn—01 angle, cf. Figure 7. The propeller-like
orientation of the imidazole rings is the same as that in the
Tt*BuZn complexes, but thep-isopropylphenyl substituents
provide a denser encapsulation of the-2aunit than thetert-
butyl substituents. The ZrO bond (1.91 A) is the shortest

(29) Sudbrake, C.; Mier, B.; Vahrenkamp, HEur. J. Inorg. Chem1999
2009.
(30) Mtller, B.; Vahrenkamp, HEur. J. Inorg. Chem1999 117.
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Figure 8. Proposed structures of [ftZn(PyCHO)] CIQ (8) and
TtB4Zn(OGH4CHO) (9).

observed in this study, but it compares reasonably well with
that in the closely related pyrazolylborate zinc complex
TpCumMezn-p-nitrophenolate (1.86 A3

To further test the ability of the TtZn systems to model the
substrate binding of alcohol dehydrogenase it was attempted to
introduce alkoxides and aldehydes which bear an additional
donor function.Thereby the chelate effect was expected to
support the zinealkoxide and zine-aldehyde coordinations,
as was achieved by us previously for the coordination to Zn-
(SR), systems? The substrates chosen were pyridine-2-carbal-
dehyde (PyCHO), salicylaldehyde (HGHLZCHO), 2-hydroxy-
methylpyridine (PyCHOH), and 2-hydroxymethyl-6-methyl-
pyridine (MePyCHOH).

Both PyCHO and potassium formylphenolate reacted smooth-
ly with the perchlorate comple% and yielded the adducts
[TttBuZn(PyCHO)] CIQ, (8) and THBY(OCsH4CHO) (9) in very
good yields. As crystals suitable for structure determinations
could not be obtained, the constituions®#&and9 had to be
deduced from their spectra. The pyridine coordinatio iis
evident from the typical shift of the pyridine ring vibration
band? from 1585 to 1603 cmt. Neither the aldehyde(CO)
band (1713— 1715 cn1!) nor the aldehyde CHH NMR
resonanance (10.08> 10.10 ppm) show significant changes
upon coordination, however, leading to the conclusion that the
aldehyde function is not coordinated to zinc. In casé bbth
the aldeyhde(CO) band (1671 1659 cn1?) and the aldehydic
proton resonance (9.99> 10.20 ppm) are shifted by the
expected amounts in comparison to those of free formylphe-
nolate3® Thus both the phenolate and the aldehyde function of
salicylic aldehyde seem to be coordinated, in analogy to the
situation in the complex Tp™M&Zn(OCH4CHO) 33 The result-
ing structural assignments are given in Figure 8.

The reactions between the perchlorate comf@eand the
2-hydroxymethylpyridines had an unexpected outcome. The
resulting complexed&0aand10b had a 2:3:2 (Tt/Zn/pyridine)
composition which could only be ascertained by a structure
determination. The overall loss of one Tt and one hydroxy-
methylpyridine ligand must be an expression of both the-acid
base chemistry involved (deprotonation of the hydroxymeth-
ylpyridine) and the preferred coordination modes of the four
chelating ligands present in the trinuclear complexes.

[(Te-Buy,Zny(L)] (C104)

10a: L =PyCH,0 10b: L =MePyCH0

(31) Walz, R.; Weis, K.; Ruf, M.; Vahrenkamp, i&hem. Ber1997 130,
975.

(32) Mller, B.; Schneider, A.; Tesmer, M.; Vahrenkamp,lrbrg. Chem.
1999 38, 1900.

(33) Walz, R.; Ruf, M.; Vahrenkamp, HEur. J. Inorg. Chem2001, 139.



4026 Inorganic Chemistry, Vol. 40, No. 16, 2001

Figure 9. Structure of the (TtBY,Zny(MePyCHO), cation of 10b.
Zn1—N14, 2.084(5); Zn2N13, 2.067(5); Zn+02, 1.978(4); Zn2
01, 1.973(4); Zn3-02, 1.965(4); Zn3-01, 1.966(4) A.

The trinuclear cations dfOb (Figure 9) contain a bent array
of the three zinc ions (ZnZn—Zn, 104), each of them
coordinated tetrahedrally. The two Tt ligands use two of their
sulfur donors each to bind to the external zinc ions and the third
each to bind to the central zinc ion. The two pyridylmethoxide

ligands are coordinated with their nitrogen donors to the external

zinc ions and use their alkoxide functions to bridge one external
and the central zinc ion each. The resulting Zri¥trahedra
are quite distorted for the external zinc ions-&—S, ca. 120,
O—Zn—N, ca. 83) but closer to ideal for the central zinc ion
(S—2Zn-S, 92; O—Zn—0, 103). All Zn—S bond lengths are

in the narrow range of 2.322.36 A. The Za-N and Zn-O

bonds have the expected lengths for tetrahedral zinc, and the

bridging oxygens have identical bond lengths (1.97 A) to both
their zinc ions.

Thus the chelating coligands have verified our expectations.
Both the aldehyde function (i) and the alkoxide function (in
10) could be attached to zinc, albeit in an unusual way0n
Together with the alcoholic function i and the phenoxide
function in 7 they comprise the whole range of possible
functions by which the oxygen-containing substrates and

products of alcohol dehydrogenase can be bound to zinc. In

addition, the tetrahedral ZnNS coordination which is present
in horse liver alcohol dehydrogendsis reproduced both in
terms of geometry and alkoxide binding by the external ZsINS
units in complexe40.

Functionality of the Complexes.Horse liver alcohol dehy-
drogenase catalyzes the reaction

CH,CH,0H + NAD" — CH,CHO + NADH + H*

Yet the equilibrium constant of this reaction is181234i.e.,

Tesmer et al.

@215 @5

The TfU"Zn complex 7 was used to attempt catalytic
oxidations. Quantitative consumption of the oxidant (BNA)CI
was observed when reacting a mixture&/¢0.05 mmol), (BNA)-

Cl (0.05 mmol) and 2-propanol (2.6 mmol) in deuterated DMSO.
Following the reaction byH NMR confirmed that BNA was
converted to BNAH and that acetone was formed. The reaction
took several hours to go to completion at P@) but no acetone
was formed in the absence @f Thus the catalytic activity of

7 is confirmed, and it is of the same quality as obeserved for
other zinc-containing catalysts befofe®

The ease of the reverse reaction, the reduction of electron-
poor aldehydes by BNAH, allowed a quantitative study which
compares favorably with similar studies by other autli&#g.38
Pentafluorobenzaldehyde and pyridine-2-carbaldehyde were
treated with BNAH in the presence of varying concentrations
of the perchlorate complex(which is the closest approximation
to “naked” T#BuZn). The reactions were monitored by observing
the intensity of the UV band of BNAH at 348 nm. Figure 10
plots the kinetic data derived from these measurements.

Figure 10 shows that the slow spontaneous decomposition
of BNAH is almost uninfluenced by the presencebaind that
in the absence ob the reductions of the aldehydes are
insignificantly slow. The initial rates of BNAH consumption
by the aldehydes are increased by increasing amoubtsitiey
level off at higher concentrations &f such that above ca. 1
mM of 5 no more increase is observed. The kinetic data cannot
be fitted for reaction orders of 0, 1, or 2. This indicates the
presence of complex equilibria involving coordination of the
aldehydes (specifically pyridine-2-carbaldehyde), BNAH, BNA
and the resulting alkoxides to zinc, i.e., substrate, cofactor, and
product inhibition. This situation has been investigated and
discussed in detail by OhA@nd Engberseff The complica-
tions involved are also the reason for taking the initial rates
only, and they have inhibited us from undertaking a more
detailed kinetic study.

The observations nevertheless lead to a consistent interpreta-
tion. First, the fact that the reduction of pentafluorobenzaldehyde
is accelerated three times as much as that of pyridine-2-
carbaldehyde is an expression of substrate inhibition. Pyridine-
2-carbaldehyde forms the stable compBar which the ability
of zinc to activate the aldehyde function is obviously reduced.
Second the leveling off of the catalytic activity at higher
concentrations 05 is an expression of product inhibition. The
resulting electron-poor alkoxides are suitable ligands for zinc,
and we have already prepared the complé¥%Zit—OCH,CgFs.2”

the oxidation requires a source of energy and only the reductionPerforming the BNAH reduction of pentafluorobenzaldehyde
of the aldehyde is spontaneous. Because of this, model studiesvith 5 mM concentrations of all reagents led to a product
have focused on the reductive process and only in a few mixture in which the major species *PtZn—OCH,CsFs was

case®36has the oxidation of the electron rich alcohol 2-pro-
panol to acetone by NADmodel compounds in the presence

identified by'H and®F NMR. Third, the observed initial rates
are an indication of the quality of the catal\gstbeing a closer

of zinc complexes been observed. The reagents of choice torepresentation of the enzyme than the previously used zinc

model NAD" and NADH are the benzylnicotinamide derivatives
BNA™ (as the chloride) and BNAH.

complexes®3738The catalytic rate enhancements (up to 6-fold
for pentafluorobenzaldehyde and up to 2.5-fold for pyridine-

(34) B&klin, K. I. Acta Chem. Scand.958 1279.

(35) Walz, R.; Vahrenkamp, Hnorg. Chim. Acta2001, 314, 58.

(36) Kimura, E.; Shionoya, M.; Hoshino, A.; lkeda, T.; Yam, Y.Am.
Chem. Soc1992 114, 10134.

(37) Ohno, A,; Yasui, S.; Gase, R. A.; Oka, S.; Pandit, UBKorg. Chem.
198Q 9, 199.

(38) Engbersen, J. F. J.; Koudijs, A.; van der Plas, HB®org. Chem.
1988 16, 215.
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0,25 preparing a ZngN variant of the complexes described here in
the form of a bis(thioimidazolyl)(pyrazolyl)hydroborate zinc-

|
5
020 - ./ ethanol compleXs
/' Experimental Section
0.15

The general experimental procedures were as described previdusly.
The reagentd-tert-butyl-2-thioimidazolé® and N-4-cumenyl-2-thio-
0.10 imidazole! were prepared according to the published procedures. The
preparations of the K[Tt] salts required completely anhydrous condi-
tions.

Warning: Perchlorate salts of metal-organic compounds are poten-
a—h A tially hazardous and should be used with appropriate precaution.
0.00 4— i . . , K[Tt *"BY]. N-tert-butyl-2-thioimidazole (7.67 g, 49.1 mmol) and

) 0.0 02 04 06 08 finely ground KBH, (882 mg, 16.4 mmol) were suspenqled in 59 r_nL
' ! ' ) ! of toluene and heated to reflux for 4 days. The resulting precipitate
was filtered off, washed with toluene, dried in vacuo and recrystallized

Figure 10. Initial rates of BNAH consumption as a function of the  from ethyl acetate/cyclohexane (1:1), yielding 4.91 g (51%) of
concentration ob at 50°C in methanol. Triangles: in the absence of ~ K[Tt+84] as a colorless powder, mp 18C, which loses ethyl acetate
aldehydes. Circles: in the presence of pyridine-2-carbaldehyde. upon prolonged pumping.

Squares: in the presence of pentafluorobenzaldehyde. Anal. Calcd for GiHaBKNSxCaHsO, (M, = 516.7+ 88.1): C,

49.65; H, 7.00; N, 13.90; S, 15.91. Found: C, 48.36; H, 7.10; N, 13.87;
2-carbaldehyde) are equal to or better than the rate enhancements, 15.90. IR (KBr): # (BH) at 2554 (w) cm™. H NMR (CD:;OD): 6

0,05

initial rate of BNAH consumption [mM/s]

concentration of § [mM]

observed for similar reactions before. 1.79 [s, 27H¢-Bu], 6.10 [d,J = 2.0 Hz, 3H, H], 6.95 [d,J = 2.0 Hz,
3 H, H.
Conclusions K(Tt ©“m]. N-4-cumenyl-2-thioimidazole (13.1 g, 60.0 mmol) and

. . . finely ground KBH, (1.08 g, 20.0 mmol) were suspended in 120 mL
The two new tris(2-thioimidazolyl)hydroborate (Tt) ligands  f tojuene and heated to reflux for 5 days. After cooling to°€)

used in this work have enabled new insights in the field of filtration, washing with toluene and drying in vacuo 12.5 g (89%) of
sulfur-rich coordination compounds of zinc and their biomimetic K[Ttc" remained as a colorless powder, mp 205dec). Anal. Calcd.
chemistry. They are reliable tetrahedral enforcers, and the for C3sHioBKNeS; (M, = 702.9): C, 61.52; H, 5.74; N, 11.96; S, 13.69.
propeller-like arrangement of the three thioimidazole planes in Found: C, 61.38; H, 5.83; N, 11.65; S, 13.40. IR (KBi):(BH) at
the TtZn complexes allows for a much better adherance of the 2516(w) cnt™. *H NMR (CD,Cl): 6 1.25 [d,J = 6.9 Hz, 18H, Me-
ZnS;X centers to tetrahedral geometry than is the case for the (Pl 2.93 [sept.) = 6.9 Hz, 3H, H(i-Pr)], 6.38 [d) = 2.2 Hz, 3H,
ZnN3X centers in tris(pyrazolyl)hydroborato zinc complexes. HY, 6;84 [d,J=2.2Hz, 3H, H], 7.28 [d,J = 8.3 Hz, 6H, PA7, 7.48

It is noteworthy that the soft ZrQunits go along very well [d, J= 8.3 Hz, 6H, PRY.

. S . Complex 1.ZnCl, (65 mg, 0.48 mmol) in methanol (10 mL) were
with hard donors (F, O, N) on the fourth coordination site. added to K[Tt®] (0.25 g, 0.48 mmol) in methanol (4 mL). Within a

The emphasis of this work was on compounds, structures, feyw minutes, 0.26 g (92%) df had precipitated as colorless needles,
and reactions related to the properties of the sulfur-rich reaction mp 249°C (dec), which were filtered off, washed with methanol, and
center of the zinc enzyme horse liver alcohol dehydrogenase.dried in vacuo.

The complex TBYZn—OCIO; which represents a “naked’sL Anal. Calcd. for GiH3BCINgS:Zn (M, = 578.4): C, 43.61; H, 5.92;
Zn reaction center was found to be a key intermediate. It has N, 14.53; S, 16.63; Zn, 11.31. Found: C, 43.89; H, 6.02; N, 14.51; S,
enabled the attachment of ethanol, alkoxides, and aldehydes tcl6.68; Zn, 11.00. IR (KBr):# (BH) at 2421(w) cm*. *H NMR (CDs-
zinc, i.e., all three substrate and product types of the catalytic CN): 0 1.72 [s, 27Ht-Bu], 6.90 [d,J = 2.3 Hz, 3H, H], 7.16 [d,J
chemistry of alcoholdeyhdrogenase. This is the first time that = égmezléf';’ _';g a solution of K[Tt®] (100 mg, 0.1 mmol) in
this has been achieved for the same Zwminit. Thereby the ' . e
thioimidazolylborate zinc complexes have shown their potential methanol (6 mL) were added solutions of Zn(4H0 (50 mg, 0.19

. mmol) and KF (11 mg, 0.19 mmol) in 4 mL of methanol each. Upon
as a complement of the pyrazolylborate zinc complexes. The

) . . : addition of CC} (30 mL) a precipitate was formed which was filtered
latter are ideal for modeling enzymatic hydrolysis react®ns, o after 30 min. The filtrate was evaporated to dryness and the residue

the former seem to be the right ones for modeling structure recrystallized from ethanol/acetonitrile (1:1), yielding 84 mg (80%) of

and function of alcohol dehydrogenase. Using the TtZn com- 2 as colorless crystals, mp 238.

plexes as catalysts, both the oxidation of 2-propanol to acetone Anal. Calcd. for GiH3BFNsS:Zn (M, = 561.9): C, 44.89; H, 6.10;

by BNA™ and the reduction of electron-poor aldehydes to the N, 14.96; S, 17.12; Zn, 11.64. Found: C, 44.89; H, 6.11; N, 14.82; S,

corresponding alkoxides by BNAH could be perfomed. Up to 17.57; Zn, 11.70. IR (KBr):# (BH) at 2429(w) cm*. *H NMR (CDs-

6-fold rate enhancements could be achieved for the reductions,0D): 6 1.76 [s, 27Ht-Bu], 6.96 [d,J = 2.3 Hz, 3H, H], 7.28 [d,J

and the complex kinetic behavior could be related to substrate = 2-3 Hz, 3H, H]. %F NMR (CD;OD): 6 —180.0 (br).

and product inhibition. Although the rate enhancements are  Complex 3.Zn(NG;)z:4HO (65 mg, 0.48 mmol) in ethanol (10

among the best observed so far for reactions of this type, they ML) Was added with stirring to K[T#] (0.25 g, 0.48 mmol) in ethanol

are still poor in comparison to the enzyme. (15 mL). The reSL_JItlng precipitate was filtered c_)ff and t'he filtrate

. ; reduced to 1 mL in vacuo. The precipitated solid was filtered off,

Thus the results of this work are still only another step upward yashed with 0.5 mL of ethanol, and dried in vacuo, yielding 0.26 g

on the ladder to a good alcoholdeydrogenase model. The(92%) of3 as colorless crystals, mp 23C.

essential TtZrsubstrate complexes of this paper have agZhS

coordination and one positive charge. There remains the (39) Faster, M.; Burth, R.; Powell, A. K.; Eiche, T.; Vahrenkamp,Ehem.

challenge to find a tridentate ligand which allows the formation Ber. 1993 126, 2643.

and interconversion of ZnSi-substrate complexes which are  (40) Kister, J.; Assef, G.; Miller, G.; Metzger, Gan. J. Chem1979 57,

uncharged, as is the case in the enzyme. Like Parkin and co-(41) jones, R. G.; Kornfeld, E. C.; McLaughlin, K. C.; Anderson, RIC.

workerg! we have recently made one step in this direction by Am. Chem. Sod 949 71, 4000.
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Anal. Calcd. for GiH34BN7OsS3Zn (M, = 604.9): C, 41.69; H, 5.66;

N, 16.21; S, 15.90; Zn, 10.81. Found: C, 41.38; H, 5.57; N, 16.08; S,
15.22; Zn, 10.72. IR (KBr):# (BH) at 2479(w) cm™. *H NMR (CDs-
OD): 6 1.76 [s, 27Ht-Bu], 7.01 [d,J = 2.4 Hz, 3H, H], 7.32 [d,J

= 2.4 Hz, 3H, H].

Complex 4.Zn(ClO4)2*6H,0(146 mg, 0.39 mmol) in methanol (5
mL) was added quickly with stirring to K[Tg4] (400 mg, 0.78 mmol)
in methanol (5 mL). The precipitate was filtered off, the filtrate reduced
to 3 mL in vacuo, and the solution filtered again. The remaining filtrate
was evaporated to dryness and the residue recrystallized from dichlo-
romethane/hexane (1:2), yielding 308 mg (77%)4oks colorless
crystals, mp 224C (dec)

Anal. Calcd. for GoHegB2oN12SsZn (M = 1020.5): C, 49.43; H, 6.72;

N, 16.47; S, 18.85; Zn, 6.41. Found: C, 50.27; H, 7.15; N, 14.71; S,
17.18; Zn, 6.15. IR (KBr):# (BH) at 2503 (w) cmZ. *H NMR (CDs-
OD): 6 1.74 [s, 27H,t-Bu], 6.98 [br, 6H, H], 7.06 [br, 6H, H].

Complex 5. A solution of K[Tt™BY (200 mg, 0.39 mmol) in
methanol (15 mL) was added dropwise with stirring within 20 min to
a solution of Zn(ClQ).:6H,0 (144 mg, 0.39 mmol) in methanol (15
mL). The volume of the solution was reduced to 15 mL in vacuo, the
precipitate was filtered off, and the filtrate evaporated to dryness. The
residue was taken up in 10 mL of dichloromethane, filtered, and
evaporated to dryness again, 193 mg (76%g @mained as a colorless
powder, mp 248C (dec).

Anal. Calcd. for GiH3BCINgOsS:Zn (M, = 642.4): C, 39.26; H,
5.33; N, 13.08; S, 14.98; Zn, 10.18. Found: C, 39.87; H, 5.31; N, 12.23;
S, 14.40; Zn, 10.07. IR (KBr)¥ (BH) at 2426(w)7 (ClO4) at 1121(s),
1109(s) and 1090(s) crh *H NMR (CDsCN): ¢ 1.73 [s, 27Ht-Bu],
6.97 [d,J = 2.2 Hz, 3H, H], 7.23 [d,J = 2.2 Hz, 3H, H].

Complex 6.A solution of K[TtB!] (200 mg, 0.39 mmol) in ethanol
(15 mL) was added dropwise with stirring within 20 min to a solution
of Zn(ClOy),:6H,O (144 mg, 0.39 mmol) in ethanol (15 mL). The
resulting precipitate was filtered off. Addition of 50 mL of hexane to
the filtrate produced a precipitate which was filtered off and dried in
vacuo. A total of 233 mg (82%) d remained as a colorless powder,
mp 126°C (dec).

Anal. Calcd. for GsH4eBCINgOsS:Zn (M, = 734.5): C, 40.88; H,
6.31; N, 11.44; S, 13.10; Zn, 8.90. Found: C, 40.60; H, 6.23; N, 11.63;
S, 13.19; Zn, 9.20. IR (KBr):» (BH) at 2429(w),7 (ClO4) at 1110(s)
cmt 'H NMR (CDsCN): 6 1.12 [t,J = 7.0 Hz, 6H, CH)], 1.73 [s,
27H,t-Bu], 2.42 [t,J = 5.2 Hz, 2H, OH], 3.54 [dtJ = 7.0 and 5.2
Hz, 4H, CH), 6.97 [d,J = 2.3 Hz, 3H, H], 7.23 [d,J = 2.3 Hz, 3H,

H4).

Complex 7. A solution of K[Tt®“M (206 mg, 0.33 mmol) in
dichloromethane (5 mL) was added with stirring to a solution of Zn-
(ClO4)2-6H0 (140 mg, 0.38 mmol) in methanol (10 mL). After stirring
for 2 h asolution of KOGH4-p-NO;, (56 mg, 0.33 mmol) in methanol
(10 mL) was added and the mixture stirred for another 24 h. After

evaporation to dryness the residue was extracted with dichloromethane

and separated from the insoluble parts by filtration and the filtrate was
evaporated to dryness again and the residue recrystallized from
dichloromethane/acetontrile (1:1) yielding 196 mg (69%jJ af yellow
crystals, mp 232C (dec), which were freed from cocrystallized solvent
by prolonged pumping.

Anal. Calcd. for GoHaBN7OsS:Zn (M, = 867.3): C, 58.17; H, 5.11,
N, 11.31; S, 11.09; Zn, 7.54. Found: C, 58.18; H, 5.17; N, 11.50; S,
11.57; Zn, 7.37. IR (KBr): 7 (BH) at 2412(w),7 (NO,) at 1295(s)
cm L H NMR (CD,Cly): 6 1.28 [d,J = 7.0 Hz, 18H, Me(i-Pr)], 2.99
[sept.,d = 6.8 Hz, 3H, H(i-Pr)], 6.31 [dJ = 5.2 Hz, 2H, PhNG*9,
7.11[d,J = 2.2 Hz, 3H, H], 7.17 [d,J = 2.2 Hz, 3H, H], 7.28 [d,J
= 8.6 Hz, 6H, Cur9, 7.37 [d,J = 8.6 Hz, 6H, Curd9, 7.74 [d,J =
5.2 Hz, 2H, PhN@].

Complex 8.A solution of PyCHO (33 mg, 0.31 mmol) in chloroform
(5 mL) was added with stirring to a suspensiorb¢0.20 g, 0.31 mmol)
in chloroform (10 mL). A clear solution resulted. Addition of 20 mL
of hexane precipitated 0.21 g (90%) ®#&s a yellow powder, mp 136
°C, which was filtered off, washed with hexane, and dried in vacuo.

Anal. Calcd. for G/H3eBCIN7OsSsZn (M, = 749.5): C, 43.27; H,
5.24; N, 13.08; S 12.83; Zn, 8.72. Found: C, 43.23; H, 5.02; N, 12.43;
S, 11.88; Zn, 8.41. IR (KBr):# (BH) at 2424(w),7 (CO) at 1715(m),

Tesmer et al.

v (Py) at 1602(m)7 (ClO4) at 1096(s) cm’. 'H NMR (CDCl): 6
1.75 [s, 27H}-Bu], 6.87 [d,J = 2.0 Hz, 3H, H], 7.06 [d,J = 2.0 Hz,
3H, HY, 7.65 [m, 1H, Py], 8.08 [m, 1H, Py], 8.90 [m, 1H, Py], 10.10
[s, 1H, CHQ].

Complex 9.Potassium 2-formylphenolate (50 mg, 0.31 mmol) was
added to a suspension 6f(0.20 g, 0.31 mmol) in dichloromethane
(10 mL) and the mixture stirred for 1 day. After filtration the filtrate
was evaporated to dryness, leaving behind 0.16 g (78%psfa yellow
powder, mp 78C.

Anal. Calcd. for GgH3BNgO.S:Zn-0.5CHCl, (M, = 664.1 +
42.5). C, 48.45; H, 5.71; N, 11.89; S, 13.62; Zn, 9.26. Found: C,
48.48; H, 5.62; N, 11.93; S, 13.21; Zn, 9.67. IR (KBrj: (BH) at
2425(w),7 (CO) at 1659(m) cmt. *H NMR (CDCly): 6 1.77 [s, 27H,
t-Bu], 5.35 [s, 1H, CHCI,], 6.83 [d,J = 2.2 Hz, 3H, H], 7.00 [d,J =
2.2 Hz, 3H, H], 7.07 [m, 2H, PR9Y, 7.49 [m, 2H, PKY, 9.90 [s, 1H,
CHO].

Complex 10a.A solution of PyCHOH (34 mg, 0.31 mmol) in
methanol (15 mL) was added with stirring within 30 min to a solution
of 5(0.20 g, 0.31 mmol) in methanol (15 mL). After another 30 min
the solvent was removed in vacuo and the residue taken up in 20 mL
of chloroform and filtered. Addition of 30 mL of hexane to the filtrate
precipitated 0.19 g (39%) dfOa as a colorless powder, mp 172
(dec), which was washed with hexane and dried in vacuo.

Anal. Calcd. for G4H8082C|2N14010852n3 (Mr = 15664) C, 4141,
H, 5.15; N, 12.52; S, 12.28; Zn, 12.52. Found: C, 41.21; H, 5.45; N,
12.77; S, 12.62; Zn, 12.48. IR (KBr)& (BH) at 2448(w),7 (ClO,) at
1109(s) cm*. *H NMR (CDsOD): ¢ 1.76 [s, 27Ht-Bu], 4.65 [s, 2H,
CH0], 7.02 [d,J = 2.3 Hz, 3H, H], 7.33 [dd,J = 4.6 and 6.9 Hz,
1H, Pyf], 7.34 [d,J = 2.3 Hz, 3H, H], 7.57 [d,J = 7.7 Hz, 1H, P¥],
7.87 [dd,J = 6.9 and 7.7 Hz, 1H, P}, 8.48 [d,J = 4.6 Hz, 1H, P§].

Complex 10b.Prepared likelOafrom MePyCHOH (38 mg, 0.31
mmol) and5 (0.20 g, 0.31 mmol). Yield 0.17 g (34%) dfOb as
colorless crystals, mp 158 (dec).

Anal. Calcd. for G6H3482CI2N14010862n3 (Mr = 15945) C,42.18;
H, 5.31; N, 12.30; S, 12.07; Zn, 12.30. Found: C, 41.58; H, 5.30; N,
11.97; S, 11.45; Zn, 11.96. IR (KBr)? (BH) at 2486(w),7 (ClO.,) at
1094(s) cm™. *H NMR (CD3;0OD): 6 1.76 [s, 27H}-Bu], 2.53 [s, 3H,
CHg), 4.68 [s, 2H, CHO], 7.02 [d,J = 2.3 Hz, 3H, H], 7.21 [d,J =
7.8 Hz, 1H, P¥], 7.34 [d,J = 2.3 Hz, 3H, H], 7.38 [d,J = 7.8 Hz,
1H, Py, 7.78 [dd,J = 7.8 and 7.8 Hz, 1H, P¥.

Oxidation of 2-Propanol. A total of 200uL (156 mg, 2.60 mmol)
of water-free 2-propanol were added to a solution of 43.4 mg (0.050
mmol) of 7and 12.5 mg (0.050 mmol) of [BNA]CI in 2.0 mL of water-
free (CD;),SO. The mixture was stirred for 24 h in the datd. NMR
spectroscopy showed the appearance of acetbre,08) and BNAH
(6 = 4.30 for the benzyl protons), while BNA = 5.98 for the benzyl
protons) was consumed.

Reduction of PentafluorobenzaldehydeCgFsCHO (10 mg, 0.05
mmol), 5 (32 mg, 0.05 mmol) and BNAH (9 mg, 0.05 mmol) in 2 mL
of acetonitrile were stirred at 5@ for 1 h. The solvent was removed
in vacuo, the residue extracted with dichloromethane and the extract
evaporated to dryness, leaving behind 30 mg (75%) of impure
Ttl'BuZn—OCHzCGFs.

IH NMR (CDsCN): 6 1.73 [s, 27Ht-Bu], 4.33 [s, 2H, CH], 6.97
[d, J= 2.3 Hz, 3H, H], 7.23 [d,J = 2.3 Hz, 3H, H]. 1°F NMR (CDs-

CN): 6 —144.6 [m, 2F, B9, —159.4 [m, 1F, B, —164.7 [m, 2F,
F29.

Kinetic Measurements.A Jasco V-570 U\-vis spectrometer was
used to continuously monitor the 348 nm absorption of BNAH. The
acetonitrile solutions of the aldehydes, comp&xand BNAH were
brought to 50°C before the measurements which were performed at
50 °C. In the combined solutions the concentration of the aldehydes
was 2.0 mM, of BNAH 0.20 mM and d 0—1.8 mM. The reactions
were followed for 600 s, the initial rates were computed using the data
of the first 100 s. The measurements could be reproduced with 95%
precision. A slow decay of the BNAH absorption was observed even
in the absence of the aldehydes, and it showed a very small dependence
on the concentration d3, cf. Figure 10.
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Table 1. Crystallographic Data
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1 2 3 4
formula C21H34BC|NGSQZH‘CH3CN C21H34BFNGS32n C21H34BN70353ZI'] QszngN]_zSeZﬂ’SCHQClg
MW 578.4+41.1 561.9 604.9 10205 254.8
space group Fdd2 R3c P2:/n C2/c
Z 16 6 4 8
a(d) 35.322(2) 11.515(2) 11.044(1) 40.017(5)
b (A) 35.523(2) 11.515(2) 15.893(1) 11.387(1)
c(R) 9.540(1) 37.362(8) 16.039(1) 29.230(4)
o (deg) 90 90 90 90
5 (deg) 90 90 90.098(2) 110.540(4)
v (deg) 90 120 90 90
V (A3 11970(1) 4290(1) 2815.1(4) 12473(3)

d calcd (g cmid) 1.38 1.31 1.43 1.36
4 Mo Kot (mm?) 1.15 1.10 1.13 0.89
R1 (obs reflns) 0.037 0.145 0.039 0.050
wR2 (all reflns} 0.147 0.381 0.090 0.130
5 6 7 10b

formula G1H34BCINgO4SZn CosH46BCINsOsS:ZN CueH47BNgO3S:ZNn Cs6Hg4B2CloN14010S6Z N3 CeH14:3CHLCl>

MW 642.4 734.5 908.3 15945 342.9

space group P2:/n C2/c P1 P2,/c

A 4 8 2 4

a(R) 11.031(2) 25.343(2) 11.287(2) 16.604(4)

b (A) 16.314(3) 19.627(2) 14.434(2) 23.950(5)

c(d) 16.093(3) 18.512(2) 15.777(2) 23.153(5)

o (deg) 90 90 66.776(2) 90

B (deg) 90.28(3) 126.968(2) 72.317(3) 108.188(4)

v (deg) 90 90 84.854(3) 90

V (R3) 2896(1) 7357(1) 2249.1(5) 8747(3)

d caled (g cm?®) 1.47 1.33 1.34 1.47

u Mo Ko (mm™2) 1.20 0.95 0.73 1.26

R1 (obs reflns) 0.038 0.040 0.108 0.061

wR2 (all reflns} 0.086 0.115 0.310 0.207

AR1 = S|F, — Fel/YFo, WR2 = [S[W(Fo? — FAA/ S [W(F2)?]] 2

Structure Determinations. Crystals of2, 4, and7 were taken as
obtained from the preparations, thoselafere obtained from ethanol/
acetonitrile, of3 by slow evaporation of a methanol solution,5é&nd
10b by layering a dichloromethane solution with hexane gdfom .
ethanol/hexane. Several crystal2qfroduced mediocre data sets with Acknowledgment. This work was supported by the Deutsche
Rnt > 0.3, resulting in an unsatisfactoB value. In case o8 and 6 Forschungsgemeinschaft. We thank Drs. R. Walz and B. Wu
there was disorder of the nitrate and ethanol ligands, respectively. In for preparative contributions and Drs. A."Bah, H. Brombacher
case o#4 and10bthe cocrystallized solvent molecules displayed high- and B. Kersting for X-ray work.
temperature factors, and the hexane molecul&Oin was ill-defined.

The data sets were obtained with a Bruker AXS Smart CCD
diffractometer and subjected to an empirical absorption correction. The
structures were solved with direct methods and refined anisotropically
using the SHELX program suif@ Hydrogen atoms were included with
fixed distances and isotropic temperature factors 1.2 times those of IC0101275

their attached atoms. Parameters were refined agbfmdbrawings
were produced with SCHAKAE? Table 1 lists the crystallographic
data.

Supporting Information Available: Fully labeled ORTEP plots
and X-ray crystallographic files in CIF format for the eight structure
determinations.This material is available free of charge via the Internet
at http://pubs.acs.org.
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