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Abstract

The epoxidation of trans-3-methylstyrene promoted by various Ni(Il) complexes of macrocyclic ligands (cyclam and
1-5) using PhlO as a terminal oxidant has been investigated. In terms of the rate of epoxide formation, the complexes of
monocyclic ligands (cyclam, 1 and 2) are better catalysts than those of polycyclic ligands (3-5) and the cyclam complex
without pendant arms is better catalyst than those (1 and 2) with pendant arms. However, a series of the complexes show
remarkably similar reactivity in the transfer of oxygen from active high-valent intermediate to the alkene and they provide
nearly the same final yield in certain reaction conditions. Therefore, the yield of epoxide produced in a given period depends
mainly on the rate of reaction of the complex with PhlO, which is greatly affected by the ligand structure. In order to
become a better catalyst, the complex should have low Ni(I1) /Ni(I11) oxidation potential and the macrocyclic ligand should
exert less steric hindrance around the Ni(I1) center to allow easy axial approach of the oxidant. © 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Transfer of oxygen atoms to organic sub-
strates catalyzed by nonporphyrin transition
metal complexes has attracted considerable at-
tention as model systems for non-heme enzy-
matic oxidation reactions [1-12] [13—18]. Some
square-planar Ni(ll) complexes of macrocyclic
ligands such as cyclam and salen have been

* Corresponding author.

shown to act as catalysts for epoxidation of
alkenes when PhIO [10,13,16] or NaOCI
[12,14,15,17,18] was used as a termina oxidant.
Various efforts have been made to elucidate the
mechanism and that involving Ni(lll) species as
described in Scheme 1 has been proposed
[3,10,13,16], although there are still some con-
troversies over the involvement of high-valent
metal-oxo intermediates [19-22]. Little atten-
tion has been paid, however, to the relative
importance of each step of the mechanism and
to the significance of the structure of macrocy-
cle. In addition, it has been frequently reported
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that the formation of M(I11)—O-M(lIl) species
reduces the yield of epoxide [13,23,24], a-
though some controversies exist [10]. We have
synthesized various Ni(ll) complexes of multi-
aza macrocyclic ligands, both monocyclic and
polycyclic [25-29]. The Ni(ll) complexes of
polycyclic ligands such as 3-5 contain two
sub-ring moieties situated up and down with
respect to the square-coordination plane [28,29]
and the formation of (w-oxo)Ni(lll) dimer is
expected to be difficult. On the other hand, their
electrochemical oxidation to Ni(lll) state and
axial binding of solvent molecules are more
difficult compared with the complexes of the
monocyclic ligands such as cyclam, 1 and 2
[25—-29].

In this study, we have employed Ni(ll) com-
plexes of various macrocyclic ligands, cyclam
and 1-5, in the epoxidation of trans-3-methyl-
styrene using PhlO as a termina oxidant. From
the result, we could assess the structural effect
of the macrocyclic ligand and reveal the relative
importance of each step of the mechanism de-
picted in Scheme 1.
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2. Experimental
2.1. Materials

Square planar Ni(ll) complexes [Ni(cyclam)]-
(ClQ,), and [Ni(L)I(CIO,), (L =1-5) were
synthesized according to the methods reported
previously [26—30]. MeCN was purified accord-
ing to the literature [31] and deaerated by the
distillation under N, atmosphere. Nitrogen was
purified by passing it through BASF and CaCl ,
columns. PhlO was freshly prepared from
iodobenzene diacetate (Aldrich) according to
the literature [32], dried in vacuo, and stored in
a refrigerator. In order to minimize the devia
tions of the epoxide yield caused by the size of
polymeric PhlO which is insoluble in MeCN,
PhlO prepared in the same batch was used for
al experiments. Repetitive reactions with
[Ni(cyclam)(CIO,), in the same conditions
showed reproducible epoxide yields. trans--
Methylstyrene, iodobenzene diacetate, and ( +)-
(2,3-epoxypropyl)benzene were of reagent grade
and chlorobenzene was of HPLC grade. They
were purchased from Aldrich and their purity
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was checked by GC. All other chemicals were
of reagent grade and used without further purifi-
cation.

2.2. Instrumentation

Analyses of organic compounds were con-
ducted on a Hewlett-Packard 5890 Series Il gas
chromatograph which was fitted with a 30 m X
0.53 mm X 1.0 pwm cross-linked polyethylene
glycol-TPA capillary column and interfaced with
a HP3395 integrator. The column temperature
was programmed from 80 (3 min) to 100°C (15
min) at the rate of 2°C /min. Compounds were
identified by comparison of their retention times
with those of pure compounds. Chlorobenzene
was used as an internal standard for the quanti-
tative analysis of the product.

2.3. Epoxidation of alkene

Epoxidation of trans-B-methylstyrene with
PhlO as an oxidant was conducted under dry
and deoxygenated nitrogen by using Schlenk
line and Schlenk bottles. In a typical experi-
ment, an MeCN solution (5.0 cm®) containing
trans-B-methylstyrene (5.0 X 10~* mol), Ni(ll)
complex (1.0 X 10~* mol), and chlorobenzene
as an internal standard (5.0 X 10~* mol) was
maintained at 25°C. PhlO (2.0 X 10~ mol) was
added at once to the solution and the reaction
mixture was stirred at constant speed under
nitrogen for 5 h. As the reaction proceeds, PhlO
went into the solution and the color of the
suspended solution turned dark. A 50-.| aiquot
of the solution was taken out periodicaly and
diluted with MeCN (0.5 cm?®), which was fil-
tered through a disposable pipette plugged with
Al,O; (05x 1.0 cm) and analyzed by GC.
When epoxidation was examined by using re-
duced amount (1.0 X 10~* mol) of PhIO, the
same procedure as above was followed except
the longer reaction time allowed (24 h).

For the epoxidation of trans-g-methylstyrene
using NaOCl, trans-B-methylstyrene (7.7 X
10~* mol), Ni(ll) complex (2.0 X 10~°> mol),

benzyltributylammonium bromide (phase trans-
fer catalyst, 3.0 x 10~° mol), and chloroben-
zene (5.0 X 10~* mol) were mixed together in
CH,CI, (2.0 cm®). To the CH,Cl, solution was
added 0.73 M NaOCI (4.0 cm®) whose pH was
either 12—13 (intrinsic value of agueous NaOClI
solution) or 9.3 (controlled by borate buffer)
and the solution was stirred at room temperature
for 24 h.

3. Results and discussion

In the oxidation of trans-B-methylstyrene
(5.0 X 10~* mol) using Ni(Il) complex (1.0 X
10~* mol) and the terminal oxidant PhlO (2.0
X 1073 mol), the amount of epoxide and Phl
produced during the first 5 h are significantly
affected by the structure of the macrocyclic
ligand as represented in Fig. 1. In this reaction
condition, the yield of epoxide is higher for the
monaocyclic complexes of cyclam, 1 and 2 than
for the macrotricyclic complexes of 3-5. In
addition, the presence of pendant arms attached
to the bridgehead nitrogen atoms in 1 and 2
greatly reduces the final epoxide yield com-
pared with that obtained with cyclam complex.
The epoxide yields obtained in 5 h with Ni(ll)
complexes of 1 and 2 are similar, dightly de-
pendent on the type of the pendant chain. The
results are in contrast to the previous report that
Ni(ll) complex of C-substituted chiral cyclam
provided practically the same epoxide yield as
Ni(Il) cyclam complex [16]. Although acohol is
able to react with PhlO to form Phl(OR) deriva-
tives [33], no evidence was found for the pen-
dant hydroxyl group of 1 to react with PhlO. It
has been reported previously that the pendant
hydroxyl group of macrocycle does not affect
the epoxidation conducted in MeCN solution
[16]. Even if the reaction is assumed to occur,
the overall epoxidation process would not be
affected by the reaction between the hydroxyl
pendants and PhlO since PhlO is present 20
times in excess compared with the amount of
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Epoxide Yield (%)

Phl / [Ni(L)](CIO,), (mol/imol)

Time (h)

Fig. 1. Time course for the epoxidation of trans-B-methylstyrene
with PhlO promoted by [Ni(L)((CIO,),: L = cyclam (@), 1 (O),
2(m), 3(0),4(a), and5(a). (a) Yield of epoxide based on
the amount of starting alkene. (b) Catalytic activity of [Ni-
(L)I(ClO,),, which is indicated by Phl/[Ni(L)I(CIO,), (mol/
mol). Reaction conditions: Ni(ll) complex, 0.1 mmol; PhlO, 2.0
mmol; trans-B-methylstyrene, 0.5 mmol in MeCN (5.0 cm®) at
25°C.

Ni(Il) macrocyclic complex throughout the reac-
tion period.

As shown in Fig. 1, the ratio of [PhI]/[Ni"],
which indicates turnovers of Ni(ll) complex
reacting with PhlO, is 2—15 in the reaction time
of 5 h. The value indicates that the epoxidation
reaction is not stoichiometric.

When the reactions were conducted in
CH,Cl, under phase-transfer conditions using
NaOCl as a terminal oxidant, no epoxidation
occurred in 24 h either at pH = 9.3 or 12-13,
due to the insolubility of the Ni(ll) complexes
in the media.

For the epoxidation of alkenes catalyzed by
Ni(1l) macrocyclic complex, the two-stage oxy-

gen transfer mechanism as described in Scheme
1 has been generally accepted [3,10,13,16]. The
first step is described as either direct oxygen
transfer from PhlO to Ni(Il) complex [10,13,16]
or dissolution of polymeric PhlO by Ni(ll) com-
plex [3,10]. The latter seems more plausible
than the former considering the heterogeneous
nature of this step. The oxidized nickel species
reacts with alkene to produce epoxide via a
second intermediate with bound substrate in
either radical or carbocationic form. In order to
be an effective catalyst in the epoxidation, the
complex should have high catalytic activity
and/or high catalytic efficiency. The catalytic
activity correlates with the rate of deoxygena
tion of PhiO by the Ni(ll) complex, forming
high valent nickel—oxygen intermediate, and
thus can be measured by moles of Phl produced
from PhlO. The catalytic efficiency is the frac-
tion of oxygen transferred from the active oxi-
dized nickel species to the alkene and can be
indicated by the mole ratio of epoxide to Phl
[13].

Fig. 2 shows the catalytic efficiency obtained
with various Ni(ll) macrocyclic complexes. In-
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Fig. 2. Cataytic efficiencies (epoxide/Phl, mol /mol) for the
reaction of trans-B-methylstyrene with PhlO promoted by
[Ni(L)XCIO,),: L =cyclam (@), 1 (O), 2 (m), 3(0), 4 (a),
and 5 (). Reaction conditions: Ni(ll) complex, 0.1 mmol; PhlO,
2.0 mmol; trans-B-methylstyrene, 0.5 mmol in MeCN (5.0 cm®)
at 25°C.
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terestingly, all Ni(Il) complexes show nearly the
same catalytic efficiencies, values ranging from
0.08 to 0.11, athough they provide significant-
ly different epoxide yields. The low catalytic
efficiencies observed for al Ni(ll) complexes
indicate that the active oxidized catalysts signif-
icantly undergo the side reactions such as sol-
vent and ligand oxidation as well as the inacti-
vation of the catalytic intermediates [13]. The
macropolycyclic complexes [Ni(L)[(CIO,), (L
= 3-5), which contain two sub-rings located up
and down with respect to the coordination plane,
were expected to increase the epoxide yield
because of their low possibility of forming (.-
oxo)Ni(Il1) dimer due to the steric hindrance
between the sub-ring moieties. However, no
increase in the catalytic efficiency was ob-
served. The similar catalytic efficiencies exhib-
ited for al complexes imply that the complex,
which accepts oxygen faster from PhlO, results
in better epoxide yield in a given reaction time.
The results of the reaction are summarized in
Table 1. As shown in Table 1, al Ni(ll) com-
plexes show similar selectivities (epoxide
yield /akene disappeared) ranging from 32 to

Table 1

43%, and significant amount of trans-B-methyl-
styrene is converted to aldehyde. PhCHO was
detected as a byproduct (8—26%) even though
the reaction was conducted with strict exclusion
of O,. The similar selectivities for a series of
complexes indicate that the oxygen transfer from
the active high-valent nickel intermediate to
akene proceeds via the same mechanism, irre-
spective of the structure of the macrocyclic
ligand. Therefore, it is evident that the rate of
the first step in the oxygen transfer mechanism
is a crucia factor to determine the epoxide
yield. In the case of the epoxidation of cyclohe-
xene catalyzed by Fe(l11) complex (Et,;HN)Fe'"'-
(bpb) Cl, [H ,bpb = 1,2-bis(2- pyridinecarbox-
amido)-benzene], it was also suggested that the
reaction between the complex and the insoluble
PhIO polymer was the rate-determining step
[20].

In order to confirm this, epoxidation process
was followed for 24 h by using a reduced
amount of PhlO (1.0 x 10~2 mol). Fig. 3 shows
the time dependent epoxide yield for the Ni(ll)
complexes of cyclam and 1-3 under this condi-
tion. With reduced amount of PhlO, the reaction

Epoxidation of trans-B-methylstyrene using Ni(Il) macrocyclic complexes and iodosylbenzene®?

Catalyst E, ,(Ni" /Ni"")  Conversion® Epoxideyidld®  Aldehydeyield  Selectivity® Turnover numberf
(V vs. SCE) (%) (%) (%) (%)

[Ni(cyclam))(CIO,),  +0.918" 99.0° 630° 354 234> 89 186° 358% 372 177% 1.16°
[Ni(DKCIO,), +0.94" 404* 588> 130* 185" 153* 216° 3222 316° 0652 092°
[Ni(2](CIO,), +0.93"* 345%  560° 119 21.7° 157 255 345° 388" 060 1.08°
[Ni(3))(ClO,), +1.43" 21.8* 546° 80® 196° 95 220° 367% 359° 040%° 099°
[Ni(4)](CIO,), +1.50" 11.72 5.1° 9.1° 43.32 0.262
[Ni(5)1(CIO,), +1.25" 14.5° 5.72 8.12 39.42 0.292

#Reaction conditions: 0.1 mmol of nickel catalyst, 2 mmol of PhlO, 0.5 mmol of trans-B-methylstyrenein 5 cm® of MeCN at 25°C, 5 h

reaction.

PReaction conditions; 1 mmol of PhIO, the rests are same as in ‘a’, 8 h reaction.

‘Disappearance of trans-B-methylstyrene.
9Based on the amount of starting alkene.
®Epoxide yield (%) /conversion (%).
"Epoxide yield (mol) /nickel catalyst (mol).
9IMeasured in MeCN, 0.1 M (n-Bu),NCIO,.
"Ref. [34].

'"Measured in MeCN, 0.1 M (n-Bu),NPF;.
'Ref. [26].

*Ref. [27].

'Ref. [29].
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30

Epoxide Yield (%)

Time (h)

Fig. 3. Time course for the epoxidation with reduced amount of
PhlO. Reaction conditions: [Ni(L)](CIO,),, 0.1 mmol; PhiO, 1.0
mmol; trans-B-methylstyrene, 0.5 mmol in MeCN (5.0 cm®) at
25°C. L =cyclam (@), 1 (O), 2(m), 3(0O), 4(a), and 5 (a).

finished in a shorter period of time with the
reduced epoxide yield. Surprisingly, al com-
plexes show nearly the same fina yield (20—
23%) in spite of their different initia rate of
oxygen transfer. The effectiveness of Ni(ll)
complexes has been usually measured in a given
period of reaction time before the equilibrium
attained [10,13,16]. The present results indicate

that the effectiveness must be mainly attributed
to the rate of oxygen transfer from the terminal
oxidant to the Ni(ll) center.

The turnover numbers as defined by epox-
ide/Ni(ll) catalyst also depend on the reaction
conditions as well as the reaction time alowed
(Table 1). The turnover numbers in the present
study are not satisfactorily high. Similar poor
turnover numbers (1.0 or 1.2) were also re-
ported for the epoxidation of alkene catalyzed
by a Fe(lll) complex [20]. Considering that the
value of [Phl]/[Ni"] is as high as 215, the low
turnover numbers (epoxide/Ni(ll) complex)
must be caused by the poor catalytic efficiency
of the oxidized complex transferring an oxygen
atom to the alkene. As shown in Fig. 4, with
reduced amount of PhlO, al PhlO turn into Phl
in 30 h with the value of [Phl]/[Ni"]= 10 and
the sum (moles) of unreacted alkene, PhCHO,
and epoxide is amost identical to the initial
amount (moles) of alkene throughout the reac-
tion time. These indicate that all trans-3-meth-
ylstyrene reacted with oxidized catalyst turn
into epoxide and PhCHO.

Attempts to measure the rate of loss of the
initial Ni(1l) complex or to observe the high-va
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Fig. 4. Time course for the epoxidation. Phl (O), epoxide (@), PACHO (O), and unreacted trans-3-methylstyrene (m). The dotted line
represents the sum of unreacted alkene, benzaldehyde and epoxide. The reaction conditions are the same as in Fig. 3.
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lent intermediates by spectroscopic method were
unsuccessful due to the heterogeneous nature of
the reaction. In addition, trapping of the reactive
species by immediate filtration of the reaction
mixture followed by treatment with excess
MeOH was impossible since the reaction was
extremely sow. The involvement of Ni(lll) in-
termediate with the metal—oxygen bonding has
been strongly suggested previously [3,10,13,16].

As shown in Table 1, when the yields were
measured in 5 h under the given condition, the
monocyclic complexeswith lower Ni(Il) /Ni(ll1)
oxidation potential showed higher epoxide yields
compared with the polycyclic complexes having
higher oxidation potentias, although no quanti-
tative relationship between the epoxide yield
and Ni(ll) /Ni(lll) potential was observed.
However, the effect of oxidation potentia on
the epoxide yield looks minor when the varia
tion of the epoxide yield (13.0-5.1%) is com-
pared with that of the Ni(ll) /Ni(Ill) oxidation
potential (+0.94 to +1.50 V vs. SCE) for
various [Ni(L)]** (L =1-4) complexes. No
correlation was observed between the catalytic
efficiency and the Ni(ll) /Ni(lll) oxidation po-
tential for other Ni(ll) complexes whose
Ni(ll) /Ni(I11) oxidation potentials range —0.33
to +1.42 V vs. Ag/Ag™ [13]. Considering the
fact that PhlO has polymeric nature and the
axia approach of PhlO to the metal center is
needed for the formation of high valent interme-
diate, the steric factor around Ni(ll) center must
be the major importance in the first step. This
explains the fact that the ligands 1 and 2 showed
significantly lower epoxide yield in a given
period compared with cyclam in spite of that the
bridgehead nitrogen atoms and the pendant sub-
stituents of the macrocycle play negligible ef-
fect on the electrochemical property of the metal
center (Table 1) [25-27]. The lower epoxide
yields provided by the complexes of 1 and 2
must be attributed to the reduced ability of their
axial coordination of PhlO because of the steric
hindrance exerted by the pendant substituents
[25-27,35]. The lower catalytic activity exhib-
ited by the macropolycyclic complexes of 3-5

can be also explained by the steric hindrance
caused by the subring moieties toward the axial
approach of PhlO as well as the unfavorable
Ni(I1) /Ni(ll1) oxidation potentials.

4, Conclusion

Monocyclic Ni(ll) complexes are better cata-
lysts than their polycyclic counterparts in the
epoxidation of trans-B-methylstyrene with Ph1O
with respect to the rate of epoxide formation.
However, a series of complexes shows similar
catalytic efficiency and provides nearly the same
final yield in a certain reaction condition, which
indicates that the first step, oxygen transfer
from the termina oxidant to the Ni(ll) center,
determines the epoxide yield in a given reaction
time. In order to become a better catalyst,
macrocyclic complex should have lower Ni-
(I /Ni(lI1) oxidation potential for easy forma
tion of active high-valent intermediate and the
macrocyclic ligand should exert less steric hin-
drance around metal ion for easy axia approach
of PhlO, of which the latter seems to be more
important. Therefore, to develop better Ni(ll)
catalysts for the oxygen transfer reaction, spe-
cial attention should be paid to the modification
of the ligand to make the reaction rate enhanced
between the complex and terminal oxidant by
reducing the steric hindrance around the metal
center.
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