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While a solution of TpP"MeZn—OH in methanol contains only traces of Tp""MeZn—OMe, according to the equilibrium
constant K = 5.8 x 107*, the reactions of Tp"™MeZn—OH with the electronegative alcohols trifluoroethanol and
hexafluoro-2-propanol easily yield TpP"MeZn—OCH,CF; and TpP"MeZn—OCH(CF3),. The extremely hydrolytically
sensitive TpP"MeZn—OR complexes, with R = Me, Et, i-Pr, and CH,CH,F, as well as Tpc™MezZn—OR, with R = Me
and i-Pr, are accessible from the Tp*Zn—hydride complexes and the corresponding alcohol. Alkylations with methy!
iodide have revealed the high nucleophilicity of TpP"MeZn—OMe by conversion to dimethyl ether and TpPhMezn—I.
This conversion occurs rapidly not only with pure TpP"MeZn—OMe but also with TpP"MeZn—OH (as such or in the
presence of methanol) and with TpP"MeZn—OCOOMe. A relation of the Tp*Zn—alkoxides to the function of the zinc
enzyme alcoholdehydrogenase exists in the reaction of Tp"MeZn—OCH(CHs), with aromatic aldehydes, which yields
acetone and the corresponding benzyl oxides Tp""MeZn—OH,Ar. The heterocumulenes carbon dioxide, carbon
disulfide, isothiocyanates, and one isocyanate are inserted into the Zn—OR bonds, yielding one alkyl carbonate
complex (TpP"MezZn—OC(0)OMe), two xanthogenate complexes (TpP"MeZn—-SC(S)OR), three iminothiocarbonate
complexes (TpP"eZn—SC(NR')OR), and one alkyl carbamate complex (Tp""MeZn—NR—COOMe). All insertion
reactions can be described by a common mechanism involving a four-center intermediate in which the most basic
heteroatom of the heterocumulene is attached to zinc.

Introduction least as potent a nucleophile as the-ZdH function.
Therefore, a rich chemistry of Tp*2rOR complexes could
be expected which should be similar to but characteristically
different from that of the Tp*Zr-OH complexes$. 2 In the
course of the work described here, it turned out that following
the line of alcoholdehydrogenase modeling was unproductive,
i.e., a substantial activation of the-®& bonds of the Zn-
O—CH,—R unit toward hydride abstraction could not be
achieved? However, this failure was more than compensated
*To whom corrspondence should be addressed. E-mail: vahrenka@ PY our findings on the reactivity of the ZrOR function.
uni-freiburg.de. Monomeric zinc alkoxides, like the alkoxides of other
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The motivation for the work presented in this and the two
following paper$? was 2-fold. First, it was part of our
continuing attempts to model the structure and function of
the zinc enzymes alcoholdehydrogerfa3eand carbonic
anhydrasé:® Second, it resulted from the idea that a-Zn
OR function encapsulated in the hydrophobic environment
of a highly substituted pyrazolylborate ligand should be at
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Pyrazolylborate-Zinc Alkoxide Complexes. 1

be suppressed either by the formation of negatively chargedvariant of the modeling of carbonic anhydrase which
complexes or by the steric bulk of the alkoxides themselves Parkir?”2® and ourselve’s® had studied with the Tp*Zn

or their coligands. Typical coligands for this purpose are the OH complexes previously. Yet while the primary insertion
multidentate N and S chelators. But even with their assistanceproducts of CQ and other heterocumulenes into the-Zn

only five structurally characterized ZrOR complexes with
terminal nonchelating alkoxide ligands, which do not belong
to the pyrazolylboratezinc alkoxide family, have been
found until today:6-20

The favorable properties of the highly substituted tris(pyra-
zolyl)borate ligands, Tp*, which allow the easy handling of
monomeric Zr-H,*?! Zn—R %21 Zn—0OH,% and even
Zn—SH?? complexes, made us expect that they would also
offer an entry to the preparative chemistry of monomeric
zinc alkoxides Tp*Zn-OR. This was borne out early on
when we found that the thermolysis of alkyl carbonates
Tp*Zn—OCOOR affords the alkoxides Tp*Z0ORS$ But

OH bond, e.g., a Tp*2ZrOCOOH complex, could not be
isoleted due to follow-up reactiofig their alkylated deriva-
tives resulting from insertion into the ZOR bond, e.g.,
Tp*Zn—OCOOR complexes, should be isolable.

Thus, it seemed attractive to study the reactivity of
pyrazolylborate-zinc alkoxides. Yet prior to our own work
described in this and the two succeeding papers, only
Parkin’s equilibrium studié&?*and his and our attempts to
model alcohol dehydrogenati&t?32°had been reported. We
therefore installed the necessary inert atmosphere techniques
and set out to exploit the Tp*Zn0OR chemistry. This paper
represents the basic properties. The succeeding papers report

during these studies we also learned that these alkoxides ar¢he solvolytic chemistryand acid-base reactiofsof the

extremely sensitive to moisture, reverting to Tp*Z0OH.

Tp*Zn—OR complexes. All Tp*Zn complexes in this series

Lacking the necessary equipment in those days, we refrainedare derived from Tp'Me (A) and T ™Me (B).

from studying their chemisty further.

In recent years the attempts to model the zinc enzyme

alcoholdehydrogenase have revitalized the interest in Tp*Zn

OR complexes. We found that they are accessible from

Tp*Zn—OH and HOR and that they are easier to handle

when the alkoxide group R is more electronegative, e.g.,

R = OCH,CF;, OCH,CCl; or OCH,CgFs.2 Parkin found that
even the Tp*Zr-OR complexes derived from methanol,
ethanol, etc. exist in equilibrium with Tp*ZnOH in
alcoholic solutions, albeit in very small concentratiéh¥,
and recently an attempt to recrystallize”T¥Zn—OH? from
methanol accidentally led to THhZn—OMe 5 As of today,

a total of six structures of Tp*ZAOR complexes have been
reported, surpassing the number of structures for @R
complexes with non-Tp ligands and thereby underlining the
advantages of the Tp* ligands for the stabilization of labile,
functional, and low-coordinate zinc species.

The purported analogy between the Tp*Z@H and
Tp*Zn—OR complexes allowed the prediction that the OR
function would be not only a potent nucleophile but also a
very good leaving group. Thus, two characteristic reaction
types could be envisaged: (i) alkylation with release of the
alkylation product, i.e., a dialkyl ether, and (ii) insertion of
carbon dioxide into the ZAOR bond with formation of an
alkyl carbonate complex. The latter would provide a new
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G.; Farmer, P. J.; Tuntulani, T.; Reibenspies, J. H.; Darensbourg, M.
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(24) Bergquist, C.; Storrie, H.; Koutcher, L.; Bridgewater, B. M.; Friesner,
R. A.; Parkin, G.J. Am. Chem. So@00Q 122 12651.

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

(26) Boerzel, H.; Koeckert, M.; Bu, W.; Spingler, B.; Lippard, I8org.
Chem.2003 42, 3704.
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Results and Discussion

Preparations. The proposals put forth for the activation
of alcohols by the zinc enzyme alcoholdehydrogenase involve
their attachment to zinc as alkoxid®sThe model studies
of our competitor¥:2923 and ourselves*® have shown,
however, that in the presence of water (and in the absence
of additional stabilizing features) the Z©OH or Zn—OH,
complexes are highly preferred over the-ZDR complexes.
One of the factors responsible for tHigsests in the fact that
the K, values of the aliphatic alcohols, e.g., methanol (15.5)
or 2-propanol (17.0), are higher than that of waéter.
Accordingly, we found it easy to convert Tp*ZOH to
Tp*Zn—OR with the more acidic alcohols GEH,OH,
CC'gCHzOH, CsFsCH,OH, andp—NOz—C6CH4CHZOH.3 We
could now extend the list of such reactions by treating
Tp°"MZn—0OH with trifluoroethanol and hexafluoro-2-pro-
panol. Reactions in dichloromethane produced the fluoro-
alkoxide complexed and 2, which are sufficiently stable
against hydrolysis that they can be handled in the normal
atmosphere.

(27) Looney, A.; Han, R.; McNeill, K.; Parkin. @. Am. Chem. Sod993
115 4690.
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(30) Ramaswamy, S.; Eklund, H.; Plapp, B.Biochemistry1994 33, 5230,
and references therein.
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Tp™"MZn-OCH,CF, Tp™"MZn-OCH(CR),
1 2

While the isolation of the simple alkoxides, Tp*Z©®Me,
Tp*Zn—OEt, etc., from the Tp*ZrROH/ROH reactions
seems impossib?326it could still be shown that they exist
as equilibrium components in very small quantities in
Tp*Zn—OH/ROH mixtureg324The accidental observation
that a methanol solvate of THZn—OMe crystallized from
solutions of TF"MZn—OH in anhydrous methari§imade

Brombacher and Vahrenkamp

us assume that this special alkoxide might be present as a

more prominent constituent of the equilibrium mixture. We

therefore determined the equilibrium constant for reaction

1.
Tp™"MZn—0OH + MeOH=Tp""MZn—OMe + H,O (1)

The obtained value df is 5.8 x 1074 i.e., the equilibrium
concentration of TP"MZn—OMe is again very small. Parkin
observeK = 1.4 x 1072 for the corresponding reaction of
TptBuMezn—OH with methanol, which is roughly the same
order of magnitudé?® Both equilibrium constants underline
the unequivocal preference of the Tp*Z2®H species and
the nonexistence of pyrazolylborateinc alkoxides in an
agueous environment.

While it thus was obvious that this is no productive entry
to the chemistry of the pyrazolylborateinc alkoxides,

Parkin had already demonstrated that this entry is possible

via the alcoholysis of Tp"MeZn—hydride?332 We could
verify this by using the hydrides TpMZn—H3? and
TpCtumMezn—H, which we prepared by the Kila method*
from the corresponding fluorides with triethylsilane. Both

hydrides were reacted with aliphatic alcohols at elevated

temperatures in toluene solutions.”F§Zn—H and metha-

nol, ethanol, 2-propanol, and 2-fluoroethanol yielded com-

plexes3—6, and TF'™MZn—H and methanol as well as
2-propanol yielded complexesand 8. The synthesis and

handling of the alkoxides requires strictly anhydrous condi-

tions, i.e., glovebox techniques. All alkoxidels-8 are
colorless powders, melting above 200 without decom-
position.

TpPh.Mezn.OR TpCum,Mezn OR
3: R=Me 7. R=Me

4: R=Et 8. R=i-Pr

5. R=i-Pr

6: R=CHyCHyF

Figure 1. Molecular structure of T§"M&Zn—OMe (3).

3.5-4 ppm, and thé3C NMR signals of the alkoxide units
appear in the characteristic range of-&% ppm, which has
been observed befofé® The simplest of the alkoxide
complexes3, was chosen for structure determination. Figure
1 shows that the zinc ion i is in a rather symmetrical
pseudotetrahedral ZrR coordination with N-Zn—N angles
between 92 and 96, N—Zn—0 angles between 11%nd
125, and a Zr-O bond length of 1.843(2) A, which is
midway in the range observed for the other pyrazolylberate
zinc alkoxides (1.8+1.87 A)32326

Methylations. To demonstrate the high nucleophilicity of
the zinc-bound alkoxides, we chose a reaction that we had
studied in detail for the homologous thiolatesPT¥Zn—
SR the removal of the chalcogenolate function by alky-
lation with methyl iodide. Indeed, complex8snd4 reacted

with methyl iodide in CDCJ according to eq 2.

TpP"MZn—0OR + Mel — Tp""MZn—I + Me—O-R (2)

The mechanistic interpretation of this reaction, like that of
TpPhMeZn—SR with methyl iodide® involves the intermedi-
ate formation of a cationic Zn(MeOR) complex in which
the hard and uncharged ether ligand is labile and easily
replaced by iodide, resulting in the stable-Zncomplex.
The methyl iodide reactions &and4 were so facile that

they induced us to test the reaction of"F§Zn—OH with

methyl iodide. This reaction also proceeded smoothly to
produce TB"MZn—I. But from it resulted not only the
expected organic product methanol but also a considerable
amount of dimethyl ether. To explain this one must assume

the presence of TMZn—0OMe (3) in the reaction mixture.
Yet, as shown above exists only in negligible quantities

| h h stic § her than th BHin mixtures of TP"MZn—OH and methanol. Hence, to
complexes show no characteristic feature other than the generate the observed amounts of dimethyl ether, the

stretching vibration, in théH NMR spectra the resonance nucleophilicity of3 must exceed that of TAMZn—OH by
for the O—CHX; unit occurs in the typical range around far.

Characterization. While the IR spectra of the new

A further indication that this is so was then found in the

(32) Looney, A.; Han, R.; Gorell, I. B.; Cornebise, M.; Yoon, K.; Parkin, FPRGRE ;
G. Organometallics1995 14, 274, methyl iodide reaction of the alkyl carbonate complex

(33) Rombach, M.; Brombacher, H.; VahrenkampBtr. J. Inorg. Chem.
2002 153.

(34) Klaui, W.; Schilde, U.; Schmidt, Minorg. Chem.1997, 36, 1598.

(35) Brand, U.; Rombach, M.; Seebacher, J.; Vahrenkammdig. Chem.
2001, 40, 6151.
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Pyrazolylborate-Zinc Alkoxide Complexes. 1

Tp"MMZn—OCOOMe (L0, see below). We had already
observed that the analogous compleXTpE"eZn—0OCOO-
Me forms from TF'™MZn—OH and an excess of GOn
methandl® and that purging the reaction solution with
nitrogen reverts it to T$"™V<Zn—0OH. On the basis of these

previous observations and the ones made here, we could ™

expect that solutions of TpYZn—OCOOMe contain a
certain amount of TH"MZn—0OMe (3) or, if traces of water
are present, also TpMZn—OH and methanol. In such a
mixture 3 could be expected to be quickly consumed by
reaction with methyl iodide, thereby enforcing its continued
formation from TF"M&Zn—OCOOMe, which would lead to
the complete consumption of the methyl carbonate complex.
Exactly this was observed. Treatment of PF¥Zn—
OCOOMe in an open vessel with methyl iodide in CBCI
produced TP"M&Zn—I, methanol, and a small amount of
dimethyl ether. This reaction explains why our previous
attempts to convert zirealkyl carbonate complexes into
dialkyl carbonates with methyl iodié&*’ were unsuccessful.
The nucleophilicity of3 is so high that its reaction with
methyl iodide withdraws it from equilibrium mixtures, even
if it exists only in minute concentrations.

Dehydrogenations.A second basic property of mono-
nuclear zinc alkoxides, due to their electron rich nature,
should be the labilization of the alkoxidetsCH function
toward removal of the H atom as a hydride. While the
simplest consequence of this, the thermolytic conversion to
a zinc hydride and an aldehyde in terms ¢gf-alimination,

has not been observed for zinc alkoxides yet, it is a common Tp

property of organometallic alkoxide complexes of the late
transition metal§®°In zinc chemistry it is the basis of the

Tp""MZn—0OCHMe, + ArCHO —
5 a—c_C
Tp™"MZn—OCH,Ar + (CH,),CO (3)
9a—c
a, Ar = CgHg; b, Ar = C4H,-0-NO,; ¢, Ar = CgH,-p-NO,

Equimolar amounts of the reagents were heated in toluene.
The reaction with benzaldehyde required refluxing, and the
nitrobenzaldehydes reacted at %D Quantitative consump-
tion of 5 was witnessed byH NMR, as was the formation
of acetone. The benzyl oxid&were isolated in 6670%
yield. Thus, while the direct hydride transfer frdinto an
external oxidant could not be achieved, the implicit one
according to reaction 3 has proved the expected labilization
of the zinc alkoxidesa-CH function.

Heterocumulene Insertions.During our attempfs® to
model carbonic anhydradéwe had previously studied the
insertions of heterocumulenes into the-ZBH bond of
Tp*Zn—OH complexes. Assuming that the Tp*ZrOR
complexes are equally prone to insertion reactions as the
Tp*Zn—OH complexes, one could envisage that in their case
the primary insertion products could be isolated and that their
structures would model the structures of the analogous
insertion products resulting from Tp*2Z0OH. In the case
of CO, insertion, there exists a firm basis for this assumption
in the well-investigated reactions of metal alkoxides with
CO, producing metal alkyl carbonatésas well as in our
observations that Tp*ZnOH complexes in alcoholic solu-
tions, which contain traces of the equilibrium species
*Zn—OR (see above), react with G@ form the alkyl
carbonate complexes Tp*Z0OCOOR83¢ |t remained to be
verified that the alkoxides Tp*ZnOR are really the species

proposed mechanism of action of the enzyme alcoholdehy- reacting with CQ, and it had to be tested whether other

drogenasé? In an attempt to model this we had previously
tried to oxidize the isopropoxid® (which was prepared in
situ and not isolated) with a NADanalogue to acetorfe.

heterocumulenes undergo analogous insertion reactions.
On the basis of the assumption that the isolated complexes
are the primary insertion products, their structures should

Yet the reactions were not clean and the detected amount ofalso yield mechanistic information. The accepted mechanism

acetone was quite small.

We therefore now resorted to a simpler variation of the
theme, the use of the isopropoxi&efor the Meerwein-
Ponndorf-Verley reaction, i.e., the hydrogen transfer be-

for the CQ insertion into a Za-OH function involves a four-
center intermediate in which the OH oxygen is attached to
the CQ carbon and one C{bxygen is attached to zirfé:**
This intermediate yields the zirdicarbonate complex by

tween an electron-rich alcohol and an electron-poor aldehydecleavage of the ZrOH bond. Applied to other heterocu-

that is normally catalyzed by Al under basic conditior.

mulenes and ZaOR functions, this means that in the

This approach had been used by other groups before, whdnSertion products the most basic heteroatom will be bound
confined themselves to the spectroscopic detection of the!© Zinc and the OR group will be bound to the heterocumu-

reaction product$®4! We could now show that reaction 3
occurs readily and isolate the resulting benzyl oxide com-
plexes in good yields.

(36) Ruf, M.; Schell, F. A.; Walz, R.; Vahrenkamp, Bhem. Ber1997,
130, 101.

(37) Ruf, M.; Walz, R.; Battenberg, A.; Vahrenkamp, H. Unpublished
results.

(38) Bryndza, H. E.; Tam, WChem. Re. 1988 88, 1163.

(39) Ritter, J. C. M.; Bergman, R. G. Am. Chem. S0d.998 120, 6826,
and references therein.

(40) March, JAdvanced Organic Chemistryith ed.; Wiley: New York,
1992; p 913 ff.

(41) Kimura, E.; Shionoya, M.; Hoshino, A.; Ikeda, T.; YamadaJYAm.
Chem. Soc1992 114, 10134.

lene carbon.

The work presented in this paper was undertaken to test
the above-mentioned ideas by using £OS, isothiocyan-
ates, and isocyanates as heterocumulenes, which were to be
reacted with the alkoxides TpM<Zn—OR for R= CH; and
C,Hs (3 and 4)

Carbon Dioxide. The expected product of Gansertion
into a zinc alkoxide function is a zincalkyl carbonate. We

(42) Carbonic AnhydraseBotrg, R., Gros, G., Storey, B. T., Eds.; VCH
Publishers: Weinheim, 1991.

(43) Brauer, M.; Perez-Lustres, J. L.; Weston, J.; Anderdnrg. Chem.
2002 41, 1454.

(44) Lu, D.; Voth, G. A.J. Am. Chem. S0d.998 120, 4006.
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Figure 2. Molecular structure of T§»MeZn—OC(O)OMe (0).

had already prepared various Tp*Zalkyl carbonates
before, either by cleavage of dialkyl pyrocarbonates with
Tp*Zn—OH® or by treatment of alcoholic solutions of
Tp*Zn—0OH with C0,.836 Hence in the present study only
the simplest of the alkoxide complex&s,was subjected to

a CQG reaction in order to verify that the Z0OR function

is undergoing the insertion process.

The reaction, performed in carefully dehydrated solvents,
took place and produced the expected compleX-Tfzn—
OC(O)OMe (@0). Yet, like the other C@reactions in the
Tp*Zn systen?38it was slow, requiring prolonged bubbling
of CO, through the solution or applying G@ressure in an
autoclave. The reaction is actually slower than the one with
TpP"MeZn—OH in methanol leading to the same prodi6t
At present we can offer no convincing explanation for this

puzzling observation, which we have also made for several

hydrolytic cleavages with Tp*ZrOH, which seem to be
catalyzed by methandt. Spectroscopy of the reaction
solutions showed no other product thaf, the methyl

carbonate ligand of which is characterized by an IR band at

1714 cn1?, a'H NMR resonance for the OMe group at 2.44
ppm, and*C NMR resonances at 52.7 ppm for OMe and at
157.8 ppm for the carbonate carbon atom.

The molecular structure dfo is shown in Figure 2. The
coordination of zinc corresponds to that in the other Tp*Zn
alkyl carbonate complexés,including the typical Zr-O
distance of 1.89 A. As observed befdréhere is a slight
tendency of the zinc ion in such complexes to become
trigonal bipyramidal by interaction with one of the carbonate
donor atoms, in this case O3. This is not so much expresse
in the Zn-03 distance (2.77 A) but in the N&Zn—03 angle
(164°) and in the bending away of O1, narrowing the-N3
Zn—01 angle (112) in comparison to N+Zn—01 (128)
and N2-Zn—01 (126).

Carbon Disulfide. We had already observed the facile
insertion of carbon disulfide into the ZH and Zn-OH
functions’ Now we found that the insertion into the Zn
OR function is equally facile. The simple alkoxid@snd4

(45) Brombacher, H.; Peter, A.; Gross, F.; Vahrenkamp, H. Unpublished
results.
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Figure 3. Molecular structure of Ti"M&Zn—SC(S)OEt {1hb).

reacted instantly with CSaccording to'H NMR, producing
high isolated yields of the xanthogenate complekesand
11b

Tp""MZn—SC(S)OR
11a R= CH,; 11b, R= C,H,

(of which 11a had been obtained befdrérom the C$
reaction of TF"MZn—OH in methanol). The trifluoroeth-
oxide TF"M&Zn—OCH,CF; reacted considerably slower and
only sluggishly forming Tp"M&Zn—SC(S)OCHCF;, and
according to'H NMR, there was no reaction between £S
and the hexafluoroisopropoxide pZn—OCH(CR),. These
observations indicate that the nucleophilicity of both reagents
is influential, the simple alkoxides being more nucleophilic
than the fluoroalkoxides and the sulfur atoms of carbon
disulfide being more nucleophilic than the oxygen atoms of
carbon dioxide.

The spectra of complexe¥l are in accord with their
structures. The most characteristic feature (difficult to observe
due to relaxation problems) is tHéC NMR resonance of
the xanthogenate carbon, which occurs at 221.7 pprhifar
The structure ol1ahas already been reportédnd the one
of 11bis displayed in Figure 3. The Z bond length in
11b(2.26 A) corresponds to expectatibhThere is a general
similarity of the structures of complexed and 11. The
major difference lies in the bond angles at the zinc-bound
heteroatoms: ZrO—C in 10, 121°; Zn—S—C in 113 98,
and in 11b, 96°. Again a slight tendency for a trigonal
bipyramidal coordination of zinc is noticeable from theZn

1 distance of 2.69 A inlaand 2.63 A in11b and from

he N3-Zn—01 angles of 173in 11laand 179 in 11b.

Isothiocyanates. Previously, we made one accidental
observation indicating that isothiocyanates may be inserted
into Zn—OR bonds: the reaction of Tp"Zn—OH with
p-nitrophenyl isothiocyanate in chloroform containing traces
of ethanol yielded comple#3b, which was characterized
by a structure determinationWe now verified this with
complexes3 and4. Their reactions with isothiocyanates were
found to be considerably slower than with £&nd they
require some activation on the side of the isothiocyanates.
The least electrophilic one, methyl isothiocyanate, did not



Pyrazolylborate-Zinc Alkoxide Complexes. 1

Isocyanates.Previously we had not been able to subject
isocyanates to insertion reactions with Tp*24 complexes.
The high nucleophilicity of the Tp*Zralkoxides made this
possible now. Yet only the most reactive isocyangte,
nitrophenyl isocyanate, and only the simplest alkoxigle,
underwent a clean reaction producing the insertion product
14.

Tp""MZn—N(C4H,-p-NO,)—CO—OMe
14

As crystals ofl14 suitable for a structure determination
could not be obtained, its structural assignment rests only
on its spectra. The major piece of evidence isi{feO) IR
band at 1692 cmt, which is typical for N-bound metal
carbamate complex&s®and which rules out the alternative
Zn—0—C(NR)—OMe configuration. ThéH NMR resonance
of the OMe group at 2.40 ppm in CDLiks shifted upfield
by 0.63 ppm relative to that of the starting compl&xAs
discussed above for the iminothiocarbonate complézs

Figure 4. Molecular structure of THMZn—SC(NPh)OMe {23). and13, this relates to the position of the OMe group between

two phenyl rings of the T@"Me ligand. Thus, the insertion
react. Phenyl isothiocyanate required heating td®Gor of the isocyanate has completed the series of heterocumulene
the reactions to proceed to the formationl®a and 12b, insertions, and the structure of the insertion prodiét

conforms to the mechanistic proposals discussed below.

Tp""MZn—SC(NPh)OR ,

12a R = CH, 12b, R= C,H, Conclusions
The facile synthesis of the pyrazolylboratgnc alkoxides

and it did not react with TB®MZn—OCH,CFs. p-Nitrophenyl ~ 3—8 with inert-atmosphere techniques has made these

isothiocyanate reacted with both alkoxides, and the new complexes available in good quantities for extensive studies.

reaction producind3ais reported here. Their characteristic NMR data facilitate the investigation of
their reactions. This paper has shown that the expected basic
Tp""MZn—SC(NGH,-p-NO,)OR properties of the zinc alkoxide are quite pronounced. The
133 R= CHj; 13b, R= C,H, methylation reactions have identified the alkoxides as unusu-
ally strong nucleophiles. The hydride transfer reactions have
The iminothiocarbonate complexd® and 13 are char- confirmed that the high electron density on the alkoxide
acterized byv(CN) IR bands above 1600 cth Their ligands also labilizes thei-CH functions. B
alkoxide 'H NMR resonances are shifted upfield by 0.6 The four types of insertion reactions have verified the

0.8 ppm in comparison to those of the starting compleékes assumptions ma_lde to exp_Iain the related reactions of_TJp*Zn
and4, due to the embedding of the OR groups between two OH complexes in alcoholic medi&.The Tp*Zn—alkoxides
phenyl rings of the TH"e ligands. This feature is evident &€ the reactive species in the Tp*Z2@H/alcohol mixtures,
from the molecular structures a3y and 12a (Figure 4). despite their extremely low concentrations in these mixtures.
The crystal structure ofi2a is unusual insofar as the TNeir reactivity is higher than that of the Tp*Ziydroxides,
asymmetrical unit of the triclinic unit cell contains two nearly @S evidenced by their alkylation reactions with methyl iodide
superimposable complex molecules that nevertheless are not! the presence of a large excess of Tp*ZDH and by the
related to one another by crystallographic symmetry. The fact that unhk_e any prewously investigated Tp*ZK species
molecular features af2aare as expected. The i bond ~ they react with an isocyanate. o
length (2.27 A) corresponds to thoseli8b,” 11a7 and11b A comparison of the reaction rates for all insertion

(see above). The interaction between zinc and the OR OXygenreactions makes it evident that nucleophilicity on the side
in 12a(2.55 A) is stronger than ia3b (2.68 A)7 again in of the heterocumulenes is also essential, f@8cts fastest,

accord with a N2-Zn—01 angle of 176 This in turn is in  followed by RNCS, RNCO, and finally COThis indicates

agreement with the structures of iminothiocarbonate com- that in a rate-determining step there must be an interaction

plexes of rheniurtf and coppe in which the carbonic acid ~ Petween zinc and a donor atom of the heterocumulene. This
derived ligands are truely bidentate. donor is a sulfur atom of GSand RNCS, the nitrogen of

RNCO, and one oxygen of GOA logical explanation for

(46) Rossi, R.; Marchi, A.; Duatti, A.; Magon, L.; Casellato, U.; Graziani,

R.; Hussein, AJ. Chem. Soc., Dalton Tran$988 1853. (48) Noltes, J. G.; Boersma, J. Organomet. Chenl969 16, 345.
(47) Wycliff, C.; Samuelson, A. G.; Nethaji, Mnorg. Chem.1996 35, (49) Henderson, W.; Oliver, A. G.; Nicholson, B. Korg. Chim. Acta
5427. 200Q 298 84.
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these observations is the proposal that all insertions proceecprepared as described. Organic reagents were purchased from Merck
according to the four-center mechanism established for theand Aldrich. The IRH NMR, and*3C NMR spectral data for the

carbonic anhydrase-catalyzed hydration of .Q@a CO;,
insertion into the ZA-OH function*3*4The general formula-
tion of the reaction course for heterocumulenesC&Y
would then be

TpZn—OR TpZ|l1—9R
£ — i —
_—C = X=—=C
X=C=Y §Y
A B
TpZn---._. OR TpZn
xeed | OR
Y |
Y
C D

In each case, the most nucleophilic of the heterocumu-

lene’s donor atoms, X, which approaches the zinc ion at the

beginning of the reation, remains bound to it in the isolated
product, and in each case, the-Z@R bond is broken and

TpPhMe and T@FumMe figands in the new complexes vary only
negligibly between themselves and the reference compctft8s3
Therefore, only the data for the coligands X in the Tp*2A
complexes are reported here. A frequent problem with the elemental
analyses of this kind of complexes is that the carbon values found
are too low. When this was the case here, at least one (but normally
two) additional elemental analysis value (N, S, or Zn) was
determined.

All preparations of starting complexes, of the zinc alkoxide
complexes as well as the details of the equilibrium studies of
TpPhMeZn—OH in methanol are given in the Supporting Informa-
tion.

Methylations. These reactions, all products of which are known
compounds, were monitored bYH NMR spectroscopy. The
reagents were taken from 0.08 M stock solutions in GDCI
Equimolar amounts of the zinc complex and of methyl iodide (0.5
mL each) were combined in NMR tubes.

3: The reaction was complete after 2 h. Dimethyl ether was
recognized by itSH NMR resonance at 3.30 ppm.

4: The reaction was complete after 3 h. Methyl ethyl ether was
recognized by itdH NMR data: 1.18 (tJ = 7.0 Hz, 3H, CCH),

3.31 (s, 3H, CH), 3.35 (9, = 7.0 Hz, 2H, H).

TpPhMeZn—OH: The reaction was complete after 4 d, during
which time the major part of the reaction products methanol and
dimethyl ether had already evaporated through the stopper of the
NMR tube. After completion the OMe NMR resonances of

the leaving group, OR, remains attached to the heterocumu-methanol (3.42 ppm) and of dimethyl ether (3.30 ppm) showed an
lene’s carbon atom. Thus, the reactivity sequences and thentensity ratio of roughly 2:1.

product structures give full support to the four-center
mechanism, thereby fulfilling the expectations at the begin-
ning of our work with the Tp*Zn-alkoxides.

The molecular structures of all insertion products (refs 7,
8, and this work) show one feature that can be called a
witness of the four-center mechanism: one donor atom of
the carbonate-derived ligand (in this work always the OR
oxygen) remains weakly coordinated to the zinc ion, corre-
sponding to stag€ on the mechanistic pathway. For all the

TpPhMezn—OCOOMe: The reaction was complete after 6 d.
After this time the amounts of methanol and dimethyl ether in
solution corresponded to product yields of 50 and 6%, respectively.

Meerwein—Ponndorf—Verley Reactions. With Benzaldehyde.

A solution of 5 (200 mg, 0.33 mmol) and benzaldehyde (a3

35 mg, 0.33 mmol) in toluene (30 mL) was refluxed for 7 h.
Reducing the volume to one-half in vacuo and cooling-20 °C
precipitated 127 mg (59%) of colorleS8s, mp 197°C. IR(KBr):
2445w (BH).*H NMR (CDCly): 4.28 (s, OH).

Anal. Calcd for GH3zsBNgOZntoluene M, = 655.9+ 92.1):

structure determinations this also means that all central atomsc, 70.65: H, 5.79: N, 11.23. Found: C, 69.12; H, 5.94; N, 11.18.

of the carbonate-derived ligand plus zinc plus the nitrogen
atom trans to the weakly coordinated atom form one plane.

With o-Nitrobenzaldehyde. The reaction was like the above
with 5 (150 mg, 0.25 mmol) and-nitrobenzaldehyde (38 mg, 0.25

This is the plane in which the heterocumulene approachesmmol). Yield 107 mg (62%) of colorlesgb, mp 210°C (dec). IR

the zinc center, making it five-coordinate, and in which the
leaving group moves away, allowing the zinc ion to become
four-coordinate again, in agreement with the structure
correlation analysis put forth by us to describe substrate
interconversions with Tp*ZaOH complexes? This is a new
contribution of pyrazolylboratezinc chemistry to the un-
derstanding of zinc-catalyzed reactions.

Experimental Section

General Data. All experimental techniques and the standard IR
and NMR equipment were as described previofsAdl manipula-
tions involving the Tp*Zn-alkoxide complexes were performed
in a Braun Labmaster 130 glovebox with degassed and dried
solvents. The complexes TpMZnOH?® and TF"MeZn—H33 were

(50) Rombach, M.; Maurer, C.; Weis, K.; Keller, E.; VahrenkampCHem.
Eur. J.1999 5, 1013.

(51) Faster, M.; Burth, R.; Powell, A. K.; Eiche, T.; Vahrenkamp,&hem.
Ber. 1993 126, 2643.
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(KBr): 2550w (BH).'H NMR (CDCly): 4.17 (s, OH).

Anal. Calcd for G/H3sBN7OsZn (M, = 700.9): C, 63.40; H,
4.89; N, 13.99. Found: C, 63.20; H, 5.12; N, 14.01.

With p-Nitrobenzaldehyde. The reaction was like the above
with 5 (150 mg, 0.25 mmol) ang-nitrobenzaldehyde (38 mg, 0.25
mmol). Yield 121 mg (70%) of colorlesSc, mp 224°C. IR
(KBr): 2541w (BH).'H NMR (CDCly): 4.20 (s, OH).

Anal. Calcd for G/H3sBN7OsZn (M, = 700.9): C, 63.40; H,
4.89; N, 13.99. Found: C, 63.26; H, 5.15; N, 14.07.

CO, Reaction with 3. To ensure the absence of methanol or
water in the reaction mixture, both the solvents and the ®€&re
subjected to two dehydrating cycles. Carbon dioxide was bubbled
at room temperature through a solution of 200 mg (0.34 mmol) of
3in 20 mL of benzene and 20 mL of dichloromethane. After 6 h
the colorless suspension was filtered and the filtrate brought to
dryness by bubbling COthrough it. Then 177 mg (82%) df0
remained as colorless crystals, mp 282 IR (KBr): 2557m (BH),
1714s (CO).*H NMR (CDCly): 2.44 (s, 3H, OMe)13C NMR
(CDClg): 52.7 (OMe), 157.8 (carbonate-C). Anal. Calcd for



Table 1. Crystallographic Data

Pyrazolylborate-Zinc Alkoxide Complexes. 1

3 10 11b 12a
formula Q;]_Hs]_BNaOZn Q2H318N603Zn C33H3gBNGOSQZn C38H368N7OSZn
MW 579.8 632.8 670.0 715.0
space group P1 P2:/n P2i/c P1
4 2 4 4 4
a(A) 9.061(2) 11.483(1) 9.526(2) 11.388(1)
b (A) 9.912(2) 9.875(1) 18.106(5) 17.004(1)
c(R) 16.412(3) 27.280(2) 18.990(5) 19.105(1)
o (deg) 106.140(4) 90 90 97.976(1)
B (deg) 102.985(4) 95.902(2) 94.959(5) 90.062(1)
¥ (deg) 90.631(4) 90 90 100.237(1)
V (A3) 1375.4(5) 3077.0(4) 3263(1) 3604.1(4)
dealc (g crT3) 1.40 1.35 1.36 1.32
u(Mo Kar) (mmr) 0.93 0.84 0.92 0.78
R1 (obs refl} 0.051 0.040 0.066 0.048
wR2 (all refl@ 0.142 0.117 0.236 0.146

aTheR values are defined as R& ¥ |Fo — F¢l/SFo, WR2 = [S[W(Fo2 — FA)Y/S [W(F,A)]Y2.

C3H31BNgOsZn (M, = 623.84): C, 61.61; H, 5.01; N, 13.47. Found 230°C. IR (KBr): 2539m (BH), 1614s (CNYH NMR (CDCl):
C, 61.26; H, 4.95; N, 13.01. 2.37 (s, 3H, OMe). Anal. Calcd for $H3sBNgO3:SZn M, =

CS, Reactions. With 3. 3(200 mg, 0.35 mmol) and 208L 760.01): C, 60.05; H, 4.64; N, 14.74; S, 4.22. Found: C, 59.97;
(263 mg, 3.45 mmol) of CSin 20 mL of toluene were stirred for  H, 4.72; N, 14.78; S, 4.20.
30 min. All volatiles were removed in vacuo. Recrystallization from Isocyanate Reaction of 3. 3200 mg, 0.35 mmol) and 57 mg
hot acetonitrile yielded 210 mg (93%) dflaas colorless crystals,  (0.35 mmol) of p-nitrophenyl-NCO in 20 mL of toluene were
mp 222°C. IR (KBr): 2551m (BH).'H NMR (CDCL): 2.64 (s, refluxed for 15 h. The solvent was removed in vacuo, and the
3H, OMe). 3C NMR (CDCk): 59.0 (OMe), 221.7 (CS). Anal.  residue picked up in 10 mL of hot acetonitrile and then kept at
Calcd for GH3:BNgOS,Zn (M, = 655.97): C, 58.59; H, 4.76; N, —20 °C, precipitating 98 mg (41%) of4 as an orange powder,
12.81; S 9.78. Found: C, 58.67; H, 4.84; N, 12.81; S, 9.98. mp 255°C (dec). IR (KBr): 2545m (BH), 1692s (COY NMR

With 4. 4 (150 mg, 0.25 mmol) and 153 (192 mg, 2.53 mmol) (CDCly): 2.40 (s, 3H, OMe). Anal. Calcd for H3sBNgO4Zn
of CS; in 15 mL of dichloromethane were stirred for 30 min. All (M, = 743.95): C, 61.35; H, 4.74; N, 15.06. Found: C, 61.27; H,
volatiles were removed in vacuo. Recrystallization from ethanol/ 4.81; N, 15.23.
dichloromethane (1:1) yielded 137 mg (91%)1dtb as colorless Structure Determinations. Crystals of 3 were obtained by
crystals, mp 164C. IR (KBr): 2551m (BH).'H NMR (CDCly): diffusion of CHCl, into a methanol solution. Crystals &6, 11b,
0.39 (t,J = 6.6 Hz, 3H, CH(OEY)), 2.98 (q,J = 6.6 Hz, 2H, and12awere obtained from the reaction solutions. Diffraction data
H2(OEt)). Anal. Calcd for GH3sBNeOSZn (M; = 670.00): C, were obtained at room temperature with a Bruker Smart CCD
59.16; H, 4.96; N, 12.54; S, 9.57. Found: C, 59.06; H, 5.09; N, diffratometer and subjected to empirical absorption corrections. The
12.46; S, 9.37. structures were solved with SHELX.Parameters were refined

Isothiocyanate Reactions. 3 and PhNCS. 8200 mg, 0.35  againstF2. Drawings were produced with SCHAKAR Table 1
mmol) and 42ul (47 mg, 0.35 mmol) of PhANCS in 15 mL of lists the crystallographic data.
toluene were stirred at 50C for 1 d. The volume of the solution
was reduced to one-half in vacuo and the solution was kept at Acknowledgment. This work was supported by the
—20 °C, precipitating 180 mg (73%) df2aas colorless crystals, = Deutsche Forschungsgemeinschaft and the Fonds der Che-
mp 244 °C. IR (KBr): 2549m (BH), 1630s (CN)H NMR mischen Industrie. We are indebted to Prof. ChRand
(CDCly): 2.32 (S, 3H, OMe). Anal. Calcd for H3sBN70SZn Drs. W. Deck and M. Rombach for assistance, Mrs. P. Klose
(M, = 715.02): C, 63.83; H, 5.07; N, 13.71; S, 4.48. Found: C, for help with the preparations, and Drs. C. Sudbrake and R.

63.30; H, 5.14; N, 13.66; S, 4.57. _ Walz for providing samples of starting materials.
4 and PhNCS.The reaction was like the above with 150 mg

(0.25 mmol) of4 and 30uL (34 mg, 0.25 mmol) of PhNCS. Yield Supporting Information Available: Preparations of starting

109 mg (59%) of12b as a colorless powder, mp 23Z. IR materials and of all Tp*ZrOR complexes. Details of the
(KBr): 2549m (BH), 1629s (CN)H NMR (CDCly): 0.13 (t,J = equilibration measurements on "'¥<Zn—OH in methanol. Fully
7.2 Hz, 3H, CH(OEY)), 2.71 (gJ = 7.2 Hz, 2H, B (OEt)). Anal. labeled ORTEP plots and X-ray crystallographic files in CIF format

Calcd for GgH3gBN/,OSZn M, = 729.04): C, 64.25; H, 5.25; N, for the four structure determinations. This material is available free
13.45; S, 4.40. Found: C, 64.23; H, 5.46; N, 13.60; S, 4.48. of charge via the Internet at http://pubs.acs.org.
3 and p-Nitrophenyl-NCS. A mixture of 200 mg (0.35 mmol) 1C049179V
of 3in 10 mL of dichloromethane and 62 mg (0.35 mmol) of
p-nitrophenyl-NCS in 10 mL of acetonitrile was stirred for 24 h. o5 "o i "5 MSHEL X-97 and SHELXL-9Tniversita Gattingen:
All volatiles were removed in vacuo. Recrystallization from hot 1997.
acetonitrile yielded 204 mg (78%) df3a as yellow crystals, mp (53) Keller, E.SCHAKAL for WindowsUniversitd Freiburg, 2002.
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