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The synthesis of new tris(pyrazolyl)borato-substituted alkenyltungsten complexes and their
oxyfunctionalization was investigated. The derivatives 2a-e of the title compounds were
prepared in 40-70% yield by Grignard reaction of [Tp*W(O)2Cl] (1) [Tp* ) hydridotris(3,5-
dimethyl-1-pyrazolyl)borato] and subsequent treatment with molecular oxygen. These
alkenyltungsten complexes, except the homoallyl complex 2b with a monosubstituted double
bond, displayed a high reactivity toward singlet oxygen (1O2) to result in the corresponding
allylic hydroperoxides by the Schenk ene reaction. While in the photooxygenation of the
homoallyl complex 2a no special influence of the [Tp*W(O)2] fragment was observed, the
allyl complexes 2c,d afforded stereoselectively the Z-configured products. Stereocontrol
derives presumably from hyperconjugative stabilization by the W-C bond (â effect) of the
perepoxide-like transition state. The allylic hydroperoxide, derived from the 1O2 ene reaction
of the vinyl complex 2e, led by Hock-type cleavage to methacrolein and the tungstic acid
derivative 9e. Upon photooxygenation in the presence of titanium tetraisopropoxide, only
the homoallylic complex 2a underwent smoothly hydroxy-epoxidation. The other alkenyl
complexes were sterically too hindered due to the bulky Tp* ligand. While the homoallyl
and methallyl complexes 2a,d were quantitatively epoxidized by dimethyldioxirane (DMD),
the vinyl complex 2ewas again too sterically hindered because of the large [Tp*W(O)2] moiety,
but its epoxide was obtained withm-chloroperbenzoic acid (mCPBA) as oxidant. In contrast,
when equimolar amounts of methyl(trifluoromethyl)dioxirane (TFD) were used, the vinyl
and methyl complexes 20e,f were regioselectively hydroxylated by C-H insertion into a
pyrazolyl ring of the Tp* ligand. The present results demonstrate that the selective
oxyfunctionalization of the alkenyltungsten complexes 2 by singlet oxygen and dioxiranes
is controlled by electronic and steric factors of the [Tp*W(O)2] fragment.

Introduction

The question as to whether or not organometallic
intermediates are involved in the metal oxide- and
peroxide-mediated oxyfunctionalization of organic sub-
strates continues to be the focus of a longstanding
debate.1 The problem arises from the difficulty in
gaining experimental proof for the proposed intermedi-
ates such as metalla-2-oxacyclobutanes in the OsO4-
mediated cis hydroxylation of olefins or metalla-2,3-
dioxacyclopentanes in the epoxidation of olefins by
peroxo complexes. Allyl oxo species have been sug-
gested as intermediates in the industrially important
allylic oxidation of propene to acrolein with heteroge-
neous catalysts such as bismuth molybdate.2

The oxyfunctionalization of the organic ligands in
transition metal complexes has been actively investi-
gated during the last years. However, only a few
examples are known for tungsten and molybdenum
compounds, most of which concentrate on the introduc-
tion of oxo ligands on the coordination center.3 An

exception is the reaction of an η5-coordinated penta-
methylcyclopentadienyl ligand with molecular oxygen.4
In previous studies we have outlined a synthetic route
to stabilize a d0 methallyl tungsten oxide by use of the
closely related, sterically demanding hydridotris(3,5-
dimethylpyrazolyl)borate ligand.5 The so-called Tp*
ligand shields one hemisphere of the complex such that
the reactive site [W(O)2R]+ is contained in the molecular
pocket of the anionic tripod ligand.
These organo tungsten oxides of the type [Tp*W(O)2R]

can be prepared by reaction of Grignard reagents with
[Tp*W(O)2Cl] (1).5,6 For this study, we decided to
prepare pyrazolylborato-stabilized alkenyltungsten ox-
ides and to investigate their functionalization with
various oxidants.
Dimethyldioxirane (DMD)7 has been well established

as an oxidant in organometallic chemistry, especially if
traditional oxidizing agents like molecular oxygen,
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peracids, permanganate, or hypochlorite fail. Charac-
teristic of this potent oxidant is its mild but selective
nature.7 The reactions are performed under neutral pH
conditions, if necessary at subambient temperatures,
and acetone is the only side product, which can be easily
removed by distillation. In the meantime, for the three
major reaction modes of dioxiranes7 known in organic
chemistry, examples have been documented in organo-
metallic chemistry, namely epoxidation,8 hetereoatom
oxidation,9 and X-H insertion.10 Additionally, for car-
bonyl complexes the CO ligand can be oxidized by
dioxirane to carbon dioxide, which results either in the
formation of oxo complexes11 or in the decomposition of
the complex under liberation of organic ligands.12
Besides dioxirane, also singlet oxygen (1O2)13 was used
in our group for the oxyfunctionalization of air-stable,
unsaturated organoiron complexes.14

Herein we report on the synthesis of hitherto un-
known pyrazolylborato-substituted vinyl, allyl, and ho-
moallyl tungsten oxides and their selective oxyfunction-
alization by 1O2 and dioxirane. A priority of this study
was to assess the influence of the metal complex
fragment on the reaction modes of the various alkenyl
ligands toward these oxidants.

Results and Discussion

The reaction of [Tp*W(O)2Cl] (1) with Grignard
reagents is accompanied by complex redox chemistry.
In the reaction of the electron-rich Grignard reagent
with the electron-poor tungsten complex 1, electron
transfer seems to be much faster than the substitution
of the chloro ligand. The electron-transfer path appears
to be favored because the d0 metal center is efficiently
shielded from nucleophilic attack. Furthermore, an
equilibrium between κ3 and κ2 coordination modes of the
Tp* ligand, a process that would generate a reactive site
at the metal center for nucleophilic attack, was not
observed spectroscopically.

A number of octahedral oxo and imido complexes of
group 5-7 metals in their highest oxidation state show
this typical kinetic inertness with respect to nucleophilic
substitution at the d0 metal center.15 Even tetrabutyl-
ammonium hydroxide in THF did not react at room
temperature with the tungsten complex 1 due to its
electronically and coordinatively saturated character.
In contrast, an excess of the Grignard reagent prepared
from the enyl halides, gave instantly green or blue
solutions, which contained a number of paramagnetic
and not yet characterized complexes. In part, these may
be dinuclear mixed valent compounds without M-C
bonds such as the crystallographically characterized
complex [Tp*Mo(O)2(µ-O)Mo(O)ClTp*].16
The title complexes were prepared by reoxidation of

the paramagnetic organometallic intermediates by mo-
lecular oxygen. In this way, the colorless or pale yellow
homoallyl complexes 2a,b, the allyl complexes 2c,d and
the vinyl complex 2e were isolated in yields of 40-70%
(eq 1).

The spectral data of the complexes 2a-e show no
unusual features. It is noteworthy that the derivatives
2a, 2b, and 2d possess â hydrogen atoms in their metal-
bound enyl fragments; nevertheless, these organometal
oxides are stable at temperatures up to 190 °C. The
reluctance with respect to a â-H abstraction has been
documented for complexes which are coordinatively and
electronically saturated.17 Thus, recently a number of
â-H-containing oxo alkyl complexes of d0 electronic
configuration have been isolated, e.g. [Tp*W(O)2(C2H5)],6
[W(O)2R2(bpy)] (R ) Et, n-Pr),18 [Re(O)3R] (R ) Et, i-Bu,
n-Pr, n-Bu), and their more stable quinuclidine aducts.19
A prerequisite for photooxygenation is that the sub-

strate be inert toward molecular oxygen (3O2) and
photostable. For example, alkyl complexes with highly
polar M-C bonds such as d0 zirconium alkyls are readily
autoxidized.20,21 Fortunately, the less polar metal-

(7) (a) Murray, R. W. Chem. Rev. 1989, 89, 1187. (b) Adam, W.;
Hadjiarapoglou, L. Top. Curr. Chem. 1993, 164, 45. (c) Messeguer, A.
Acros Org. Acta 1995, 1, 73. (d) Curci, R.; Dinoi, A.; Rubino, M. F.
Pure Appl. Chem. 1995, 67, 811.
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7511. (b) Adam, W.; Prechtl, F. Chem. Ber. 1994, 127, 667. (c) Adam,
W.; Müller, M.; Prechtl, F. J. Org. Chem. 1994, 59, 2358. (d) Adam,
W.; Schuhmann, R. M. J. Organomet. Chem. 1995, 487, 273. (e) Suns,
S.; Edwards, J. O.; Sweigart, D. A.; D’Accolti, L.; Curci, R. Organo-
metallics 1995, 14, 1545.

(9) (a) Schenk, W. A.; Frisch, J.; Adam, W.; Prechtl, F. Angew.
Chem., Int. Ed. Engl. 1994, 33, 1609. (b) Griffith, S. L.; Perrio, S.;
Thomas, S. E. Tetrahedron: Asymmetry 1994, 5, 1847. (c) Christian,
P. W. N.; Gibson, S. E.; Gil, R.; Jones, P. C. V.; Marcos, C. F.; Prechtl,
F.; Wierzchleyski, A. T. Recl. Trav. Chem. Pays-Bas 1995, 114, 195.
(d) Malisch, W.; Hindahl, K.; Grün, K.; Adam, W.; Prechtl, F.;
Sheldrick, W. S. J. Organomet. Chem. 1996, 509, 209.
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Lankat, R.; Neumeyer, M.; Prechtl, F.; Adam, W. Chem. Ber. 1995,
128, 1251. (c) Malisch, W.; Neumeyer, M.; Fey, O.; Adam, W.;
Schuhmann, R. Chem. Ber. 1995, 128, 1257.

(11) (a) Wolowiec, S.; Kochi, J. K. Inorg. Chem. 1991, 30, 1215. (b)
Herrmann, W. A.; Kiprof, P.; Rypdal, K.; Tremmel, J.; Blom, R.;
Alberto, R.; Behm, J.; Albach, R. W.; Bock, H.; Solouki, B.; Mink, J.;
Lichtenberger, D.; Gruhn, N. E. J. Am. Chem. Soc. 1991, 113, 6527.
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M.; Rudler, H.; Daran, J.-C.; Vaissermann, J. J. Am. Chem. Soc. 1992,
114, 8088. (b) Lluch, A.-M.; Jordi, L.; Sáchez-Baeza, F.; Ricart, S.;
Camps, F.; Messeguer, A.; Moretó, J. M. Tetrahedron Lett. 1992, 33,
3021.

(13) Prein, M.; Adam, W. Angew. Chem., Int. Ed. Engl. 1996, 35,
477.
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(b) Adam, W.; Schuhmann, R. M. Liebigs Ann. 1996, 635.
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30, 1425.

(17) Nugent, W. A.; Mayer, J. M.Metal-LigandMultiple Bonds; John
Wiley & Sons: New York, 1988.

(18) (a) Zhang, C.; Schlemper, E. O.; Schrauzer, G. N. Organome-
tallics 1990, 9, 1016. (b) Zhang, C.; Zhang, X.; Liu, N. H.; Schrauzer,
G. N.; Schlemper, E. O. Organometallics 1990, 9, 1307.

(19) Herrmann, W. A.; Kühn, F. E.; Romão, C. C.; Huy, H. T.; Wang,
M.; Fischer, R. W.; Kiprof, P.; Scherer, W. Chem. Ber. 1993, 126, 45.
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1975, 3041.
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carbon bonds of all the complexes 2a-e investigated
here are inert toward triplet oxygen even under photo-
chemical conditions. Although, photochemically or ther-
mally induced Re-C bond homolysis of labile allyl
complex [(η1-C3H5)Re(O)3] has been reported,22 all our
deliberate attempts to induce photochemically or ther-
mally a 1,2 shift of metal-bound vinyl, allyl, or homoallyl
ligands onto a terminal oxo ligand were unsuccessful.
The latter rearrangement was observed in the irradia-
tion of d2 rhenium oxo aryl and alkyl complexes of the
type [TpRe(O)Cl(R)] in the presence of pyridine.23
The organo tungsten complexes 2a-e were oxyfunc-

tionalized by 1O2 (Scheme 1) and the dioxiranes DMD
and TFD (Scheme 2) in clean reactions and high yields.
Some of the hydroperoxides of the Schenk ene reaction
with 1O2 were treated with titanium tetraisopropoxide24
in order to rearrange them to the corresponding hydroxy
epoxides (Scheme 1).

The alkenyl complexes 2a-e showed a greater reac-
tivity toward 1O2 than simple alkenes with the same
substitution pattern at their double bond. A control
experiment with complex 2asphotooxygenation without
sensitizersensured that self-sensitization with molec-
ular oxygen did not take place. In this context it should
be mentioned that singlet oxygen generation has been
reported in the photolysis of molybdenum peroxo com-
plexes.25

Photooxygenation of the dimethyl-substituted ho-
moallyl complex 2a (Scheme 1) led through the ene
reaction to the two allylic hydroperoxides 3a and (E)-
3a′ in a ratio of 65:35. The (E)-3a′ product gave on
prolonged photooxygenation the bishydroperoxide (Z)-
4a′. The Z configuration of the double bond for product
(Z)-4a′ was assessed by comparison of the 3JHH coupling
constant with analogous organo silicon or tin deriva-
tives26 and by NOE effects.

(22) Herrmann, W. A.; Kühn, F. E.; Romão, C. C.; Huy, H. T. J.
Organomet. Chem. 1994, 481, 227.

(23) Brown, S. N.; Mayer, J. M. Organometallics 1995, 14, 2951.
(24) Adam, W.; Richter, M. J. Acc. Chem. Res. 1994, 27, 57.

(25) (a) Nardello, V.; Marko, J.; Vermeersch, G.; Aubry, J. M. Inorg.
Chem. 1995, 34, 4950. (b) Seib, M.; Brauer, H.-D. J. Photochem.
Photobiol. A: Chem. 1993, 76, 1.

Scheme 1

Scheme 2
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During silica gel chromatography, besides decomposi-
tion, the tertiary hydroperoxide (E)-3a′ rearranged to
the hydroxy epoxide 6a′, of which one diastereomer
could be isolated in a yield of 36% (relative to the
hydroperoxide (E)-3a′) after further chromatographic
purification. Only traces of (E)-3a′ were obtained after
chromatography, contaminated with the 3a regioisomer.
It was not possible to determine the configuration of the
hydroxy epoxide 6a′ by comparison of the NMR data
with those of analogous compounds, since the spectral
differences between the threo and erythro isomers were
too small.27 Unfortunately, all attempts to obtain
adequate crystals of the product 6a′ for an X-ray
structure determination failed. When the crude pho-
tooxygenation mixture of complex 2a was treated with
p-toluenesulfonic acid to simulate the acidic silica gel
conditions, complete decomposition of the complexes 3a
und (E)-3a′ was observed. Only free 3,5-dimethylpyra-
zole was obtained on workup.
On treatment of the secondary allyl hydroperoxide 3a

with titanium tetraisopropoxide at room temperature
(ca. 20 °C), the hydroxy epoxide 5a was isolated in 59%
yield as a 81:19 mixture of erythro and threo diastere-
omers (Scheme 1). In contrast, the direct one-pot
hydroxy-epoxidation, i.e. photooxygenation in the pres-
ence of Ti(OiPr)4, although successful at room temper-
ature, resulted in the hydroxy epoxide 5a in only 30%
yield after chromatography. The hydroxy epoxide de-
rived from the allyl hydroperoxide (E)-3a′ was not
detected. At temperatures between -10 and 0 °C, only
the hydroperoxide 3a was obtained after workup.
On intensive irradiation (two 400-W sodium lamps),

the monosubstituted double bond in the homoallyl
complex 2b did not react with 1O2 even in deuterochlo-
roform.28 The methallyl complex 2c gave on photooxy-
genation as only product the allylic hydroperoxide (Z)-
3c in 72% after silicagel chromatography, of which the
configuration was established by NOE effects. Treat-
ment of the allylic hydroperoxide (Z)-3c with titanium
tetraisopropoxide resulted in the (Z)-7c alcohol by
reduction and a Z:E mixture (76:24) of the aldehyde 8c
by loss of water. The configuration of the major and
minor isomers of 8c was assigned by NOE experiments.
No hydroxy epoxide product could be detected. The
alcohol (Z)-7c was independently prepared by reduction
of allyl hydroperoxide (Z)-3c with triphenylphosphine.
Astonishingly, the unsubstituted allyl complex 2dwas

converted relatively rapidly (63% in 2 h) with 1O2 to the
allyl hydroperoxide (Z)-3d. Its configuration was as-
signed by the 3JHH coupling constant of the double bond
in analogy to (Z)-4a′. On prolonged reaction time, the
yield significantly dropped due to decomposition.
The vinyl complex 2e, with the double bond directly

in pπ-dπ conjugation with the [MdO] moiety, resisted
photooxygenation, except under intensive irradiation
(two 400-W sodium lamps). After one-day reaction time
in deuterochloroform, the tungstic acid derivative 9e
(87% yield on precipitation) and methacrolein (9e′) were
formed cleanly on full conversion. Even low-tempera-

ture NMR spectroscopy revealed no hydroperoxide-
containing intermediate, which indicates its spontane-
ous fragmentation.
The above photooxygenation results (Scheme 1), the

first of their kind for unsaturated organometallic oxides,
illustrate that all alkenyl complexes 2a-ewith differing
chainlength, except derivative 2b, were reactive toward
singlet oxygen despite the immense steric bulk of the
Tp* ligand (cone angle29 of 224°). The greatest reactiv-
ity was displayed by the homoallyl complex 2a with the
double bond most distant from the metal center.
Remarkable was the formation of the hydroxy epoxide

6a′ from the tertiary hydroperoxide (E)-3a′ during
attempted chromatographic purification (Scheme 1).
Rearrangements of allylic hydroperoxides to hydroxy
epoxides occur by radical reactions induced with redox-
active metal ions30 or photochemically.31 Alternatively,
dienyl hydroperoxides are known32 to rearrange under
acid catalysis through allyl cations.
As shown in Scheme 3, we propose an ionic mecha-

nism for the silica-gel-catalyzed rearrangement of the
tertiary hydroperoxide (E)-3a′ to the epoxy alcohol 6a′.
For stabilization of the intermediary cation in â position
to the coordination center, we invoke an hyperconjuga-
tive interaction with the tungsten-carbon bond. Hy-
perconjugative stabilization of cationic species by â-po-
sitioned metal groups (â effect) has been well documented
for allylic silanes, stannanes, and germanes.33 Also the
[Tp*W(O)2] fragment fulfills the requisites for such
hyperconjugation34 in view of the significantly lower
electronegativity of tungsten compared to carbon, the
electron-donating pyrazolyl ligands, and the good σ-π
overlap for strong C-W bonding.
The lack of ene reactivity of the homoallyl complex

2b toward 1O2 is expected for substrates with a terminal
double bond. This observation signifies that the electron-
rich tungsten complex fragment [Tp*W(O)2] does not
activate such substrates for photooxygenation.
At first glance surprising, however, is the marked

reactivity of the allylic hydroperoxide (E)-3a′, the meth-
allyl complex 2c, and especially the allyl complex 2d,
all substrates with a mono- or disubstituted double

(26) (a) Dubac, J.; Laporterie, A.; Iloighmane, H.; Pillot, J. P.;
Déléris, G.; Dunoguès, J. J. Organomet. Chem. 1985, 281, 149. (b)
Adam, W.; Schwarm, M. J. Org. Chem. 1988, 53, 3129. (c) Dang, H.-
S.; Davies, A. G. J. Chem. Soc., Perkin Trans. 2 1991, 2011.

(27) Adam, W.; Brünker, H.-G.; Kumar, A. S.; Peters, E.-M.; Peters,
K.; Schneider, U.; von Schnering, H. G. J. Am. Chem. Soc. 1996, 118,
1899.

(28) Hurst, J. R.; Schuster, G. B. J. Am. Chem. Soc. 1983, 105, 5756.

(29) Trofimenko, S. Chem. Rev. 1993, 93, 943.
(30) Dix, T. A.; Aikens, J. Chem. Res. Toxicol. 1993, 6, 2.
(31) Adam, W.; Berger, M.; Cadet, J.; Dall’Acqua, F.; Epe, B.; Frank,

S.; Ramaiah, D.; Raoul, S.; Chantu-Möller, C. R.; Vedaldi, D. Photo-
chem. Photobiol. 1996, 63, 768.

(32) Porter, N. A. In Organic Peroxides; Ando, W., Ed.; John Wiley
& Sons: Chichester, 1992; p 102.

(33) (a) Schweig, A.; Weidner, U. J. Organomet. Chem. 1973, 54,
145. (b) Apeloig, Y. In The Chemistry of the Functional Groups: The
Chemistry of Organic Silicon Compounds, Part 1; Patai, S., Rappoport,
Z., Eds.; John Wiley & Sons: Interscience Publication, 1989; p 57.

(34) (a) Traylor, T. G.; Hanstein, W.; Berwin, H. J.; Clinton, N. A.;
Brown, R. S. J. Am. Chem. Soc. 1971, 93, 5715. (b) Hoffmann, R.;
Radom, L.; Pople, J. A.; Schleyer, P. von R.; Hehre, W. J.; Salem, L. J.
Am. Chem. Soc. 1972, 94, 6221.

Scheme 3
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bond, which notoriously undergo sluggish ene-type
photooxygenations.35 Closer scrutiny suggests a stabi-
lized transition state through π interaction of the
developing double bond with the [Tp*W(O)2] fragment.
It is a surprising fact that in all ene reactions of this
study, the olefinic double bond of the allyl ligand
migrates exclusively into pπ-dπ conjugation with the
[WdO] π bond. In this respect, the regioselectivity in
the photooxygenation of the methallyl complex 2csno
abstraction of methyl protons during the ene reactions
provides further support for this explanation. Addition-
ally, like for allylic silanes and stannanes, the low
ionization potential33 favors the ene reaction. In this
context, the low affinity of the vinyl complex 2e toward
1O2 may be accounted for in terms of loss of the double
bond π interaction with the tungsten metal at the
coordination center during the ene reaction. Under
drastic conditions, a reaction can be forced to afford the
tungstic acid derivative 9e and methacrolein (9e′),
which may be reconciled in terms of Hock-type cleav-
age36 of the intermediary hydroperoxide (Scheme 4).
Mechanistically elucidative is the fact that exclusively

Z-configured double bonds are generated during these
ene reactions (Scheme 1). For acyclic alkenes usually
the thermodynamically more stable37 E-configured allyl
hydroperoxides dominate, whereas in the photooxygen-
ation of allylsilanes and -stannes the Z-configured
product is preferred.38 For the allylic substrate 2c, the
steric interaction between the [Tp*W(O)2] fragment and
the methyl substituent at the double bond (1,2-allylic
strain) applies in the perepoxide type transition state
(Scheme 5). The latter is additionally stabilized by
secondary orbital interaction with an allylic hydrogen
atom through the cis effect,39 which should favor the
Z-configured product. However, the allylic complexes
2d and (E)-3a′ have no substituent in the 2-position of
the alkenyl chain for 1,2-allylic strain. Shimizu et al.38a
explained the Z selectivity of allylsilanes by the hyper-
conjugative interaction of the C-Si bond with the π
system. This is optimal for an orthogonal arrangement
of the interacting orbitals, as adopted in the transition
state for allyl tungsten complexes and Z-configured
product results (Scheme 5). Despite the common fea-
tures of the allyl tungsten complexes with the allylic
silanes and stannanes,26d,38 for the former no metallo-

tropic ene reaction, i. e. migration of the tungsten
fragment, has been observed (Scheme 6).
The erythro:threo diastereomeric ratio (dr ) 81:19) in

the hydroxy-epoxidation of the allyl hydroperoxide 3a
with titanium tetraisopropoxide (Scheme 1) indicates
that the bulky tungsten complex fragment [Tp*W(O)2]
does not exercise any pronounced steric influence on the
oxygen transfer at the titanium template. For com-
parison, a tert-butyl group at the hydroperoxy carbon
atom exerts more effective diastereomeric differentiation
(dr ) 95:5).40
In contrast, the Ti(OiPr)4-catalyzed hydroxy-epoxida-

tion failed for the (Z)-3c derivative, and apparently
steric restrictions are responsible for the observed
reduction to the allylic alcohol (Z)-7c. Reductions of the
hydroperoxide by the titanium catalyst are known to
occur for sterically encumbered or electronically deac-
tivated substrates with simultaneous Oppenauer-type
oxidation of an isopropylate ligand in the titanium
template to acetone.24a The diastereomeric pair of (Z,E)-
8c aldehydes derives presumably from elimination of
water from the allylic hydroperoxide (Z)-3c with sub-
sequent cis-trans isomerization induced by titanium
tetraisopropoxide.
The epoxidation of the alkenyltungsten complexes 2a

and 2c with DMD afforded quantitatively the epoxides
10a and 10c (Scheme 2). In contrast, the vinyl complex
2e resisted epoxidation by this oxidant. The use of a
high excess of DMD led to decomposition of the tungsten
complex. Unexpectedly, successful was the epoxidation
of the vinyl complex 2e with mCPBA (3 equiv), which
gave the epoxide 10e in 56% yield at 65% conversion,
one of the few cases in which mCPBA performs better
than DMD.41 The peracid epoxidation of substrate 2c
was, however, disadvantageous due to the labile nature
of the resulting epoxide 10c toward acid-catalyzed
rearrangement and hydrolysis.
On attempted Weitz-Scheffer oxidation42 of the vinyl

complex 2e with H2O2/NaOH in methanol/dichlo-
romethane or acetone and alternatively with t-BuOOH/
Bu4NOH in toluene, the tungsten complex 2e was
reisolated. This nucleophilic epoxidation method, which
works well for the electron-poor enones, confirms that
the Tp*W(O)2 group provides for an electron-rich double
bond and is subject to electrophilic attack.
The use of the much more reactive TFD43 for the

oxyfunctionalization of vinyl complex 2e, which resisted
DMD, furnished a surprising result in that oxidation
did not occur at the alkenyl chain but on the tris-
(pyrazolyl)borato ligand. Selectively one pyrazolyl ring
was hydroxylated trans to an oxo ligand to afford the
complex 11e (70% yield at 55% conversion). The reac-
tion was performed at 0 °C under an oxygen gas
atmosphere to prevent undesirable radical chain pro-
cesses.
The unsymmetrical nature of this oxidized octahedral

tungsten complex was evident since all signals of the
three pyrazolyl ligands in the hydroxylated product(35) Denney, R. W.; Nickon, A. Org. React. 1973, 20, 133.

(36) Reference 32; p 143.
(37) Griesbeck, A. G. In CRC Handbook of Organic Photochemistry

and Photobiology; Horspool, W. M., Song, P.-S., Eds.; CRC Press: Boca
Raton, 1995; p 301.

(38) (a) Shimizu, N.; Shibata, F.; Imazu, S.; Tsuno, Y. Chem. Lett.
1987, 1071. (b) Dang, H.-S.; Davies, A. G. Tetrahedron Lett. 1991, 32,
1745.

(39) (a) Stephenson, L. M;.Grdina, M. B.; Orfanopoulus, M. Acc.
Chem. Res. 1980, 13, 419. (b) Hurst, J. R.; Schuster, G. B. J. Am. Chem.
Soc. 1982, 104, 6854.

(40) Adam, W.; Nestler, B. J. Am. Chem. Soc. 1993, 115, 7226.
(41) Maynard, G. D.; Paquette, L. A. J. Org. Chem. 1991, 56, 5480.
(42) (a) Patai, S.; Rappoport, Z. In The Chemistry of Functional

Groups: The Chemistry of Alkenes; Patai, S., Ed.; John Wiley & Sons,
Interscience Publication: London, 1964; p 552. (b) Zwanenburg, B.;
ter Wiel, J. Tetrahedron Lett. 1970, 12, 935.

(43) (a) Kuck, D.; Schuster, A.; Fusco, C.; Fiorentino, M.; Curci, R.
J. Am. Chem. Soc. 1994, 116, 2375. (b) Yang, D.; Wong, M.-K.; Yip,
Y.-C. J. Org. Chem. 1995, 60, 3887.
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appeared at different chemical shift values in the NMR
spectra. Alternatively, the regioselective hydroxylation
in the pyrazolyl ring trans to the vinyl chain would
result in two sets of signals (2:1 ratio) in the NMR
spectra due to its Cs symmetry. Analogously, the
methyl complex 2f led with TFD to the corresponding
hydroxy product 11f in 68% yield at 32% conversion.
The use of excess TFD resulted in higher conversions
for both substrates 2e and 2f, but unselectively a
mixture of various hydroxylated products was obtained.
In contrast, treatment of homoallyl complex 2b with
TFD gave the epoxide 10a but no C-H insertion into a
pyrazolyl ring.
Since the photooxygenation of alkenyltungsten com-

plexes showed similarities to that of analogous silanes
and stannanes, it is of interest to compare the epoxi-
dation results with those of the main-group metal
complexes. As the DMD oxidation offers an excellent
entry to the epoxides of vinylsilanes,44 this method is
also convenient for the epoxidation of the homoallyl and
methallyl tungsten complexes 2a and 2c (Scheme 2).
Especially the labile epoxide 10c was obtained in
excellent yields under such neutral and mild reaction
conditions, whereasmCPBA led predominantly to rear-
rangement and hydrolysis. Also the epoxides of allylic
silanes45 and stannanes46 are usually quite labile and
tend to rearrange or react further under the peracid
epoxidation conditions. An exception in the epoxidation
of alkenyltungsten complexes is demonstrated in the
vinyl derivative 2e, for which mCPBA, which is also
often used for epoxidation of homoallylic46a and vi-
nylic47,48 silanes and stannanes, and not DMD was the
oxidant of choice. Presumably the steric hindrance
between the bulky Tp* ligand and the methyl groups
of the dioxirane is so severe that the attack of DMD

through the preferred planar spiro-type transition
state49 for the oxygen transfer is prevented. The greater
steric demand of DMD versus mCPBA50 has been
established and is well-documented in the reduced
reactivity of sterically crowded vinylsilanes toward
DMD.41

The above steric effects are so prominent that the
much more reactive TFD oxidant avoids the epoxidation
of the shielded double bond in the vinylic complex 2e
in favor of hydroxylation of the pyrazolyl ring (Scheme
2). Expectedly, the methyl-tungsten complex 2f with-
out an alkenyl ligand is exclusively hydroxylated by
TFD at the pyrazolyl ligand. These results demonstrate
the much higher oxidation power of this fluorinated
dioxirane versus DMD to perform C-H insertion. In
this context, the halogenation in the hydridotris(3,5-
dimethylpyrazolyl)borato ligand of a molybdenum com-
plex with an excess of chlorine or bromine is known,51
which proceeds simultanously in all three pyrazolyl
rings.
The regioselectivity in the hydroxylation of the tung-

sten complexes with deficient amounts of TFD reveals
that due to the strong trans effect of the oxo ligands,
the two pyrazolyl rings in the trans position are weaker
bound and, thus, more electron-rich and more reactive
toward electrophilic attack.52 In contrast, statistical
attack of the dioxirane should have resulted in the two
possible regioisomeric hydroxylated pyrazole products
in a ratio of 2:1. The selective hydroxylation of a
pyrazole ring system has not been observed so far.
Hydroxylated tris(pyrazolyl)borates may be useful ligands
for the immobilization of metal ions on polymeric
materials.
In summary, the alkenyltungsten complexes 2a-e

with d0 electronic configuration are similar to the
related unsaturated silanes and stannanes in their
behavior toward oxyfunctionalization. An exception
constitutes the vinyl compound 2e, for which the
preferred oxidation mode is strongly controlled by the
steric hindrance of the bulky Tp* ligand. A set of
oxyfunctionalized tungsten-containing olefins has now

(44) Adam, W.; Prechtl, F.; Richter, M. J.; Smerz, A. K. Tetrahedron
Lett. 1995, 36, 4991.

(45) Hudrlik, P. F.; Withers, G. P. Tetrahedron Lett. 1976, 29.
(46) (a) Fish, R. H.; Broline, B. M. J. Organomet. Chem. 1978, 159,

255. (b) Ueno, Y.; Sano, H.; Okawara, M. Synthesis 1980, 1011.
(47) Fristad, W. E.; Bailey, T. R.; Paquette, L. A. J. Org. Chem. 1980,

45, 3028.
(48) (a) Eisch, J. J.; Trainor, J. T. J. Org. Chem. 1963, 28, 487. (b)

Mitchell, T. N.; Kowall, B. J. Organomet. Chem. 1995, 490, 239.

(49) Baumstark, A. L.; McCloskey, C. J. Tetrahedron Lett. 1987, 28,
3311.

(50) Plesnicar, B. In The Chemistry of Funcional Groups: The
Chemistry of Peroxides; Patai, S., Ed.; John Wiley & Sons, Interscience
Publication: Chichester, 1983; p 521.

(51) McCleverty, J. A.; Seddon, D.; Bailey, N. A.; Walker, N. W. J.
Chem. Soc., Dalton Trans. 1976, 898.

(52) Nützel, K. In Houben-Weyl, Methoden Org. Chem., Vol. XIII/
2a; Müller, E., Ed.; G. Thieme Verlag: Stuttgart, 1973; p 88.

Scheme 5

Scheme 6

Tris(pyrazolyl)borato-Substituted Alkenyltungsten Complexes Organometallics, Vol. 15, No. 21, 1996 4591

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 3
0,

 2
00

9
Pu

bl
is

he
d 

on
 O

ct
ob

er
 1

5,
 1

99
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

96
03

66
d



become available through the novel oxidation chemistry
with 1O2 and dioxiranes, which might serve as useful
building blocks in preparative organometallic chemistry.

Experimental Section

IR spectra were obtained on a Bruker IFS 25 or a Perkin
Elmer Model 1420 instrument, UV spectra on a Hewlett-
Packard 8452 A spectrophotometer. 1H and 13C NMR spectra
were recorded on a Bruker AC 200 (200 MHz), a Bruker AMX
400 (400 MHz), or a Bruker DMX 600 (600 MHz) spectrometer
by using CDCl3 as internal standard. Mostly the signals of
the three pyrazolyl ligands appeared magnetically inequiva-
lent. The signal of the B-H proton in the 1H NMR spectra
apppeared very broad due to the quadrupole moment of boron
and was only detected by 600 MHz spectroscopy. For the
assignment of the NMR signals in some cases COSY spectra
had to be employed. The mass balance of crude product
mixtures in the 1H NMR spectra was determined by using the
signals of the pyrazolyl protons at δ 6 as internal standard.
Mass spectra were obtained on a Finnigan MAT 90. The m/z
values correspond to the most abundant isotopomers. The
peak pattern reflects the natural isotopomer distribution. As
all new substances did not show a defined melting point, the
decomposition temperature was determined for the starting
materials by differential thermoanalysis on a DuPont 9000
apparatus. All solvents were purified by standard literature
methods. Petroleum ether (bp 30-50 °C) was used through-
out. TLC was performed on Polygram Sil G W (40 × 80 mm),
Machery & Nagel. Silica gel (63-200 mesh; Woelm) was
employed for column chromatography, silica gel (32-64 mesh;
Woelm) for flash chromatography. Chloroform was employed
as solvent for placing the crude reaction mixtures on the
column since it possesses the best solubility for the oxyfunc-
tionalized complexes. The known complexes 1,5,6 2c,5 and 2f5
and the Grignard reagents52 were synthesized according to the
literature procedure. DMD53 and TFD43 were prepared as
acetone or trifluoroacetone solutions by the published proce-
dures and dried over molecular sieves (4 Å) at -20 °C before
use.
Synthesis of Dioxo[hydridotris(3,5-dimethyl-1-pyra-

zolyl)borato](4-methyl-3-pentenyl)tungsten(VI) (2a). To
a suspension of 1.92 g (3.50 mmol) of the chloro complex 1 in
THF (30 mL) was added at room temperature (ca. 20 °C)
dropwise 18.1 mL of a 0.58 M solution of (4-methyl-3-pentenyl)-
magnesium bromide (10.5 mmol) in diethyl ether under an
argon gas atmosphere. The reaction mixture was stirred for
30 min at 30 °C, whereby a dark blue solution was formed.
After cooling to -5 °C, the gas volume of the reaction flask
was surged with oxygen gas until the solution became orange.
The solvent was evaporated (20 °C/10-2 Torr), the residue was
dissolved in dichloromethane (15 mL) and washed with a
saturated aqueous solution of ammonium chloride (15 mL).
After passing the organic phase through a column filled with
5 g of Celite and 3 g of anhydrous MgSO4, the remaining clear
solution was evaporated (20 °C/10-2 Torr) and the crude
product was recrystallized from hexane/dichloromethane (10:
1) to afford 1.50 g (72%) of the colorless complex 2a as powder,
mp 196 °C dec; IR (Nujol): 3123 (νC-H), 2552 (νB-H), 1542
(νCdN), 1448, 1419, 1375, 1364, 1209, 1191, 1071, 1042, 948
(νWdO), 912 (νWdO), 858, 818, 803, 782, 644, 475 cm-1; 1H NMR
(400 MHz, CDCl3): δ 1.55 (s, 6H, 5′, 6′-H), 1.88-1.92 (m, 2H,
2′-H), 2.23 (s, 3H, 5-CH3), 2.26 (s, 6H, 5-CH3), 2.49 (s, 3H,
3-CH3), 2.62 (s, 6H, 3-CH3), 2.86-2.92 (m, 2H, 1′-H), 5.00-
5.04 (m, 1H, 3′-H), 5.75 (s, 1H, 4-H), 5.77 (s, 2H, 4-H); 13C NMR
(100 MHz, CDCl3): δ 12.6 (2q, 5-CH3), 12.8 (q, 5-CH3), 14.6
(2q, 3-CH3), 15.5 (q, 3-CH3), 17.6 (q, C-5′), 25.6 (q, C-6′), 36.6
(t, C-2′), 57.3 (t, C-1′, 1JWC ) 115.4 Hz), 107.3 (d, C-4), 107.7
(2d, C-4), 129.0 (s, C-4′), 130.5 (d, C-3′), 144.0 (2s, C-3), 147.1

(s, C-3), 153.2 (2s, C-5), 153.4 (s, C-5); MS (70 eV), m/z (%):
596 (2) [M+], 513 (100) [M+ - C6H11]. Anal. Calcd for C21H33-
BN6O2W (596.2): C, 42.31; H, 5.58; N, 14.10. Found: C, 41.96;
H, 5.33; N, 13.80.
Synthesis of (3-Butenyl)dioxo[hydridotris(3,5-dimethyl-

1-pyrazolyl)borato]tungsten(VI) (2b). To a suspension of
2.00 g (3.65 mmol) of the chloro complex 1 in THF (40 mL)
was added at room temperature (ca. 20 °C) dropwise 11.5 mL
of a 0.95 M solution of 3-butenylmagnesium bromide (11.0
mmol) in diethyl ether under an argon gas atmosphere. The
reaction mixture was stirred for 30 min at 30 °C, whereby a
violet-blue solution was formed. After cooling to -5 °C, the
gas volume of the reaction flask was purged with oxygen gas
until the solution became orange. The solvent was evaporated
(20 °C/10-2 Torr), and the residue was dissolved in dichlo-
romethane (15 mL) and washed with a saturated aqueous
solution of ammonium chloride (15 mL). After passing the
organic phase through a column filled with 5 g of Celite and
3 g of anhydrous MgSO4, the remaining clear solution was
evaporated (20 °C/10-2 Torr) and the crude product was
recrystallized from hexane/dichloromethane (10:1) to afford
1.16 g (56%) of the colorless complex 2b as powder, mp 193
°C dec; IR (Nujol): 3134 (νC-H), 2551 (νB-H), 1633 (νCdC), 1541
(νCdN), 1448, 1418, 1367, 1212, 1186, 1074, 1044, 949 (νWdO),
911 (νWdO), 858, 816, 790, 691, 648, 640, 472 cm-1; UV (CH2-
Cl2), λmax (log ε): 284 (3.75), 464 (1.96) nm; 1H NMR (400 MHz,
CDCl3): δ 2.00-2.04 (m, 2H, 2′-H), 2.33 (s, 3H, 5-CH3), 2.37
(s, 6H, 5-CH3), 2.58 (s, 3H, 3-CH3), 2.69 (s, 6H, 3-CH3), 3.03-
3.09 (m, 2H, C-1′), 4.84 (d, J ) 10.0 Hz, 1H, 4′-H), 4.92 (d, J
) 17.0 Hz, 1H, 4′-H), 5.85 (s, 1H, 4-H), 5.88 (2s, 2H, 4-H),
5.89-5.94 (m, 1H, 3′-H); 13C NMR (100 MHz, CDCl3): δ 12.4
(2q, 5-CH3), 12.6 (q, 5-CH3), 14.6 (2q, 3-CH3), 15.5 (q, 3-CH3),
41.7 (t, C-2′), 55.3 (t, C-1′, 1JWC ) 115.7 Hz), 107.4 (d, C-4),
107.8 (2d, C-4), 112.3 (t, C-4′), 144.1 (2s, C-3), 147.1 (s, C-3),
144.3 (d, C-3′), 153.2 (2s, C-5), 153.4 (s, C-5); MS (70 eV), m/z
(%): 568 (1) [M+], 513 (100) [M+ - C4H7]. Anal. Calcd for
C19H29BN6O2W (568.1): C, 40.17; H, 5.14; N,14.79. Found: C,
40.36; H, 5.07; N, 14.57.
Synthesis of Dioxo[hydridotris(3,5-dimethyl-1-pyra-

zolyl)borato](2-propenyl)tungsten(VI) (2d). To a suspen-
sion of 2.10 g (3.87 mmol) of the chloro complex 1 in THF (40
mL) was added at room temperature (ca. 20 °C) dropwise 22.1
mL of a 0.70 M solution of 2-propenylmagnesium bromide (15.5
mmol) in diethyl ether under an argon gas atmosphere. The
reaction mixture was stirred for 5 min at room temperature,
whereby a dark blue solution was formed. After cooling to -5
°C, the gas volume of the reaction flask was purged with
oxygen gas until the solution became orange. The solvent was
evaporated (20 °C/10-2 Torr), and the residue was dissolved
in dichloromethane (15 mL) and washed with a saturated
aqueous solution of ammonium chloride (15 mL). After
passing the organic phase through a column filled with 5 g of
Celite and 3 g of anhydrous MgSO4, the remaining clear
solution was evaporated (20 °C/10-2 Torr). The pale yellow
crude product, which contained large amounts of the colorless
Tp*2Mg byproduct, was extracted with warm acetonitrile (2
× 30 mL). Evaporation of the extract, recrystallization from
hexane/dichloromethane (10:1), and drying at 50 °C/3-10 Torr
yielded 0.920 g (43%) of the pale yellow complex 2d as powder,
mp 220 °C dec; IR (Nujol): 3126 (νC-H), 3073 (νC-H), 2547
(νB-H), 1612 (νCdC), 1546 (νCdN), 1447, 1421, 1384, 1219, 1182,
1072, 1042, 958 (νWdO), 918 (νWdO), 866, 800, 789, 782, 697,
638, 479 cm-1; 1H NMR (400 MHz, CDCl3): δ 2.33 (s, 3H,
5-CH3), 2.38 (s, 6H, 5-CH3), 2.56 (s, 3H, 3-CH3), 2.78 (s, 6H,
3-CH3), 2.66 (d, J ) 7.9 Hz, 2H, 1′-H), 4.61 (d, J ) 10.4 Hz,
1H, 3′-H), 4.78 (d, J ) 16.9 Hz, 1H, 3′-H), 5.84 (s, 1H, 4-H),
5.90 (s, 2H, 4-H) 6.57-6.68 (m, 1H, 2′-H); 13C NMR (100 MHz,
CDCl3): δ 12.4 (2q, 5-CH3), 12.6 (q, 5-CH3), 14.8 (2q, 3-CH3),
15.5 (q, 3-CH3), 59.1 (t, C-1′, 1JWC ) 105 Hz), 107.4 (d, C-4),
107.9 (2d, C-4), 110.7 (t, C-3′), 144.2 (2s, C-3), 147.2 (s, C-3),
145.4 (d, C-2′), 153.2 (2s, C-5), 153.6 (s, C-5); MS (70 eV), m/z
(%): 553 (1) [M+ - H], 513 (100) [M+ - C3H5]. Anal. Calcd

(53) Adam, W.; Bialas, J.; Hadjiarapoglou, L. Chem. Ber. 1991, 124,
2377.
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for C18H27BN6O2W (554.1): C, 39.02; H, 4.91; N, 15.12.
Found: C, 39.44; H, 4.83; N, 14.87.
Synthesis of Dioxo[hydridotris(3,5-dimethyl-1-pyra-

zolyl)borato](2-methyl-1-propenyl)tungsten(VI) (2e). To
a suspension of 1.79 g (3.26 mmol) of the chloro complex 1 in
THF (40 mL) was added at room temperature (ca. 20 °C)
dropwise 7.61 mL of a 0.60 M solution of (2-methyl-1-
propenyl)magnesium bromide (4.56 mmol) in diethyl ether
under an argon gas atmosphere and stirred for 20 min. The
blue-green reaction mixture was cooled to 5 °C, and 10 mL of
oxygen gas was injected by means of a gas syringe through a
septum into the reaction mixture, which subsequently turned
orange in color. After 10 min, the solvent was removed in
vacuo (20 °C/10-2 Torr) and the residue was dissolved in
dichloromethane (15 mL) and washed with a saturated aque-
ous solution of ammonium chloride (2 × 10 mL). The organic
phase was passed through a column filled with 5 g of Celite
and 3 g of anhydrous MgSO4. An orange-brown crude material
precipitated on adding hexane (50 mL) to the concentrated
dichloromethane solution. Its suspension in cold diethyl ether
(5 mL) was transferred onto a column of 3 g of Celite. The
brown impurities were washed out with a 1:1 mixture of
diethyl ether/hexane (100 mL), and the product was extracted
with boiling diethyl ether (6 × 20 mL). On evaporation of the
ether (20 °C/10-2 Torr), the resulting solid was washed with
pentane (2 × 20 mL) and dried at 50 °C/3-10 Torr to afford
1.04 g (56%) of the complex 2e as colorless powder, mp 217 °C
dec; IR (Nujol): 3121 (νC-H), 2540 (νB-H), 1593 (νCdC), 1543
(νCdN), 1448, 1419, 1390, 1365, 1208, 1187, 1071, 1046, 951
(νWdO), 909 (νWdO), 860, 814, 793, 785, 777, 694, 653, 470 cm-1;
UV (CH2Cl2), λmax (log ε): 288 (3.90) nm; 1H NMR (400 MHz,
CDCl3): δ 1.81 (s, 3H, 3′-H), 2.11 (s, 3H, 4′-H), 2.36 (s, 3H,
5-CH3), 2.37 (s, 6H, 5-CH3), 2.46 (s, 6H, 3-CH3), 2.69 (s, 3H,
3-CH3), 5.82 (s, 2H, 4-H), 5.89 (s, 1H, 4-H) 6.39 (s br, 1H, 1′-
H); 13C NMR (100 MHz, CDCl3): δ 12.6 (2q, 5-CH3), 12.7 (q,
5-CH3), 14.4 (2q, 3-CH3), 15.6 (q, 3-CH3), 27.5 (q, C-3′), 30.0
(q, C-4′), 107.2 (2d, C-4), 107.5 (d, C-4), 143.8 (2s, C-3), 146.9
(s, C-3), 152.1 (s, C-2′), 153.3 (2s, C-5), 153.8 (s, C-5), 167.9 (d,
C-1′, 1JWC ) 146.6 Hz); MS (70 eV), m/z (%): 568 (84) [M+],
513 (77) [M+ - C4H7]. Anal. Calcd for C19H29BN6O2W
(568.1): C, 40.17; H, 5.14; N, 14.79. Found: C, 40.53; H, 5.06;
N, 14.31.
General Procedure A for the Photooxygenations. The

photooxygenations were performed in a Schlenk tube by
passing a slow stream of dried (CaCl2, P2O5) oxygen gas
through the reaction solution while externally irradiating with
two 150-, 250-, or 400-W sodium lamps in the presence of
catalytic amounts (ca. 1 mg) of the sensitizer tetraphenylpor-
phine (TPP) in dichoromethane or deuterochloroform at -30
°C. The reaction progress was monitored by TLC or NMR
spectroscopy. The solvent was evaporated (20 °C/20 Torr) and
the residue flash-chromatographed on silica gel with mixtures
of diethyl ether, petroleum ether, and acetone as eluent. The
products were obtained as colorless solids.
Photooxygenation of Homoallyl Complex 2a: Dioxo-

[hydridotris(3,5-dimethyl-1-pyrazolyl)borato](3-hydro-
peroxy-4-methyl-4-pentenyl)tungsten(VI) (3a), (E)-Dioxo-
[hydridotris(3,5-dimethyl-1-pyrazolyl)borato](4-hydro-
peroxy-4-methyl-2-pentenyl)tungsten(VI) ((E)-3a′), (Z)-
Dioxo[hydridotris(3,5-dimethyl-1-pyrazolyl)borato](3,4-
dihydroperoxy-4-methyl-1-pentenyl)tungsten(VI) ((Z)-
4a′), and Dioxo[hydridotris(3,5-dimethyl-1-pyrazolyl)-
borato](2-hydroxy-4-methyl-3,4-oxiranylpentyl)tungsten-
(VI) (6a′). (a) Short Reaction Time (15 min). According
to the general procedure A, 167 mg (0.280 mmol) of the
homoallyl complex 2a was photooxygenated in dichloromethane
(20 mL) for 15 min by irradiation with two 150-W sodium
lamps. The NMR spectra of the crude reaction mixture showed
complete conversion to the two allylic hydroperoxides 3a and
(E)-3a′ in a ratio of 65:35 with a mass balance of 73%. As
eluent for the flash chromatography of the crude product was
used diethyl ether/petroleum ether (2:1), which was replaced

by pure diethyl ether toward the end of the column chroma-
tography. In succession, 97.0 mg (55%) of the secondary allyl
hydroperoxide 3a, 5.00 mg (3%) of the tertiary allyl hydro-
peroxide (E)-3a′ (as mixture with isomer 3a), and 22.0 mg
(13%) of the hydroxy epoxide 6a′ (only one diastereomer of
unknown configuration) were isolated. The 3a:(E)-3a′:6a′
product ratio was 78:4:18 and the mass balance 70% after
chromatography.
(b) Long Reaction Time (2.5 h). According to the general

procedure A, 160 mg (0.268 mmol) of the homoallyl complex
2a was photooxygenated in dichloromethane (20 mL) for 2.5
h by irradiation with two 150-W sodium lamps. The NMR
spectra of the crude reaction mixture showed complete conver-
sion to the allylic hydroperoxide 3a and the bishydroperoxide
(Z)-4a′ in a ratio of 78:22 with a mass balance of 68%. After
flash chromatography with diethyl ether/petroleum ether (2:
1) as eluent, 93.0 mg (55%) of the secondary allyl hydroper-
oxide 3a, and 17.0 mg (10%) of the bishydroperoxide (Z)-4a′
were isolated. The 3a:(Z)-4a′ product ratio was 85:15 and the
mass balance 65% after chromatography.
3a: Rf [diethyl ether/petroleum ether (2:1)] ) 0.29; IR

(KBr): 3280 (νOO-H), 2900 (νC-H), 2540 (νB-H), 1525 (νCdN),
1430, 1400, 1370, 1350, 1200, 1065, 1035, 945 (νWdO), 900
(νWdO), 850, 805, 780, 640 cm-1; 1H NMR (200 MHz, CDCl3):
δ 1.76 (s, 3H, 6′-H), 1.95 (m, 2H, 1′-H), 2.34 (s, 3H, 5-CH3),
2.37 (s, 6H, 5-CH3), 2.57 (s, 3H, 3-CH3), 2.70 (s, 6H, 3-CH3),
2.42-2.80 (m, 2H, 2′-H), 4.28 (t, J ) 6.6 Hz, 1H, 3′-H), 4.97
(s, 2H, 5′-H), 5.87 (s, 1H, 4-H), 5.89 (s, 1H, 4-H), 5.90 (s, 1H,
4-H), 8.08 (br s, 1H, OOH); 13C NMR (50 MHz, CDCl3): δ 12.5
(q, 5-CH3), 12.5 (q, 5-CH3), 12.6 (q, 5-CH3), 14.6 (2q, 3-CH3),
15.5 (q, 3-CH3), 17.5 (q, C-6′), 38.2 (t, C-2′), 51.5 (t, C-1′, 1JWC

) 115.5 Hz), 94.6 (d, C-3′), 107.4 (d, C-4), 107.9 (2d, C-4), 113.8
(t, C-5′), 144.0 (s, C-4′), 144.1 (s, C-3), 144.2 (s, C-3), 147.2 (s,
C-3), 153.3 (s, C-5), 153.4 (2s, C-5); MS (70 eV), m/z (%): 513
(13) [M+ - C6H11O2], 418 (11) [M+ - C6H11O2 - pz*], 96 (100)
[pz*H+], 95 (87) [pz*+], 41 (53) [C2H3N+], the molecular ion
m/z at 628 was not observed. Anal. Calcd for C21H33BN6O4W
(628.2): C, 40.15; H, 5.29; N, 13.38. Found: C, 40.42; H, 5.16;
N, 13.21.
(E)-3a′: Rf [diethyl ether/petroleum ether (2:1)] ) 0.21; 1H

NMR (200 MHz, CDCl3): δ 1.32 (s, 6H, 5′-H, 6′-H), 2.36 (s,
3H, 5-CH3), 2.39 (s, 6H, 5-CH3), 2.54 (s, 3H, 3-CH3), 2.45-
2.80 (m, 2H, 1′-H), 2.80 (s, 6H, 3-CH3), 5.18 (d, J ) 15.7 Hz,
1H, 3′-H), 5.89 (s, 1H, 4-H), 5.90 (s, 1H, 4-H), 5.93 (s, 1H, 4-H),
6.48 (dt, J ) 15.7, 8.2 Hz, 1H, 2′-H), the signal for the
hydroperoxy proton was not observed; 13C NMR (50 MHz,
CDCl3): δ 12.4 (q, 5-CH3), 12.6 (2q, 5-CH3), 14.5 (q, 3-CH3),
14.6 (q, 3-CH3), 14.9 (q, 3-CH3), 24.3 (2q, C-5′, C-6′), 55.5 (t,
C-1′, 1JWC ) 104.3 Hz), 81.7 (s, C-4′), 107.4 (d, C-4), 108.0 (2d,
C-4), 129.2 (d, C-2′), 140.0 (d, C-3′), 144.2 (s, C-3), 144.4 (s,
C-3), 147.5 (s, C-3), 153.2 (s, C-5), 153.3 (s, C-5), 153.6 (s, C-5).
(Z)-4a′: Rf [diethyl ether/petroleum ether (2:1)] ) 0.21; IR

(KBr): 3470 (νOO-H), 3280 (νOO-H), 2940 (νC-H), 2900 (νC-H),
2520 (νB-H), 1525 (νCdN), 1430, 1400, 1370, 1350, 1200, 1065,
1035, 940 (νWdO), 900 (νWdO), 850, 800, 630 cm-1; 1H NMR (600
MHz, CDCl3): δ 1.24 (s, 3H, 5′-H or 6′-H), 1.47 (s, 3H, 5′-H or
6′-H), 2.39 (s, 6H, 5-CH3), 2.40 (s, 3H, 5-CH3), 2.53 (s, 3H,
3-CH3), 2.57 (s, 3H, 3-CH3), 2.63 (s, 3H, 3-CH3), 4.64 (br s, 1H,
BH), 5.44 (d, J ) 9.2 Hz, 1H, 3′-H), 5.86 (s, 2H, 4-H), 5.95 (s,
1H, 4-H), 6.88 (ddd, J ) 13.4, 0.6 Hz, 1H, 1′-H, 2JWH ) 6.5
Hz), 7.40 (dd, J ) 13.4, 9.1 Hz, 1H, 2′-H), 9.00 (br s, 1H, OOH),
9.71 (br s, 1H, OOH); 13C NMR (150 MHz, CDCl3): δ 12.4 (2q,
5-CH3), 12.7 (q, 5-CH3), 15.9 (2q, 3-CH3), 15.6 (q, 3-CH3), 21.2
(q, C-5′ or C-6′), 22.3 (q, C-5′or C-6′), 83.7 (s, C-4′), 91.4 (d,
C-3′), 107.6 (d, C-4), 107.7 (d, C-4), 107.8 (d, C-4), 143.0 (d,
C-2′), 144.3 (s, C-3), 144.5 (s, C-3), 147.8 (s, C-3), 153.8 (s, C-5),
154.0 (s, C-5), 154.1 (s, C-5), 174.9 (d, C-1′, 1JWC ) 147.0 Hz);
MS (70 eV), m/z (%): 606 (1) [M+ - C3H4N], 513 (15) [M+ -
C6H11O4], 418 (8) [M+ - C6H11O4 - pz*], 96 (100) [pz*H+], 95
(80) [pz*+], 43 (21) [C3H7

+], 41 (27) [C2H3N+], the molecular
ion at m/z 660 was not observed. Anal. Calcd for C21H33-
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BN6O6W (660.2): C, 38.21; H, 5.04; N, 12.73. Found: C, 38.46;
H, 5.07; N, 12.62.
6a′: Rf (diethyl ether) ) 0.23; IR (KBr): 3440 (νO-H), 2960

(νC-H), 2940 (νC-H), 2520 (νB-H), 1540 (νCdN), 1445, 1415, 1380,
1360, 1210, 1070, 1040, 960 (νWdO), 920 (νWdO), 860, 815, 645
cm-1; 1H NMR (200 MHz, CDCl3): δ 1.34 (s, 3H, 5′-H or 6′-H),
1.51 (s, 3H, 5′-H or 6′-H), 2.02 (dd, J ) 14.4, 7.4 Hz, 1H, 1′-H),
2.17 (dd, J ) 14.4, 5.9 Hz, 1H, 1′-H), 2.36 (s, 3H, 5-CH3), 2.38
(s, 3H, 5-CH3), 2.39 (s, 3H, 5-CH3), 2.58 (s, 3H, 3-CH3), 2.70
(s, 6H, 3-CH3), 2.85 (d, J ) 8.3 Hz, 1H, 3′-H), 4.24 (m, 1H,
2′-H), 5.91 (s, 3H, 4-H); 13C NMR (50 MHz, CDCl3): δ 12.4 (q,
5-CH3), 12.5 (q, 5-CH3), 12.7 (q, 5-CH3), 14.9 (q, 3-CH3), 15.0
(q, 3-CH3), 15.4 (q, 3-CH3), 19.9 (q, C-5′or C-6′), 25.1 (q, C-5′or
C-6′), 59.0 (t, C-1′, 1JWC ) 118.6 Hz), 59.9 (s, C-4′), 70.6 (d,
C-2′), 74.6 (d, C-3′), 107.5 (d, C-4), 108.0 (2d, C-4), 144.4 (s,
C-3), 144.6 (s, C-3), 147.4 (s, C-3), 153.2 (s, C-5), 153.5 (2s,
C-5); MS (70 eV), m/z (%): 556 (9) [M+ - C4H8O], 513 (83)
[M+ - C6H11O2], 418 (27) [M+ - C6H11O2 - pz*], 96 (100)
[pz*H+], 95 (84) [pz*+], 41 (38) [C2H3N+], the molecular ion at
m/z 628 was not observed. Anal. Calcd for C21H33BN6O4W
(628.2): C, 40.15; H, 5.29; N, 13.38. Found: C, 39.99; H, 5.23;
N, 13.24.
Photooxygenation of Methallyl Complex 2c: (Z)-Di-

oxo[hydridotris(3,5-dimethyl-1-pyrazolyl)borato](3-hy-
droperoxy-2-methyl-1-propenyl)tungsten(VI) ((Z)-3c). Ac-
cording to the general procedure A, 97.0 mg (0.171 mmol) of
the methallyl complex 2c was photooxygenated in dichlo-
romethane (10 mL) for 1 h by irradiation with two 150-W
sodium lamps. After flash chromatography with diethyl ether/
petroleum ether (2:1) as eluent, 74.0 mg (72%) of the allyl
hydroperoxide (Z)-3cwas isolated. Rf [diethyl ether/petroleum
ether (2:1)] ) 0.20; IR (KBr): 3280 (νOO-H), 2960 (νC-H), 2900
(νC-H), 2520 (νB-H), 1525 (νCdN), 1430, 1400, 1370, 1350, 1200,
1060, 940 (νWdO), 900 (νWdO), 855, 800, 640 cm-1; 1H NMR (200
MHz, CDCl3): δ 1.88 (s, 3H, 4′-H), 2.38 (s, 9H, 5-CH3), 2.48
(s, 6H, 3-CH3), 2.68 (s, 3H, 3-CH3), 4.94 (br s, 2H, 3′-H), 5.85
(s, 2H, 4-H), 5.93 (s, 1H, 4-H), 6.45 (br s, 1H, 1′-H), 8.81 (br s,
1H, OOH); 13C NMR (50 MHz, CDCl3): δ 12.4 (2q, 5-CH3), 12.7
(q, 5-CH3), 14.6 (2q, 3-CH3), 15.7 (q, 3-CH3), 24.9 (q, C-4′), 83.0
(t, C-3′), 107.4 (2d, C-4), 107.7 (d, C-4), 144.1 (2s, C-3), 147.3
(s, C-3), 150.4 (s, C-2′), 153.5 (2s, C-5), 153.9 (s, C-5), 168.5 (d,
C-1′, 1JWC ) 146.7 Hz); MS (70 eV),m/z (%): 600 (1) [M+], 513
(25) [M+ - C4H7O2], 418 (48) [M+ - C4H7O2 - pz*], 96 (100)
[pz*H+], 95 (85) [pz*+], 41 (27) [C2H3N+]. Anal. Calcd for
C19H29BN6O4W (600.2): C, 38.03; H, 4.87; N, 14.00. Found:
C, 37.90; H, 4.74; N, 13.77.
Photooxygenation of Allyl Complex 2d: (Z)-Dioxo-

[hydridotris(3,5-dimethyl-1-pyrazolyl)borato](3-hydro-
peroxy-1-propenyl)tungsten(VI) ((Z)-3d). According to the
general procedure A, 145 mg (0.262 mmol) of the allyl complex
2d was photooxygenated in deuterochloroform (5 mL) for 2 h
by irradiation with two 250-W sodium lamps. After flash
chromatography with diethyl ether/petroleum ether (2:1) as
eluent, besides 40.0 mg (37%) of the starting material, 67.0
mg (60%) of the allyl hydroperoxide (Z)-3d was isolated, which
was only moderately soluble in chloroform. The conversion
was 63%, the mass balance 71%. Rf [diethyl ether/petroleum
ether (2:1)] ) 0.28; Rf (diethyl ether) ) 0.52; IR (KBr): 3300
(νOO-H), 2920 (νC-H), 2540 (νB-H), 1535 (νCdN), 1445, 1415, 1380,
1360, 1210, 1070, 1040, 950 (νWdO), 905 (νWdO), 860, 810, 645
cm-1; 1H NMR (200 MHz, CDCl3): δ 2.38 (s, 9H, 5-CH3), 2.50
(s, 6H, 3-CH3), 2.65 (s, 3H, 3-CH3), 4.96 (br s, 2H, 3′-H), 5.85
(s, 2H, 4-H), 5.93 (s, 1H, 4-H), 6.79 (d, J ) 13.5 Hz, 1H, 1′-H),
7.48 (dt, J ) 13.7, 5.6 Hz, 1H, 2′-H), 8.36 (br s, 1H, OOH); 13C
NMR (50 MHz, CDCl3): δ 12.4 (2q, 5-CH3), 12.7 (q, 5-CH3),
14.8 (2q, 3-CH3), 15.6 (q, 3-CH3), 81.2 (t, C-3′), 107.5 (2d, C-4),
107.6 (d, C-4), 142.3 (d, C-2′), 144.2 (2s, C-3), 147.5 (s, C-3),
153.5 (2s, C-5), 153.8 (s, C-5), 171.0 (d, C-1′, 1JWC ) 147.6 Hz);
MS (70 eV), m/z (%): 568 (18) [M+ - H2O], 513 (37) [M+ -
C3H5O2], 418 (49) [M+ - C3H5O2 - pz*], 96 (100) [pz*H+], 95
(88) [pz*+], 84 (100) [C5H10N+], 57 (11) [C3H5O+], 41 (22)
[C2H3N+], the molecular ion atm/z 586 was not observed. Anal.

Calcd for C18H27BN6O4W (586.1): C, 36.89; H, 4.64; N, 14.34.
Found: C, 36.74; H, 4.64; N, 14.26.
Photooxygenation of Vinyl Complex 2e: Dioxo[hydri-

dotris(3,5-dimethyl-1-pyrazolyl)borato]hydroxytungsten-
(VI) (9e) and Methacrolein (9e′). According to the general
procedure A, 91.0 mg (0.160 mmol) of the vinyl complex 2e
was photooxygenated in deuterochloroform (5 mL) for 1 d by
irradiation with two 400-W sodium lamps. The NMR spectra
of the crude reaction mixture showed complete conversion to
the tungsten acid derivative 9e and methacrolein (9e′) as only
products. The methacrolein and the solvent were evaporated
(20 °C/20 Torr), and the residue was dissolved in a minimum
volume of chloroform (ca. 1-2 mL). Upon addition of petro-
leum ether, 74.0 mg (87%) of the acid 9e precipitated, which
decomposed on filtration over florisil.
9e: IR (KBr): 3350 (νO-H), 2900 (νC-H), 2520 (νB-H), 1530

(νCdN), 1435, 1400, 1370, 1355, 1200, 1065, 1040, 940 (νWdO),
895 (νWdO), 860, 805, 690, 650 cm-1; 1H NMR (200 MHz,
CDCl3): δ 2.35 (s, 10H, 5-CH3, OH), 2.70 (s, 9H, 3-CH3), 5.87
(s, 3H, 4-H), the signal at δ 2.35 diminishes to 9H by shaking
the sample with D2O; 13C NMR (50 MHz, CDCl3): δ 12.4 (3q,
5-CH3), 14.4 (3q, 3-CH3), 107.5 (3d, C-4), 144.9 (3s, C-3), 153.2
(3s, C-5); MS (70 eV), m/z (%): 530 (7) [M+], 513 (7) [M+ -
HO], 435 (34) [M+ - pz*], 96 (100) [pz*H+], 95 (86) [pz*+], 41
(25) [C2H3N+]. Anal. Calcd for C15H23BN6O3W (530.1): C,
33.99; H, 4.37; N, 15.85. Found: C, 33.94; H, 4.10; N, 15.83.
Reaction of Hydroperoxy Complex 3a with Titanium

Tetraisopropoxide: Dioxo[hydridotris(3,5-dimethyl-1-
pyrazolyl)borato](3-hydroxy-4-methyl-4,5-oxiranylpen-
tyl)tungsten(VI) (5a). To a solution of 72.0 mg (0.115 mmol)
of the allyl hydroperoxide 3a in dry dichloromethane (20 mL)
was added 16.0 mg (0.058 mmol) of titanium tetraisopropoxide
and stirred for 2 h at room temperature in the presence of ca.
1.0 g molecular sieves (4 Å). The molecular sieves were
removed by filtration, and the reaction mixture was stirred
for 0.5 h after addition of water (one drop) and diethyl ether
(20 mL). After drying over MgSO4, the solution was filtered
over Celite and the solvent was evaporated (20 °C/20 Torr).
Column chromatography with diethyl ether/acetone (2:1) as
eluent gave 43.0 mg (59%) of the epoxy alcohol 5a (81:19
mixture of erythro and threo diastereomers) as colorless
powder. The conversion was greater than 98%. Rf [diethyl
ether/acetone (2:1)] ) 0.59; IR (KBr): 3420 (νO-H), 2900 (νC-H),
2520 (νB-H), 1530 (νCdN), 1430, 1400, 1370, 1355, 1200, 1065,
1035, 945 (νWdO), 905 (νWdO), 855, 805, 780, 640 cm-1; 1H NMR
(600 MHz, CDCl3) for the erythro diastereomer: δ 1.30 (s, 3H,
6′-H), 1.95 (m, 1H, 1′-H), 2.11 (m, 1H, 1′-H), 2.27 (s, 3H, 5-CH3),
2.30 (s, 6H, 5-CH3), 2.42-2.52 (m, 1H, 2′-H), 2.48 (d, J ) 4.8
Hz, 1H, 5′-H), 2.50 (s, 3H, 3-CH3), 2.59-2.69 (m, 1H, 2′-H),
2.64 (s, 3H, 3-CH3), 2.66 (s, 3H, 3-CH3), 2.81 (d, J ) 4.8 Hz,
1H, 5′-H), 3.53 (dd, J ) 8.5, 2.9 Hz, 1H, 3′-H), 4.55 (br s, 1H,
BH), 5.79 (s, 1H, 4-H), 5.81 (s, 2H, 4-H); 1H NMR (600 MHz,
CDCl3) for the threo diastereomer: δ 1.29 (s, 3H, 6′-H), 1.86
(m, 1H, 1′-H), 2.01 (m, 1H, 1′-H), 2.27 (s, 3H, 5-CH3), 2.30 (s,
6H, 5-CH3), 2.42-2.69 (m, 2H, 2′-H), 2.50 (s, 3H, 3-CH3), 2.53
(d, J ) 4.8 Hz, 1H, 5′-H), 2.63 (s, 3H, 3-CH3), 2.65 (s, 3H,
3-CH3), 2.69 (d, J ) 4.8 Hz, 1H, 5′-H), 3.23 (dd, J ) 8.6, 4.3
Hz, 1H, 3′-H), 4.55 (br s, 1H, BH), 5.80 (s, 2H, 4-H), 5.82 (s,
1H, 4-H); 13C NMR (150 MHz, CDCl3) for the erythro diaste-
reomer: δ 12.6 (2q, 5-CH3), 12.8 (q, 5-CH3), 15.6 (2q, 3-CH3),
16.1 (q, 3-CH3), 18.5 (q, C-6′), 41.0 (t, C-2′), 50.6 (t, C-5′), 52.3
(t, C-1′, 1JWC ) 116.1 Hz), 59.4 (s, C-4′), 76.5 (d, C-3′), 107.6
(d, C-4), 108.1 (2d, C-4), 144.2 (s, C-3), 144.3 (s, C-3), 143.4 (s,
C-3), 153.5 (s, C-5), 153.6 (2s, C-5); 13C NMR (150 MHz, CDCl3)
for the threo diastereomer: δ 12.6 (2q, 5-CH3), 12.8 (q, 5-CH3),
15.6 (2q, 3-CH3), 16.1 (q, 3-CH3), 16.1 (q, C-6′), 41.2 (t, C-2′),
51.8 (t, C-1′), 52.8 (t, C-5′), 59.9 (s, C-4′), 80.1 (d, C-3′), 107.6
(d, C-4), 108.1 (2d, C-4), 144.2 (s, C-3), 144.3 (s, C-3), 143.4 (s,
C-3), 153.5 (s, C-5), 153.6 (2s, C-5), the concentration of the
threo diastereomer was to low too determine 1JWC; MS (70 eV),
m/z (%): 628 (1) [M+], 513 (62) [M+ - C6H11O2], 418 (25) [M+

- C6H11O2 - pz*], 96 (100) [pz*H+], 95 (95) [pz*+], 41 (28)
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[C2H3N+]. Anal. Calcd for C21H33BN6O4W (628.2): C, 40.15;
H, 5.29; N, 13.38. Found: C, 39.89; H, 5.29; N, 13.04.
Direct Hydroxy-Epoxidation of Homoallyl Complex 2a

with Titanium Tetraisopropoxide: Dioxo[hydridotris-
(3,5-dimethyl-1-pyrazolyl)borato](3-hydroxy-4-methyl-
4,5-oxiranylpentyl)tungsten(VI) (5a). Analogous to the
general procedure A, 102 mg (0.121 mmol) of the homoallyl
complex 1a was photooxygenated at 20 °C in dry dichlo-
romethane (25 mL) in the presence of 16.0 mg (0.058 mmol)
of titanium tetraisopropoxide and ca. 1.0 g molecular sieves
(4 Å) by irradiation with two 150-W sodium lamps for 2 h.
The molecular sieves were removed by filtration, and the
reaction mixture was stirred for 0.5 h after addition of water
(one drop) and diethyl ether (20 mL). After drying over
MgSO4, the solution was filtered over Celite and the solvent
was evaporated (20 °C/20 Torr). Column chromatography with
diethyl ether/acetone (2:1) as eluent gave 33.0 mg (30%) of the
epoxy alcohol 5a (81:19 mixture of erythro and threo diaster-
eomers) as colorless powder. The conversion was greater than
98%.
Reaction of Hydroperoxy Complex (Z)-3c with Tita-

nium Tetraisopropoxide: (Z)-Dioxo[hydridotris(3,5-
dimethyl-1-pyrazolyl)borato](3-hydroxy-2-methyl-1-pro-
penyl)tungsten(VI) ((Z)-7c), (Z)-Dioxo[hydridotris(3,5-
dimethyl-1-pyrazolyl)borato](2-methyl-3-oxo-1-pro-
penyl)tungsten(VI) ((Z)-8c), and (E)-Dioxo[hydridotris-
(3,5-dimethyl-1-pyrazolyl)borato](2-methyl-3-oxo-1-pro-
penyl)tungsten(VI) ((E)-8c). To a solution of 110 mg (0.183
mmol) of the allyl hydroperoxide (Z)-3c in dry dichloromethane
(20 mL) was added 52.0 mg (0.183 mmol) of titanium isopro-
poxide and stirred for 4 h at room temperature (ca. 20 °C) in
the presence of ca. 1.0 g molecular sieves (4 Å). The molecular
sieves were removed by filtration and the reaction mixture
stirred for 0.5 h after addition of water (0.18 mL) and diethyl
ether (20 mL). After drying over MgSO4, the solution was
filtered over Celite and the solvent was evaporated (20 °C/20
Torr). The NMR spectrum of the crude reaction mixture
showed that, besides traces of the starting material, the allylic
alcohol (Z)-7c and the aldehydes (Z)-8c and (E)-8c (80:20
mixture) had been formed in a ratio of 76:24. Flash chroma-
tography with diethyl ether as eluent gave besides 2.00 mg
(2%) of the starting material, 24.0 mg (23%) of the aldehyde
8c and 57.0 mg (54%) of the alcohol (Z)-7c as colorless powders.
The conversion was 98%, the mass balance 78%, and the (Z)-
7c:8c product ratio 71:29 after chromatography.
(Z)-7c: Rf (diethyl ether) ) 0.27; IR (KBr): 3470 (νO-H), 2960

(νC-H), 2930 (νC-H), 2520 (νB-H), 1540 (νCdN), 1450, 1420, 1390,
1370, 1210, 1075, 955 (νWdO), 910 (νWdO), 870, 820, 650 cm-1;
1H NMR (200 MHz, CDCl3): δ 1.92 (s, 3H, 4′-H), 2.38 (s, 9H,
5-CH3), 2.49 (s, 6H, 3-CH3), 2.66 (s, 3H, 3-CH3), 4.46 (br s, 2H,
3′-H), 5.84 (s, 2H, 4-H), 5.93 (s, 1H, 4-H), 6.37 (br s, 1H, 1′-H);
13C NMR (50 MHz, CDCl3): δ 12.2 (2q, 5-CH3), 12.7 (q, 5-CH3),
14.7 (2q, 3-CH3), 15.6 (q, 3-CH3), 26.3 (q, C-4′), 69.0 (t, C-3′),
107.4 (2d, C-4), 107.7 (d, C-4), 144.1 (2s, C-3), 147.4 (s, C-3),
153.3 (2s, C-5), 153.5 (s, C-2′), 153.8 (s, C-5), 166.6 (d, C-1′,
1JWC ) 146.2 Hz); MS (70 eV), m/z (%): 418 (1) [M+ - C4H7O
- pz*], 96 (100) [pz*H+], 95 (80) [pz*+], 41 (29) [C2H3N+], the
molecular ion at m/z 584 was not observed. Anal. Calcd for
C19H29BN6O2W (584.1): C, 39.07; H, 5.00; N, 14.39. Found:
C, 38.79; H, 4.91; N, 14.19.
8c: Rf (diethyl ether) ) 0.56; IR (KBr): 2960 (νC-H), 2920

(νC-H), 2540 (νB-H), 1670 (νCdO), 1540 (νCdN), 1445, 1415, 1385,
1365, 1210, 1070, 955 (νWdO), 910 (νWdO), 860, 815, 650 cm-1;
1H NMR (200 MHz, CDCl3) for the Z-isomer: δ 1.83 (d, J )
1.2 Hz, 3H, 4′-H), 2.40 (s, 15H, 3-CH3, 5-CH3), 2.65 (s, 3H,
3-CH3), 5.87 (s, 2H, 4-H), 5.96 (s, 1H, 4-H), 7.52 (br s, 1H, 1′-
H), 10.56 (br s, 1H, 3′-H); 1H NMR (200 MHz, CDCl3) for the
E-isomer: δ 2.21 (s, 3H, 4′-H), 2.35 (s, 6H, 5-CH3), 2.40 (s,
9H, 3-CH3, 5-CH3), 2.66 (s, 3H, 3-CH3), 5.87 (s, 2H, 4-H), 5.97
(s, 1H, 4-H), 7.83 (br s, 1H, 1′-H), 9.32 (s, 1H, 3′-H); 13C NMR
(50 MHz, CDCl3) for the Z-isomer: δ 12.4 (2q, 5-CH3), 12.7 (q,
5-CH3), 14.7 (2q, 3-CH3), 15.6 (q, 3-CH3), 19.8 (q, C-4′), 107.7

(2d, C-4), 107.8 (d, C-4), 144.6 (2s, C-3), 147.8 (s, C-3), 150.3
(s, C-2′), 153.5 (2s, C-5), 154.1 (s, C-5), 186.5 (d, C-1′, 1JWC )
151.4 Hz), 199.8 (d, C-3′); 13C NMR (50 MHz, CDCl3) for the
E-isomer: δ 12.4 (2q, 5-CH3), 12.7 (q, 5-CH3), 14.7 (q, C-4′),
15.3 (2q, 3-CH3), 15.6 (q, 3-CH3), 107.7 (2d, C-4), 107.8 (d, C-4),
144.6 (2s, C-3), 147.9 (s, C-3), 153.4 (s, C-2′), 153.6 (2s, C-5),
154.1 (s, C-5), 195.4 (d, C-1′), 196.2 (d, C-3′), the concentration
was too low to determine 1JWC; MS (70 eV), m/z (%): 582 (17)
[M+], 513 (8) [M+ - C4H5O], 418 (22) [M+ - C4H5O - pz*], 96
(33) [pz*H+], 95 (39) [pz*+], 69 (100) [C4H5O+], 41 (50)
[C2H3N+]. HRMS calcd for 12C19

1H27
10B14N6

16O3
182W (M+):

579.1756; found: 579.1756.
General Procedure B for the Epoxidation with DMD.

To the tungsten complex, dissolved in dichloromethane (10
mL), was added at once 1.1-1.2 equiv of DMD as a solution
in acetone at room temperature (ca. 20 °C). The reaction
mixture was stirred until all dioxirane was consumed (negative
peroxide test with KI in HOAc). After evaporation of the
solvent (20 °C/20 Torr), the pure epoxide was obtained in
quantitative yield as colorless powders.
Epoxidation of Homoallyl Complex 2a with DMD:

Dioxo[hydridotris(3,5-dimethyl-1-pyrazolyl)borato](4-
methyl-3,4-oxiranylpentyl)tungsten(VI) (10a). According
to the general procedure B, from 48.0 mg (0.081 mmol) of the
homoallyl complex 2a and 1.00 mL of a 0.099 M solution of
DMD (0.099 mmol) was isolated after a reaction time of 30
min 50.0 mg (100%) of the epoxide 10a, which was stable on
filtration over florisil with diethyl ether as solvent, but
decomposed on silica gel. IR (KBr): 2940 (νC-H), 2900 (νC-H),
2520 (νB-H), 1525 (νCdN), 1430, 1400, 1370, 1350, 1200, 1060,
1035, 940 (νWdO), 905 (νWdO), 800, 640 cm-1; 1H NMR (200
MHz, CDCl3): δ 1.28 (s, 3H, 5′-H or 6′-H), 1.31 (s, 3H, 5′-H or
6′-H), 2.02 (m, 2H, 1′-H), 2.34 (s, 3H, 5-CH3), 2.38 (s, 6H,
5-CH3), 2.56 (m, 2H, 2′-H), 2.56 (s, 3H, 3-CH3), 2.70 (m, 1H,
3′-H), 2.72 (s, 3H, 3-CH3), 2.73 (s, 3H, 3-CH3), 5.87 (s, 1H, 4-H),
5.89 (s, 2H, 4-H); 13C NMR (50 MHz, CDCl3): δ 12.4 (q, 5-CH3),
12.5 (q, 5-CH3), 12.6 (q, 5-CH3), 14.6 (q, 3-CH3), 14.7 (q, 3-CH3),
15.5 (q, 3-CH3), 18.8 (q, C-5′or C-6′), 25.0 (q, C-5′or C-6′), 36.4
(t, C-2′), 51.2 (t, C-1′, 1JWC ) 118.0 Hz), 58.8 (s, C-4′), 69.4 (d,
C-3′), 107.4 (d, C-4), 107.8 (2d, C-4), 144.1 (s, C-3), 144.2 (s,
C-3), 147.2 (s, C-3), 153.1 (s, C-5), 153.3 (s, C-5), 153.4 (s, C-5);
MS (70 eV), m/z (%): 612 (3) [M+], 513 (100) [M+ - C6H11O],
418 (14) [M+ - C6H11O - pz*], 96 (25) [pz*H+], 95 (23) [pz*+],
41 (15) [C2H3N+]. Anal. Calcd for C21H33BN6O3W (612.2): C,
41.20; H, 5.43; N, 13.73. Found: C, 40.89; H, 5.47; N, 13.45.
Epoxidation of Methallyl Complex 2c with DMD:

Dioxo[hydridotris(3,5-dimethyl-1-pyrazolyl)borato](2-
methyl-2,3-oxiranylpropyl)tungsten(VI) (10c). According
to the general procedure B, from 101 mg (0.178 mmol) of the
methallyl complex 2c and 2.80 mL of a 0.0706 M solution of
DMD (0.198 mmol) was isolated after a reaction time of 45
min 104 mg (100%) of the epoxide 10c, which decomposed on
filtration over florisil with diethyl ether as solvent. IR (KBr):
2940 (νC-H), 2900 (νC-H), 2520 (νB-H), 1530 (νCdN), 1420, 1400,
1370, 1350, 1200, 1065, 1035, 950 (νWdO), 905 (νWdO), 855, 810,
640 cm-1; 1H NMR (200 MHz, CDCl3): δ 1.47 (s, 3H, 4′-H),
2.03-2.40 (m, 2H, 1′-H), 2.35 (s, 6H, 5-CH3), 2.35 (s, 3H,
5-CH3), 2.53 (s, 3H, 3-CH3), 2.68 (s, 6H, 3-CH3), 3.55 (d, J )
10.9 Hz, 1H, 3′-H), 3.64 (d, J ) 10.9 Hz, 1H, 3′-H), 5.90 (s,
3H, 4-H); 13C NMR (50 MHz, CDCl3): δ 12.4 (2q, 5-CH3), 12.6
(q, 5-CH3), 14.9 (q, 3-CH3), 15.0 (q, 3-CH3), 15.4 (q, 3-CH3),
27.4 (q, C-4′), 67.5 (t, C-1′, 1JWC ) 117.8 Hz), 73.4 (t, C-3′),
74.0 (s, C-2′), 107.4 (d, C-4), 108.0 (d, C-4), 108.1 (d, C-4), 144.4
(s, C-3), 144.5 (s, C-3), 147.4 (s, C-3), 153.1 (s, C-5), 153.3 (s,
C-5), 153.4 (s, C-5); MS (70 eV), m/z (%): 584 (7) [M+], 513
(100) [M+ - C4H7O], 418 (42) [M+ - C4H7O - pz*], 96 (62)
[pz*H+], 95 (56) [pz*+], 41 (27) [C2H3N+]. Anal. Calcd for
C19H29BN6O3W (584.1): C, 39.07; H, 5.00; N, 14.39. Found:
C, 38.91; H, 5.15; N, 14.05.
Epoxidation of Vinyl Complex 2e with mCPBA: Di-

oxo[hydridotris(3,5-dimethyl-1-pyrazolyl)borato](2-meth-
yl-1,2-oxiranylpropyl)tungsten(VI) (10e). To a suspension
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of 54.0 mg (0.095 mmol) of the vinyl complex 2e and 33.0 mg
of sodium hydrogen carbonate (as buffer) in dichloromethane
(15 mL) was added at room temperature (ca. 20 °C) within
1.5 h 49.0 mg (0.285 mmol) of mCPBA as solution in dichlo-
romethane (10 mL). After stirring for additional 18.5 h
(negative peroxide test with KI in HOAc), the reaction mixture
was washed in sequence with a saturated solution of sodium
hydrogen carbonate, water and a saturated solution of sodium
hydrogen carbonate (each 15 mL). After drying over MgSO4

and evaporation of the solvent (20 °C/20 Torr), the crude
product was worked up by column chromatography on silica
gel with diethyl ether/petroleum ether (2:1) as eluent. Besides
19.0 mg (35%) of the starting material, 20.0 mg (56%) of the
epoxide 10e was isolated as colorless powder. The conversion
was 65%, the mass balance 71%. The use of flash chroma-
tography on silica gel was not favorable since the product
showed a tendency to hydrolyze on the column. Rf [diethyl
ether/petroleum ether (2:1)] ) 0.33; IR (KBr): 2940 (νC-H),
2900 (νC-H), 2530 (νB-H), 1530 (νCdN), 1440, 1405, 1375, 1355,
1200, 1065, 1040, 950 (νWdO), 910 (νWdO), 855, 805, 640 cm-1;
1H NMR (200 MHz, CDCl3): δ 1.40 (s, 3H, 3′-H or 4′-H), 1.78
(s, 3H, 3′-H or 4′-H), 2.37 (s, 3H, 5-CH3), 2.39 (s, 6H, 5-CH3),
2.51 (s, 6H, 3-CH3), 2.89 (s, 3H, 3-CH3), 3.81 (s,1H, 1′-H, 2JWH

) 11.0 Hz), 5.89 (s, 1H, 4-H), 5.90 (s, 2H, 4-H); 13C NMR (50
MHz, CDCl3): δ 12.5 (2q, 5-CH3), 12.7 (q, 5-CH3), 14.0 (q,
3-CH3), 14.6 (q, 3-CH3), 15.6 (q, 3-CH3), 25.2 (q, C-3′or C-4′),
26.3 (q, C-3′or C-4′), 61.0 (s, C-2′), 100.1 (d, C-1′, 1JWC ) 119.4
Hz), 107.6 (d, C-4), 107.7 (d, C-4), 107.9 (d, C-4), 144.4 (s, C-3),
144.6 (s, C-3), 147.6 (s, C-3), 152.9 (s, C-5), 153.8 (s, C-5), 155.8
(s, C-5); MS (70 eV), m/z (%): 584 (20) [M+], 513 (100) [M+ -
C4H7O], 418 (1) [M+ - C4H7O - pz*], 95 (13) [pz*+], 69 (27)
[C4H5O+], 41 (27) [C2H3N+]. Anal. Calcd for C19H29BN6O3W
(584.1): C, 39.07; H, 5.00; N, 14.39. Found: C, 39.11; H, 5.11;
N, 14.22.
General Procedure C for the Oxyfunctionalization

with TFD. To the tungsten complex dissolved in dichlo-
romethane (50 mL) was added at once at 0 °C under an oxygen
gas atmosphere under vigorous stirring a solution of TFD in
trifluoroacetone. The reaction mixture became instantly light
yellow and the peroxide test (KI in HOAc) was negative within
a few seconds. After evaporation of the solvent (20 °C/20 Torr),
the crude product was purified by flash chromatography on
silica gel with diethyl ether/petroleum ether (2:1) as eluent.
Reaction of Homoallyl Complex 2a with TFD: Ep-

oxide 10a. According to the general procedure C, from 15.0
mg (0.025 mmol) of the homoallyl complex 2a and 0.11 mL of
a 0.24 M solution of TFD (0.026 mmol) the epoxide 10a was
obtained in a yield of 83%. The conversion was 85% and the
mass balance 86%.
Reaction of Vinyl Complex 2e with TFD: Bis(3,5-

dimethyl-1-pyrazolyl)borato]dioxo[hydrido(3,5-dimethyl-
4-hydroxy-1-pyrazolyl)(2-methyl-1-propenyl)tungsten-
(VI) (11e). According to the general procedure C, from 31.0

mg (0.055 mmol) of the vinyl complex 2e and 0.13 mL of a
0.35 M solution of TFD (0.046 mmol) were isolated on flash
chromatography 14.0 mg (45%) of the starting material and
12.0 mg (70%) of the hydroxy compound 11e. The conversion
was 55%, the mass balance 84%. Rf [diethyl ether/petroleum
ether (2:1)] ) 0.21; IR (KBr): 3240 (νO-H), 2940 (νC-H), 2900
(νC-H), 2520 (νB-H), 1570, 1525 (νCdN), 1430, 1400, 1360, 1250,
1200, 1060, 940 (νWdO), 890 (νWdO), 780, 725, 680, 630 cm-1;
1H NMR (200 MHz, CDCl3): δ 1.80 (d, J ) 1.1 Hz, 3H, 4′-H),
2.10 (s, 3H, 3′-H), 2.32 (s, 3H, 5-CH3), 2.36 (s, 9H, 3-CH3,
5-CH3), 2.48 (s, 3H, 3-CH3), 2.66 (s, 3H, 3-CH3), 5.82 (s, 1H,
4-H), 5.90 (s, 1H, 4-H), 6.36 (br s, 1H, 1′-H); 13C NMR (150
MHz, CDCl3): δ 9.3 (q, 5-CH3), 10.9 (q, 5-CH3), 12.4 (q, 5-CH3),
12.6 (q, 3-CH3), 14.5 (q, 3-CH3), 15.6 (q, 3-CH3), 27.5 (q, C-3′),
30.0 (q, C-4′), 107.3 (d, C-4), 107.5 (d, C-4), 131.7 (s, C-4), 136.2
(s, C-3), 141.9 (s, C-3), 143.8 (s, C-3), 146.9 (s, C-5), 152.3 (s,
C-2′), 153.3 (s, C-5), 153.8 (s, C-5), 167.9 (d, C-1′, 1JWC ) 146.5
Hz); MS (70 eV), m/z (%): 584 (1) [M+], 418 (1) [M+ - C4H7 -
pz*O], 111 (31) [pz*O+], 96 (19) [pz*H+], 95 (45) [pz*+], 69 (45)
[C4H5O+], 57 (100) [C3H8N+, C3H6O+], 41 (28) [C2H3N+]. Anal.
Calcd for C19H29BN6O3W (584.1): C, 39.07; H, 5.00; N, 14.39.
Found: C, 38.81; H, 5.21; N, 13.95.
Reaction of Methyl Complex 2f with TFD: Bis(3,5-

dimethyl-1-pyrazolyl)borato]dioxo[hydrido(3,5-dimethyl-
4-hydroxy-1-pyrazolyl)methyltungsten(VI) (11f). Accord-
ing to the general procedure C, from 50.0 mg (0.095 mmol) of
the methyl complex 2f and 0.29 mL of a 0.32 M solution of
TFD (0.093 mmol) were isolated on flash chromatography 34.0
mg (68%) of the starting material and 11.0 mg (65%) of the
hydroxylated product 11f. The conversion was 32%, the mass
balance 88%. Rf [diethyl ether/petroleum ether (2:1)] ) 0.21;
IR (KBr): 3480 (νO-H), 2940 (νC-H), 2900 (νC-H), 2520 (νB-H),
1530 (νCdN), 1430, 1350, 1250, 1200, 1065, 945 (νWdO), 900
(νWdO), 800 cm-1; 1H NMR (600 MHz, CDCl3): δ 1.19 (s, 3H,
1′-H, 2JWH ) 9.8 Hz), 2.32 (s, 3H, 5-CH3), 2.34 (s, 3H, 5-CH3),
2.36 (s, 3H, 5-CH3), 2.61 (s, 3H, 3-CH3), 2.62 (s, 3H, 3-CH3),
2.68 (s, 3H, 3-CH3), 4.60 (br s, 1H, BH), 5.86 (s, 1H, 4-H), 5.88
(s, 1H, 4-H); 13C NMR (150 MHz, CDCl3): δ 9.3 (q, 5-CH3),
11.2 (q, 5-CH3), 12.4 (q, 5-CH3), 12.6 (q, 3-CH3), 14.1 (q, 3-CH3),
14.6 (q, 3-CH3), 29.7 (q, C-1′, 1JWC ) 101.8 Hz), 107.5 (d, C-4),
107.7 (d, C-4), 131.6 (s, C-4), 136.5 (s, C-3), 141.6 (s, C-3), 143.9
(s, C-3), 147.1 (s, C-5), 153.2 (s, C-5), 153.7 (s, C-5); MS (70
eV), m/z (%): 544 (6) [M+], 529 (100) [M+ - CH3], 433 (9) [M+

- pz*O], 419 (84) [M+ - CH2 - pz*O], 95 (6) [pz*+]. Anal.
Calcd for C16H25BN6O3W (544.1): C, 35.32; H, 4.63; N, 15.45.
Found: C, 35.00; H, 4.16; N, 15.50.
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