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Abstract

t-Butyl hydroperoxide (TBHP) oxidizes olefins to epoxides and allylic oxidation products in the presence of a Cr(VI)
catalyst. A concurrent decomposition of the oxidant occurs. Pyridine-derived additives ater the behavior of this catalytic
system: monodentate pyridines and trans-chelated bidentate bipyridines retard the decomposition of TBHP, and arrest the
epoxidation reaction, shifting the product selectivity towards alylic oxidation. Adversely, cis-chelated bipyridines accelerate
the decomposition of TBHP. Depending on ligand nature and concentration, the initial decomposition rate can be slowed
down to 1/8th, or accelerated up to two orders of magnitude, (relative to CrO; catalysis). The allylic oxidation and the
TBHP decomposition are free-radical reactions, but the epoxidation is evidently not. A reaction mechanism is proposed,
where the diverse role of the pyridine ligands is attributed to specific complex formations. © 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Alkyl hydroperoxides are useful reagents both
as oxidants for catalytic processes, and as radi-
ca-chain initiators in catalytic autooxidations
and polymerization processes. The advantages
of TBHP over H,0, and peroxyacetic acid as
an oxygen transfer agent have received consid-
erable attention in the last two decades [1].
Furthermore, Muzart et al. envisaged TBHP-
CrO, complexes as the key intermediates in the
oxidation of alylic, benzylic alcohols and acti-
vated methylenes, and the decomposition of

* Corresponding author. E-mail ysasson@vmes.huji.ac.il

TBHP in the presence of transition metal oxides
was noted [2].

The prevalent practice, especiadly for Cr-
catalyzed oxidations, is the use of an excess of
4:1 and higher equivalent ratios of TBHP:Sub-
strate [3,4]. Pyridine, and substituted pyridine
additives have been applied in Cr oxidations,
usually in stoichiometric amounts, but their role
is still unclear [5-7]. The use of large, rigid
enveloping structures such as Salen ligands was
thoroughly investigated by Srinivasan, Perrier,
and Kochi, who deduced mechanistic differ-
ences between the epoxidation and the alylic
oxidation reactions [8].

The catalytic decomposition of alkyl hydro-
peroxides has been investigated in numerous
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Table 1

Pyridine effects on hydroperoxide decomposition

Entry  Hydro-peroxide  Catalyst Pyridine effect
1 ethylbenzene- Ru(l1? acceleration
2 cumyl- Co(ll)® retardation
3 cyclohexyl- Mn(l11)¢ acceleration
4 cumyl- Fe(I4 retardation
5 cumyl- Ir(1)® inhibition

6 t-butyl- Rh(I)® inhibition

7 benzyl- cu(ll), cu()f  acceleration
8 t-butyl- Cr(v1)9 retardation

3Ref. [10]. °Ref. [11]. °Ref. [12]. “Ref. [13]. °Ref. [14]. 'Ref. [15].
9This work.

environments, being one of the well established
routes considered for the formation of acohols
and carbonyl groups by the autooxidation of
alkanes and akenes [9]. It has been observed
that basic ligands, and particularly pyridine
derivatives, affect catalytic oxidations with hy-
droperoxides. However, pyridine co-cataysts
exhibit disparate effects on hydroperoxide de-
composition, depending on the catalytic system
(Table 1). This diversity makes extrapolations
to other cataytic systems doubtful.

Herein we examine and quantify the retarda-
tion and acceleration effects of pyridine co-
catalysts on TBHP decomposition, and we show
that pyridines affect a change of selectivity in
Cr-catalyzed oxidations of olefins by TBHP.

2. Results and discussion
2.1. CrO,-catalyzed decomposition of TBHP

We have observed that TBHP, while ther-
mally stable at room temperature in a metal-free
diluted CH ,Cl , solution, decomposed rapidly in
the presence of 1 mol% CrO; at 22°C (Eq. (1)).
The formation of t-BuOH accounted for ca.
90% of the substrate, with di-t-butyl peroxide
being the minor product [16,17].

Cro,1%
2TBHP -
CH,Cl,,Ar,22°C4h

+ (t-BuOOt — Bu) (1)

mi nor product

2t-BUOH + O,

The CrO,-catalyzed decomposition of TBHP
to t-BuOO" and t-BuO’ free radicals can be
rationalized (Egs. (2)—(4)) according to the
Haber—Weiss mechanism:

O\E/OH
O// '\O/oz-su (2)

TBHP + CrOgaq) =——=

o v ,O-H o o
N c/ \\"/ .
Q Ot-Bu Cr + tBuoO" +H 3
O// \C,O/ o// ( )
O\E\V‘/o- + ooty

CrOgaq) + OH + t+BuO’

(4)

The reaction can then proceed via Egs. (5) and

(6):
t-BuO "+ t-BUOOH — t-BUOOH + t-BuOO*

(5)
2t-BuOO - 2t-BuOH + O, (6)

This decomposition was retarded by the pres-
ence of catalytic amounts (1-10%) of pyridine
additives, viz. pyridine 1a, quinoline 2, 3-pico-
line 1b, 3,5-lutidine 1c, 2,6-lutidine 1d, and
1,2-bis(2-pyridyl)ethylene 3. Surprisingly, this
decomposition was strongly accelerated by the
presence of catalytic amounts (1-2%) of 2,2-
bipyridine 4 or 1,10-phenanthroline 5. Fig. 1
shows the reaction profiles of CrO,-catalyzed
TBHP decomposition with monodentate pyri-
dine co-catalysts.

Deriving a rate expression for the decomposi-
tion reaction is problematic, due to the partici-
pation of t-BuOO™ and t-BuO" radicals both in
the catalytic cycles and in the classical free-
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Fig. 1. Decomposition of TBHP at 22°C. Conditions: 20 mmol
TBHP (70% ag), 10 ml CH,Cl,, (& no catayst. (b) 1 mol%
CrO3, 10 mol% 1d. (c) 1% CrOj, 10% 1a. (d) 1% CrOj, 10% 2.
(e) 1% CrO,.

radical decomposition of TBHP. Therefore, we
used the initial decomposition rate as a compari-
son parameter (see Table 2).

Ra~, - Re =
| < |
Ry N TRy N
1a: Ry,Rp,Rg,Ra=H 2

1b: Ry,Ra,R4=H; Ro=Me

1c: Ry,Ry=H; Rp,Rg=Me
1d: Rp,Rg=H; Ry,Rs=Me

7\ N
=N l/N
|

Z N
7N\ g
3 4

A dignificant difference was observed when
pyridines substituted with positive inductive
groups were employed: the retardation was
found to correlate with the relative strength of
theinductive effect, i.e., 1d > 1b = 1c > la> 2.

Table 2
Initial TBHP decomposition rates

Entry Co-catalyst (mol%) Initial rate® relative rate+ 0.05°

1 3(1%) -0.04 0.12
2 1d (2%) -0.13 0.38
3 1c (2%) —-0.17 0.50
4 1b (2%) —-0.20 0.58
5 1a (2%) —-0.22 0.65
6 none (control) -0.34 1.00
7 1a (1%) —0.36 1.05
8 4 (1%) —-245 72.00
9 5(1%) —-25.0 73.50

onditions: 20 mmol TBHP (70% aq), 10 ml CH,Cl,, 22°C.
b . . .
%r2 > 0.98. "Relative rate = i.r.q /i control-

Another interesting phenomenon is the effect
of the molar ratio of 1d:CrO, on the decomposi-
tion of TBHP. Fig. 2 shows that little retarda-
tion was observed for ratios under 2:1.

'H NMR and UV-Vis spectroscopic mea-
surements were used to monitor the various
chromium species present in this redox system.
Although CrO, readily dissolves in water, form-

100 %
Q'Xo\-v-\r_

mol% TBHP remaining

0 120 240 360 480
time (min)

Fig. 2. Effect of 1d:CrO; ratio. Conditions: 20 mmol TBHP (70%
ag), 10 ml CH,Cl,, 22°C. (a) 10:1. (b) 5:1. (¢) 2:1. (d) 1:1. (e)
0.5:1. (f) 0:1 (blank).
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ing a yellow solution (maxima at 350 and 257
nm), it does not dissolve in CH,Cl,. However,
when 1 mol% CrO, was added to a mixture of
70% TBHPin CH ,Cl,, the organic phase turned
dark red (maxima at 473 and 255 nm), and the
aqueous phase became clear. This indicates an
extraction of CrO; into CH,Cl, by TBHP. CrO,
can also be extracted into CH,Cl, by various
pyridines (Table 3). The addition of la to a dry
solution of TBHP/CrO; in CH,Cl , shifted A,
from 473 nm to 355 nm.

Comparison of the "H NMR spectra of neat
TBHPin CDCl, and 1:1 TBHP:CrO; in CDCl ,,
showed a 0.1 ppm downfield shift of the singlet
(9H) corresponding to the t-Bu group when
CrO, was present. This finding correlates with
the findings of Mimoun et a. [18] for TBHP-M
complexes. Furthermore, a 2.2 ppm upfield shift
of the singlet (1H) signal was observed, sug-
gesting the formation of a metalic hydroxide
derivative. The pH of a mixture of 70%
TBHP/30% water /1% CrO3 was between 1
and 2. This pertains to a large fraction of
chromic acid, H,CrQO,, with negligible amounts
of Cr,0;2 and HCrO; [19].

The addition of 1-10% of 2,6-di-t-butyl-4-
methylphenol (BHT) to the TBHP/1% CrO,
mixture also inhibited the decomposition of
TBHP, suggesting the presence of free-radical
intermediates in the catalytic cycle.

When co-catalysts 1la—d were used, the or-
ganic phase cleared after 12 h and the aqueous
phase turned a blue—green color (maxima at 572
and 251 nm). Such a ‘light-green solution’ has
been previoudly reported as the ‘dead catalyst’
in the CrO;/TBHP benzylic oxidation systems
[20]. We have isolated and crystallized from this
agueous solution a green compound which was

Table 3
Absorption maxima for CrO; /pyr solutions in dry CH,Cl,

Entry Pyr [CrOz](mM) [Pyr]l(mM) A, (hm) A, (hm)

1 b 232 4.66 241 363
2 lc 200 3.99 248 355
3 d 232 4.64 243 367

K4

pyr + CrOs(aq) Cr(O3)(py")(org)

Kz

pyr + Cr(Oz)(pyn(org) Cr(Og)(py")2(org)

Ks
TBHP + CrOgaq) =—=

O\z I'/OH ]
O/ \O/Ot-Bu (org)
0\2 |'/OH

O/ \O/OI-BLI

pyr + Cr(Og)(pyr)(org) + TBHP

Scheme 1.

proven to be [Cr'"'(H,0),Cl,]Cl - 2H,0 by XR
diffraction. Further study of this solvent effect
IS in progress.

As proposed in Scheme 1, the TBHP/
CrO,/Pyridine system involves at least four
chemical equilibria, in which the Cr(VI1)—oxo
complex is the catalyst for the irreversible de-
composition of the TBHP to tert-butanol and
dioxygen, as was claimed elsewhere ([21]; see
also Refs. [5—7]). We suggest that double liga-
tion occurs when the pyridine:CrO; ratio is 2:1
or higher, atering the Lewis acidity of the
complex. The trans(la—d),Cr(=0),(—OH),
complexes do not catalyze the decomposition,
and therefore the rate dows down, depending
on the relative strengths of K, and K ,. *

Our opinion is that complex formation ex-
plains the above observations better than the
formation of a pyridinium dichromate (PDC)
salt, for PDC is reported to be sparingly soluble
in CH,Cl, [23]. Indeed, UV —Vis measurements
show that CrO,;/pyr species are soluble in
CH,Cl,. Moreover, a CrOz-diamine complex
has already been envisaged by N’dit Ajjou et al.
[24].

! We considered the possible effect that the pyridine...HOOR
hydrogen bond could have in our system [22]. Indeed, pyridine
does form a strong hydrogen bond with TBHP, detectable by H
NMR (100% of the peroxidic hydrogen is shifted downfield from
7.3 ppm to 9.6 ppm in a 1:1 molar solution of TBHP and pyridine
in CDCl;). However, 2 mol% of pyridine cannot bond to more
than 2% of the TBHP, so this factor was dismissed.
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The acceleration effect of 4 and 5 was dis-
covered by accident: reasoning that a 2:1 molec-
ular ratio of pyridine:CrO, was needed to effi-
ciently retard the TBHP decomposition, we pre-
sumed that 4, being a bidentate ligand, would be
an efficient retardant even in a 1:1 molecular
ratio. We were intrigued upon finding that the
opposite occurred, namely that 4 accelerated the
reaction. Similar acceleration was observed
when using 5, indicating that the free-rotation of
the pyridine rings was not a crucia factor.
Appropriate blank reactions showed that 4 and 5
did not catalyze the decomposition in the ab-
sence of CrO,.

We consequently hypothesized, that the 4-co-
ordinated chromium atom in H,CrO,, changes
to a 6-coordinated complex upon the addition of
2 equivalents of pyridine. For steric reasons, the
pyridine ligands would favor the trans configu-
ration. However, when compounds 4 and 5 were
used, in which the distance between the two
donor nitrogens was not sufficient to allow the
formation of a stable trans-chelate, a cis-chelate
was formed. This combination proved to be
much more active than CrO,. 2 Using semi-em-
pirical caculations, we determined that insert-
ing two extra carbon atoms between the two
pyridine rings (as in compound 3) should suf-
fice to enable a stable trans configuration of the
bipyridine—chromium chelate. Verily, 3 was
found to be a formidable retardant even at a 1:1
molecular ratio of 3 to CrO;. Experimental
results for bidentate ligands are shown in Fig. 3.

We maintain that the above effects are the
result of pyridine coordination to the Chromium
atom rather than a change in the basicity of the
reaction medium. If the pyridine was acting
only as a buffer, without coordination to the Cr,
then bipyridines such as 3 and 4 would be
expected to retard the decomposition.

The above system is a complex one, contain-
ing both a catalytic cycle and a free-radica

2 In several cases, cis chelates based on 4 and 5 were reported
to have strong catalytic effects [25,26].
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Fig. 3. TBHP decomposition with bipyridines. Conditions: 20
mmol TBHP (70% aq), 10 ml CH,Cl,, 22°C, 1 mol% CrO,. (&) 1
mol% 3. (b) 1 mol% 4. (c) 1 mol% 5.

propagation step. These can be separately af-
fected: addition of catalytic amounts of pyridines
to the reaction mixture will prevent the forma
tion of the TBHP-CrO, complex, thus retarding
the catalytic cycle. Nevertheless, addition of
catalytic amounts of a freeradical scavenger
such as BHT to the reaction mixture will inhibit
the free-radical propagation step. These two ap-
proaches were utilized by us to determine the
role played by the various oxidative species in
the CrO,-catalyzed TBHP oxidation of olefins.

2.2. CrOg4-catalyzed oxidations of olefins by
TBHP

The classic oxidation of olefinic substrates
containing alylic hydrogens is thought to fol-
low two possible pathways: Allylic oxidation
(ene reaction), and direct attack on the double
bond (1,2 addition) [8]. When using oxygen-



258 G. Rothenberg et al. / Journal of Molecular Catalysis A: Chemical 136 (1998) 253—-262

transfer reagents, such as TBHP or PhlO, the
metal can serve as arelay for the transfer of the
oxygen atom from the hydroperoxide to the
olefin via an oxometal intermediate [27,28].

The dismutation of TBHP in the presence of
transition-metal catalysts to produce t-BuOH
and O, has been documented ([29]; see also p.
38 of Ref. [9]). We have observed that the
oxygenation can be carried out both by O, and
by the peroxo-oxygen atom in the TBHP
molecule. Therefore, in order to make signifi-
cant comparisons when employing TBHP as an
oxidant, an inert Ar atmosphere was used.

In atypical experiment, molar equivalents of
cyclohexene 6 and 70% ag. TBHP were stirred
in 1-Chloronaphthalene under Ar for 4 h at
22°C, in the presence of 1-5 mol% of CrO,
(Eg. (7). Blank reactions showed that the sol-
vent and the interna standard (naphthalene)
were inactive at 22°C [30]. The main products
were cyclohexene oxide 7 and 2-cyclohexene-1-
one 8, together with 2-5% of cyclohexenyl
dimer and traces of 2-cyclohexene-1-ol.

(o]
CrO3
+TBHP ———————~ o +
Ar, 22°C 4h
7 8

6

(7

conversion 42% 19% selectivity 75%

As we have shown above, the free-radical
decomposition of TBHP can be inhibited by the
addition of a phenolic radical scavenger such as
BHT [31], while addition of a pyridine deriva-
tive can tamper with the catalytic cycle. Per-
forming the oxidation reaction in the presence
of a catalytic amount of BHT showed a signifi-
cant (2-5 h) induction period for the formation
of 8 (Fig. 4) while no induction period was
observed for the formation of 7. Indeed, cat-
alytic amounts of BHT increased the overall
yield of 7 (Fig. 5).

Further proof of the non-radical nature of the
epoxidation reaction was abtained through the
epoxidation of (Z)-stilbene (Eg. (8)). We have
found that under the reaction conditions, the

0.40 -

0.30

0.20

Ketone yield, mmoles (+0.01mmol)
=]
o

0.00

0 5 10 15 20

time (hours)

Fig. 4. BHT effect on 8 yields. Conditions: 1.00 mmol 6, 1.00
mmol TBHP, 0.025 mmol CrO;, Ar atmosphere, 4 gr 1-Chloro-
naphthalene, 22°C. (a) no BHT. (b) 5 mol% BHT. (c) 10 mol%
BHT.

configuration of the substrate was retained in
the epoxide. Thus, (Z)-stilbene afforded only
(Z2)-stilbene oxide, whereas in a free-radical
reaction some (E) epoxide would be expected.
This result differs from the report of Muzart et
al., but their experimental conditions were dif-
ferent from the present work [32].

CrO3
¥ = pp +TBHP
Ph Ph Ar, 22°C 1h

o)
PhAPh + tBuOH (8)

When the reaction was performed in the pres-
ence of catalytic amounts of 1d, two effects
were observed: the epoxidation and the alylic
oxidation reactions were slower, but, while the
yield of the ketone 8 was largely unaffected by
the presence of 1d, the yield of the epoxide 7
was significantly lower compared to the control
reaction containing no 1d. This phenomenon
was particularly distinct (Fig. 6) when the
1d:CrO, ratio was 2:1 or higher. These findings
agree with the observations of Agarwal et a.,
who used a pyridine:CrO, ratio of 60:1 in the
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Fig. 5. BHT effect on 7 yields. Conditions: 1.00 mmol 6, 1.00
mmol TBHP, 0.025 mmol CrO;, Ar atmosphere, 4 gr 1-Chloro-
naphthalene, 22°C. (a) no BHT. (b) 5 mol% BHT. (c) 10 mol%
BHT.

oxidation of cyclohexene, abeit under different
reaction conditions [30].

We therefore propose that when employing
TBHP as the oxidant, the catalytic epoxidation
and allylic oxidation reactions follow different
paths. The allylic oxidation follows a free-radi-
cal pathway, while the epoxidation is an oxy-
gen-transfer reaction. The epoxidation reaction
could occur via the activation of the peroxidic
oxygens (Eq. (9)). 2 For efficient catalysis along
this path, proposed by Sheldon in 1973 [21], the
metal center would have to be both a strong
Lewis acid and a weak oxidant. Indeed, CrO;,
being a strong Lewis acid, is not an efficient
epoxidation catalyst in this system because it is
a strong oxidant and therefore catalyzes the
decomposition of the TBHP. In this case, the

® The fact that both the epoxidation of 6 and the decomposition
of TBHP can be retarded by trans complexation of two pyridines
to the chromium atom, can also be explained if the epoxide forms
via the metallocyclic Sharpless intermediate, with the CrO; analo-
gous to chromyl chloride[33]. Such organometallic bonding would
be less likely to form with the pyridine-bonded complex, where
the ligands would cause a steric interference.

suggested ligand exchange from TBHP to pyri-
dine would suffice to arrest the epoxidation.

o. OrH
]
JRuS Ofor-Bu
(&~ 7 4 G0y + tBuOH (9

6 + TBHP-CrO3
complex

The alylic hydrogen, on the other hand, can
be abstracted by either the t-BuO™ or the t-
BuOO" free radicals (Egs. 10 and 11) that are
formed in the decomposition of TBHP.

tBuO- + 6 — O + t-BuOH

(10)

9

tBuOO* + 6 —— 9 + TBHP (11)

The resultant cyclohexenyl radical 9 can
react with O, (Eq. 12) or, as was recently
reported by Bravo et al., with the t-BuOO"

__0.10
©
£
5 0.08
% hd e b
5 0.06
o
£
o 0.04 . .
o - ‘;
<, o
O
g 0.02
X
1)
a
i
0.0o ||:I L1 : L1 l:

time (hours)

Fig. 6. Effect of 1d:CrO; ratio on 7 yields. Conditions: 1.00 mmol
6, 1.00 mmol TBHP, 0.025 mmol CrOg, Ar atmosphere, 4 gr
1-Chloronaphthalene, 22°C. (a) 0 (no 1d). (b) 1:1. (c) 2.65:1. (d)
5:1.
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(Eg. 13) to form the hydroperoxide 10, or a
mixed peroxide 11, respectively [34].

(e]e] OOH

0= 0 (@

9 + O

OOt-Bu
t+BuOO +9 ——

(13)

It is possible that the mixed peroxide would
form preferentially when using copper catalysts,
as was shown recently by us in the case of
benzylic oxidations with TBHP [35]. As 11 was
not detected in our system, we propose that Eq.
12 predominates in the presence of CrO,, where
10 is oxidized to 8.

3. Conclusion

The nature and the orientation of the ligands
surrounding the chromium atom play avital part
in the Cr-catalyzed oxidation of olefins by
TBHP. The epoxidation reaction is dependent
on the formation of a TBHP-CrO; complex.
Conversely, alylic oxidation, a free-radical pro-
cess, occurs aso in the absence of such a
complex. The immediate environment of the
chromium atom also influences the rate of the
decomposition of TBHP. Retardation of this
decomposition can be achieved by blocking ei-
ther the catalytic cycle or the free-radical forma
tion. We suggest that pyridine derivatives coor-
dinate to the chromium catalyst, arrest the cat-
aytic cycle, and simultaneously lower of the
yield of the epoxide. Thus, when employing
certain pyridines as co-catalysts, the oxygena
tion can be shifted from epoxidation towards
alylic oxidation.

4. Experimental section
4.1. General

All of the solvents and the reagents were
obtained from commercia sources and were
used without further purification. *H NMR
spectra were measured on a Bruker 300 MHz
instrument. & shift values are reported in ppm
relative to TMS. GC analysis was performed on
an HP-5890 series Il gas chromatograph with a
95%-dimethyl—5%-diphenyl packed column and
aFID. GCMS analysis was performed on an HP
G1800B gas chromatograph with a similar col-
umn and an EID.

4.2. Caution!

Although relatively safe to work with, TBHP,
like amost all substances containing peroxidic
bonds, has to be handled cautiously. Container
should be kept at 10-20°C, to avoid layer sepa-
ration. Concentrations above 95% purity should
be avoided. Strong acids should not be added to
high-strength TBHP solutions. Extreme care
should be taken when adding metal catalysts
(we have had a minor explosion when adding
RuCl; to a 70% TBHP soln). It is safer to add
TBHP to CrO, than vice versa. Small-scale
reactions are preferable.

4.2.1. General procedure for decomposition of
TBHP

A mixture of 20 mg (0.2 mmol) of powdered
CrO, and appropriate molar amounts of amine
(e.g., 158 mg pyridine for 2 mmol) in 10 ml
CH,CI, was dtirred at 25°C for 1 min, after
which 2.54 g (20 mmol) of 70% aqueous TBHP
were added. Peroxide content was monitored by
iodometric titration [36].

4.2.2. General procedure for oxidation of cyclo-
hexene

A solution of 0.0821 g (1 mmol) of 6, 0.1287
g (1 mmal) of 70% TBHP, 0.0025 g (0.025
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mmol) of CrO,, and 0.05 gr of naphthalene
(internal standard) in 4 g of 1-Chloronaph-
thalene was stirred under Ar at 22°C for 4 h.
The inorganic matter was filtered on silica and
the filtrate was analyzed by GC and GCMS to
obtain 0.52 mmol of 6, 0.08 mmol of 7, and
0.35 mmol of 8. GC/GCMS conditions. 40°C
for 6 min, 20°C/min slope, 80°C for 5 min,
20°C/min slope, 240°C for 1 min. Typical re-
tention times (min): 6 4.93; 7 9.46; 8 12.03;
2-cyclohexene-1-ol 10.74; naphthalene 12.64;
cyclohexenyl dimer 19.77. Retention times and
MS analysis were identical to commercial sam-
ples.

4.2.3. Oxidation of stilbenes

A solution of 0.1802 g (1 mmol) of (2)-stil-
bene, 0.1287 g (1 mmol) of 70% TBHP, 0.005
g (0.05 mmol) of CrO, and 0.05 g of naphtha-
lene (internal standard) in 3 gr of benzene was
stirred under Ar at 22°C for 1 h. The inorganic
matter was filtered on silica and the filtrate was
analyzed by GC. GC conditions. 160°C for 3
min, 20°C/min slope, 240°C for 3 min. Reten-
tion times (min): naphthalene 2.77; (Z)-stilbene
5.34; (Z)-stilbene oxide 5.96. The retention time
of the (E) epoxide (obtained both by similar
oxidation of ( E)-stilbene and commercially) was
7.49 min.

4.2.4. Calculations of AH;° values for cis- and
trans-complexes

Each structure was built in SPARTAN® [37],
using standard bond lengths and angles. Geo-
metrical and energetical optimization was per-
formed with the semi-empirical engine using the
PM3 (tm) method (which supports d-functions
for transition metals). The following values
(kcal /mol) were obtained: trans-(1a),
Cr(=0),(—OH),: —178; trans(1d),Cr(=0),
(—=OH),: —149; cis3-Cr(=0),(-OH),: —86;
trans-3-Cr(=0),(—OH),: —30; cis-4-Cr(=0),
(=OH),: —184; trans-4-Cr(=0),(—OH),:
+149; cis5-Cr(=0),(—OH),: —170; trans
5-Cr(=0),(—OH),: +98.

4.2.5. Isolation of [Cr"'(H,0),Cl,]Cl - 2H,0
10.00 g of 70% TBHP was treated as in Eq.
(2). with 1.00 g CrO;. No pyridines were added.
After 12 h the phases were separated and the
agueous phase was washed (3 X 10 ml CH,Cl )
and filtered. The filtrate was left to crystallize
under reduced pressure at 5°C for 15 d. A layer
of dark-green crystals formed. The crystals were
filtered by suction a 5°C (60 mg vyield).
Single-crystal XR diffraction anaysis showed
monoclinic structures (lit. values [38]): a,=
12.053 (12.055), b,=6.835 (6.840), c,=
11.645 (11.648), and 8 = 94.160 (94.169).

426. 'H NMR measurements of TBHP and
TBHP-CrO,

1 mmol of 70% TBHP was extracted into 3
ml of CDCI ;. The organic phase was separated
and dried over MgSO,, and the "H NMR spec-
trum was recorded. Results: 1.23 ppm, 9H, s,
6.22 ppm, 1H, s. 1 mmol of CrO; was added to
the same sample, and the spectrum was immedi-
ately recorded again (the subsequent formation
of paramagnetic O, in the tube causes a severe
signa disturbance). Results: 1.33 ppm, 9H, s;
4.00 ppm, 1H, s.
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