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Abstract

1,4,7-Trimethyl-1,4,7-triazacyclononane (TMTACN), Mng@nd HO,, in basic aqueous acetonitrile, is an effective system for the epoxi-
dation of cinnamic acid. The influence of a selection of organic additives, potential co-ligands for the manganese species, on the reactions has
been studied by UV-vis spectroscopy and ESI-MS. The mechanism of the most efficient system, with added oxalic acid, has been investigated
in more detail using cinnamic acid and seven of its 3- or 4-substituted derivatives. A Hammett correlation of rate data shows that the active
oxidant is electrophilic value—0.63). Oxygen*0) labelling experiments reveal thas®, and not HO is the source of the oxygen in the
epoxide. Possible mechanisms for the reactions are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction —, 2+
The excellent bleach-enhancing properties reported for |\ /o />
the dinuclear manganese 1,4,7-trimethyl-1,4,7-triazacyclo- ) v r\j
" N{— Mn —0— Mn<—
nonane (TMTACN) complexl in aqueous hydrogen per- </ A N \
oxide solution[1] has led to considerable interest in the o

N
potential of manganese complexes of cyclic triamines as ox- |
idation catalysts. This research has revealed that manganese 1))

TMTACN complexes are active catalysts in the oxidation

of alkeneq1-7], alcoholq7,9], phenolqd10-12] thioethers

[13,14] alkanes and aralkan$5—18] azo dyeq19] and Attempts to optimise the synthetic potential of these sys-
other compound$12,14,20] Furthermore, the oxidations tems have concentrated on using the clean oxidai@,H

can be carried out in aqueous or organic solution with a pre- and minimising the unwanted catalase activity of the man-
formed manganese complex or by generating the catalystganese complexes. The best results have been obtained using
in situ from a manganese(ll) salt, TMTACN and hydrogen Sub-ambient temperatures with acetone as solvent or using
peroxide. As a further elaboration the catalysts can be het-acetonitrile in the presence of oxaldf4, ascorbic acid7],

erogenised by covalent binding to silif&21] or by encap- ~ squaric acid7] or the methyl hemiacetal of methyl glyoxy-
sulation in a zeolitg22]. late [8]. The role of the co-catalysts in these oxidations is

unclear although their enhancing effect may arise from their
reducing properties or from their ability to ligate to man-

. ganesq11,18]
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a catalytically active mono-nuclear manganese species; EPRCN Biomedicals GmbH) using hexane/ethyl acetate as the
spectroscopy, electrospray mass spectrometry (ESI-MS) anceluant. ES-MSn/z 254 (100) 256 (65) 258 (11JH NMR
product studies support a single electron-transfer mechanism(DMSO) 270 MHz:§ 7.20 (d, 2H,J 1.5 Hz, ArH), 7.16 (dd,
for these oxidation$10,11,19] The ESI-MS identification 2H,J 8.5 and 1.5Hz, ArH), 6.90 (d, 2H, 8.5 Hz, ArH).
of a mononuclear oxo-manganese(V) complex in the oxida-
tion of electron-rich phenolgl1] has led us to propose a 2.2. Instrumentation
catalytic cycle for phenol oxidation that is analogous to that
of peroxidasef23]. However, for substrates such as alkenes  UV-vis spectra were obtained on Hewlett Packard 8452A
and, in particular electron-deficient alkenes, that are not nor- and 8453 diode array spectrophotometers and analysed using
mally susceptible to electron-transfer oxidation an alterna- a PC running Hewlett Packard A.02.05 UV-vis ChemStation
tive oxidation pathway must be available. software. Quartz cuvettes (1 cm pathlength) were used at all
In this paper we report our mechanistic studies on the times. Electrospray mass spectra were recorded on an LCQ
epoxidation of cinnamic acids in basic aqueous acetonitrile Finnigan MAT mass spectrometéid NMR spectra were
solution with hydrogen peroxide and manganese/TMTACN measured on a Jeol JNM-EX270 (270 MHz) spectrometer
complexes, generated in situ from MnSOMTACN/H20, and were referenced against tetramethylsilane (TMS).
(a catalytic system used previously by De Vos and Bein
[2,3]) (Reaction 1). We also explore the effect of additives 2.3. Oxidation procedure
(potential co-ligands) on the performance of these systems.
We propose that the epoxidations occur by oxygen-transfer The general method involved making up solutions, to
from an electrophilic oxo-manganese(V) complex to the give the following concentrations: MnS@&H,0, 3.13 x
alkene. 10 5moldm3; TMTACN, 9.38 x 10 °moldm3; ad-
cO: o ditive, 6.25 x 10°moldm2 and cinnamic acid, 5x
N Cco, 10~°mol dnm3 in H,O and CHCN, 1:1 v/v. The solutions
@/\/ Mr2*TMTACN/H,0, @N 2 2 T
were thermostatted at 2&, adjusted to a measured pH of
X CH;CNH,0 X 9.5 with aqueous sodium hydroxide and a measured volume
(3 cn?) was added to a cuvette The reactions were initiated
by the addition of HO,, to give an initial concentration
of 3.13 x 10~3moldm3, and followed by monitoring the

2. Experimental disappearance of the absorbance of the cinnamic acid anion
2.1. Materials The reaction conditions used in the ESI-MS experiments

were the same as those above. The procedure involved tak-
Unless otherwise stated, all chemicals were commer-ing aliquots of the reaction mixture at selected intervals
cially available (Aldrich Chemical Co. Ltd., Sigma Chem- and injecting them into the mass spectrometer. Positive ion
ical Co. Ltd., Lancaster Chemical Co. Ltd) and were used ESI-MS was used to detect the manganese complexes, lig-
without further purification. Deionised water was used in and and ligand oxidation products and negative ion ESI-MS
all experiments. All other solvents used were analytical to detect the substrates and their oxidation products.
grade. Hydrogen peroxide solution, 31%, w/w, (Fisons)
was checked by iodometric titratiod®O-labelled hydro-
gen peroxide (90% enriched), 2% w/w, was obtained from 3. Results and discussion
Icon Isotopes. |,4,7-Trimethyl-1,4,7-triazacyclononane (TM-
TACN) was provided by R. Hager (Unilever, Holland), 3.1. The oxidation system and methods
naphthalene-1,8-diol by Dr. J. Ragot and’%3-tetrat-
butyl-2,2-biphenol by Professor M. Nee. Eight cinnamic acids2a—h) were selected as substrates
5,5-Dichloro-2,2-biphenol was prepared by oxidative for this study on alkene epoxidation. These substrates are
coupling of 4-chlorophenol using the methodology of Sar- readily soluble in the basic reaction conditions and allow the
tori et al. [24]. The phenol (50 mmol) in nitromethane possibility of studying the electronic effects, of substituents
(50 cn?) was added to AIGI (50 mmol) dissolved in the  on the phenyl ring, on the rate of oxidation.
same solvent (50cf) and the solution was stirred un- The course of the epoxidations was monitored by UV—vis
der nitrogen. After 30 min, Fegl(50 mmol) in CHNO; spectroscopy and ESI-MS. Loss of the double bond through
(50 cn?) was added to the reaction mixture and the stir- epoxidation leads to the disappearance of the band at
ring was continued for 5h at room temperature before 2M —260nm, providing a convenient method to follow the
HCI (150 cn?) was added and the biphenol was extracted kinetics of the oxidation.
with CH,Cl, (3 x 150cn¥). The organic phase was dried Negative ion ESI-mass spectra of aliquots removed from
(MgSQy), filtered, concentrated under vacuum and the the reaction mixtures at selected times show that during
residue was purified by flash chromatography (silica gel 60, the course of the reaction the peak corresponding to the
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2a=H,H

2b = H, 4-OMe
2c = H, 4-Me
2d = H, 4-Cl
2e = H, 4-CF,
2f = H, 3-NO,
2g =H, 4-NO,

Y 2h = 3-CF,, 5-CF,

X

)

cinnamate anion decreases with concomitant formation
of the epoxide as the sole product (for the parent com-
pound, cinnamic acid, these ions hawéz 147 and 163,
respectively).

The oxidations were carried out at 25 in aque-
ous acetonitrile (50:50, v/v). The reactions are cat-
alytic in manganese; however, in this study the cat-
alyst turnovers, based on cinnamic acid epoxidation,
were intentionally kept low to simplify the kinetic anal-
ysis and to avoid any potential problems that might
arise from catalyst degradation in a multiple turnover
process. The
[MNSOQy4], 3.13 x 10~°moldm3; [TMTACN], 9.38 x
10~°>moldm3; [cinnamic acid], 5 x 10 °moldm3;
and [H0y], 3.13 x 103moldm™2 (giving a ratio of
Mn:TMTACN:substrate:oxidant, 1:3:1.6:100). Initial stud-

ies showed that base was needed for the system to be activ
and NaOH was added to the reactions to give a measurec

pH of 9.5.

As part of this study, the epoxidation of cinnamic acid
was also carried out in the presence of a selection of
additives, 3-15 (6.25 x 10~>moldnm3) most of which
have the potential to act as chelating co-ligands for the

reagent concentrations selected were
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3.2. Kinetic studies on epoxidation of cinnamic acid

manganese species. These include biphenols, dicarboxylic

acids, amino acids, hydroxy acids and diols. In previous
studies we have shown that MNngOMTACN/H20 in
the presence of S&limethoxy-2,2-biphenol forms the
relatively stable complex, ®MnY(TMTACN)(biphenol)

Control experiments using 2, with either MnSQ
or TMTACN or any of the additives showed that none of
these systems oxidises cinnamic acid. Furthermore, MnSO
with oxalic acid and HO;, in the absence of TMTACN,

[11,23] We argued that by the correct choice of biphenol is also inactive. However, the complete systernObiwith.
additive it might be possible to use substituents to control MNnSOy and TMTACN, brings about the rapid epoxidation
the activity of this high valent manganese species. The Of cinnamic acid and a typical UV-vis profile is shown in

naphthalene diols and catechol, whose oxidations we haveFig. 1

also studied23], were included in this study for compari-
son with the biphenols. Oxalic aci®)(has been shown by
De Vos et al.[5] to be a potent epoxidation activator for
the MN/TMTACN/H,O- system, although the origin of this

The absorbance time plota 260 nm) from the above
epoxidation system and from those including additi$ek5
were recorded. The large majority of these followed excel-
lent pseudo-first-order kinetics (see, for examgigy. 2).

effect remains unresolved. Malonic acid was also included With a few of the additives, the reactions showed an ini-
for comparison. Berkessel and Sklofz] have explored tial lag phase that was followed by a first order decay of
the use of chiral amino acids with the Mn/TMTACN/B, the cinnamic acid absorbance: this behaviour is similar to
system in asymmetric epoxidations, and additit®s—d that observed in the oxidation of azo dyes by hydrogen
and 11 were included in this study as potential ni- Peroxide catalysed by the manganese TMTACN complex
trogen/oxygen ligands. Ascorbic acid?) is a known  [19].

enhancer of epoxidation by the Mn/ATMTACNSB, sys- Based on their effect on the rate of cinnamic acid epox-
tem [7]; hydroxy acids13 and 14 and diol 15 were in- ide, the additives can be divided into three groups. First, the

cluded for Comparison with the dicarboxy"c and amino biphenOIS, Salicy”C and anthranilic acid led to a decrease
acids. (two- to four-fold) in oxidation rate compared with the con-
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Fig. 1. UV—vis spectra, taken at 30-s intervals, during the oxidation of
cinnamic acid with HO, and Mn/TMTACN complexes in pO:CH;CN
(1:1) at pH 9.5 and 25C.

trol reaction with no additive present. Secondly, the diols
(except naphthalene-2,3-diol-6-sulfonate), aliphatic amino
acids and malonic and mandelic acid had a negligible ef-
fect on the reaction. Thirdly, oxalic acid, ascorbic acid and
naphthalene-2,3-diol-6-sulfonate gave a three- to five-fold
increase in the rate of epoxidation, with oxalic acid being
the most effective additive.

3.3. ES-MS studies on the manganese species formed
during the cinnamic acid epoxidations

To obtain further information about the oxidation mech-

B.C. Gilbert et al./Journal of Molecular Catalysis A: Chemical 219 (2004) 265-272

ses of the oxidation mixtures in the absence of additives
showed the build-up of species withVz 277 and 259 in
the first few minutes of the reaction which then decayed
and finally disappeared after 30 min. Other ions witfz
142, 156, 170 and 186 also increased in intensity as the
reaction progressed. A very similar pattern of ions was de-
tected by ESI-MS in our previous study of the oxidation of
azo dyes with HO», in aqueous solution, pH 10, catalysed
by the dinuclear manganese compteX19]. The species
with m/z 277 and 259 are assigned to the mononuclear
manganese(lV) ions MW(TMTACN)(OH)3*t (16) and
O=Mn'V(TMTACN)(OH),* (17), respectively. It seems
likely that, with the present system in acetonitrile/water, the
same species are formed by complexation of manganese(ll)
by TMTACN followed by oxidation to manganese(lV) by
hydrogen peroxide as observed in the breakdown of com-
plex 1. In our earlier study the ions withwz 156, 170 and
186 were shown to be TMTACN degradation products aris-
ing from both single electron transfer oxidation and oxygen
transfer[19].

Me— N—(—iMn“’

(15)

+
Me

\ //
Me— N- »Mn(—OH
/ OH

\Me

n

When the reactions were repeated in the presence of the
additives, very similar patterns of ions were observed by
positive ion ESI-MS. However, although manganese(lll)
mixed ligand complexes, Mh(TMTACN)(L)*+, were de-
tected (ESI-MS) in the reactions of hydrogen peroxide and
the dinuclear manganese complex 1 with’hphenol,

anism, the build-up and decay of manganese species in thecatechol and naphthalene-1,8-di8], in the present study

reaction mixtures over a typical reaction period of 30 min
were investigated by positive ion ESI-MS. These analy-

123
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only in the reactions with 2;2biphenol was such a com-
plex detected. The oxidation with 2;Biphenol also gave

) . - Pl

L S S UL S
200 400 600 800

7 RPN T T
1000 1200 1400 1600 Time(s)

Fig. 2. Plot of absorbancer (266 nm) vs. time for cinnamic acid epoxidation by the Mn/TMTACN/oxalic acidp system. The points show the

experimental results and the curve is a non-linear first order fit.
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the O=Mn"(TMTACN)(biphenol)" complex (8) with m/z 3.4. Peroxyacids as potential active species in the

426[11,23]) epoxidation of cinnamic acid with H,O2 and Mn/TMTACN
complexes
)V'e * Carboxylic acids and hydrogen peroxide in aqueous so-
{\ N //o lution are known to form equilibrium mixtures with the
Me— N— ——R‘nn"—o Q corresponding peroxyacids and it was argued that, in the ox-
VAN idation systems, this equilibrium could give peroxycinnamic

N 0 or peroxyoxalic acid and these might be the active species
Me O or generate it by reaction with a manganese complex.

(18) The possible role of peroxyacids in these systems was

We conclude from the ESI-MS studies that:

(a) For most of the reactions, manganese/additive com-

(b)

(©

(d)

investigated using methyl cinnamate in place of cinnamic
acid as the substrate. The Mn/TMTACN/B, system, in

the absence of oxalic acid, led to the epoxyester, although
the initial rate of reaction was five-fold lower than that of the
corresponding reaction with cinnamic acid. ESI-MS analy-
sis showed that the ester was neither hydrolysed to the acid
nor perhydrolysed to the peroxyacid. The lower activity of
the ester is attributed to electronic effects, since COOMe is a
more electron-withdrawing group than COQThis conclu-

sion was supported by using methyl 4-methoxycinnamate as
the substrate both with and without added oxalic acid: the
more electron-rich substrate gave the expected increase in
rate of epoxidation.

To confirm that peroxyacids are not involved in these
epoxidations, a further set of experiments using peroxy-
acetic acid as the oxidant instead of hydrogen peroxide was
Iperformed. In a reaction catalysed by Mn/TMTACN/oxalic

acid, replacing the 100-fold excess of® with an equiv-
alent amount of peroxyacetic acid gave a small lag phase
(~100s) and a lower rate of epoxide formation. The results
from the experiments described above effectively rule out
d peroxyacids or manganese peroxyacid complexes as key in-
termediates/oxidants in the reactions withQ4.

To obtain further mechanistic information on these reac-

. g tions, the electronic effects of substituents on the epoxidation
enantioselectivity. were investigated. For this study and all subsequent studies

Since ESI-MS provided no evidence for complexation oxalic acid, the most effective additive, was included in the
between manganese and the three best additives, oxalic ' '

acid, ascorbic acid and naphthalene-2,3—dio|—6—suh‘ona’[e,OX'dat'On system.
the attractive suggestion of Bennur et @8] for the
participation of mixed ligand species such & in
oxidations by this system remains unproven. An alter-
native possibility is that these three additives function
as redox co-catalysts which regenerate low valent man-
ganese from relatively inert manganese(lV) species (see
below).

plexes are either not formed or break down during MS
analysis or are ESI-MS silent.

Although biphenols can form mixed-ligand complexes,
O=MnY (TMTACN)(biphenol)* [11,23], when added to
the cinnamic acid oxidations they lead to lower rates
of epoxidation. We suggest that these complexes, when
formed, stabilise the 8MnV species (e.gl8) [23] mak-

ing it a less effective oxidant for cinnamic acid. This,
coupled with the competitive oxidation of the phenols
to polyphenols and quinong$0,11], results in a poor
epoxidation system.

It is likely that the amino acids, mandelic acid, malonic
acid, catechol, naphthalene-1,8-diol and butane-2,3-dio
which have a negligible effect on the reaction rate do
not participate in the cinnamic acid epoxidations. This is
consistent with the failure to induce asymmetric epox-
idation of alkenes by Mn/TMTACN/BEO; in the pres-
ence of chiral amino acids reported by Berkessel an
Sklorz [7]: oxidants based on manganese amino acid
complexes might have been expected to show significant

3.5. The electronic effects of substituents on the
epoxidation of cinnamic acids with H,O, and the
Mn/TMTACN/oxalic acid system

The electronic effects of substituents on the epoxidation
have been studied using cinnamic acid and seven of its 3- or
4-substituted derivatives. The initial rates of the oxidations
of the eight substrates were compared by monitoring the
disappearance of the long wave absorption of each substrate

Me + anion under the standard conditions. The reactions were in-
(\ 4 o vestigated at least in triplicate to confirm the reproducibil-
\ v// ity of the method and the logs of the initial ratekable J)
Me"N'?’M” ‘o\co were plotted against their Hammett substituent constants
N\ O\éo [25]. This gave & value of—0.73+ 0.10 (correlation coef-
Me ficient 0.948) with the point for 4-nitrocinnamic acid lying

(19) significantly off the linear plot. Replotting the data using the



270 B.C. Gilbert et al./Journal of Molecular Catalysis A: Chemical 219 (2004) 265-272

Table 1 suggested by Bortolini and Meunier for epoxidation by
Hammetto and o~ values[25] and initial rates of epoxidation of sub- oxo-manganese(V) tetraphenylporphyf8], is a possi-
stituted cinnamic acids by the Mn/TMTACN/oxalic acig/®, system in . . ’ .
water/acetonitrile (1:1, viv) at 25, pH 9.5 ble mechanism that would fit the data. .Alternatlvely the
_ — — oxygen-transfer step may have some radical charg2®r
Substituent o o~ Initial rate/10°8 Log(initial rate) Both would be expected to show a small negaivealue.

moldm3s1 . . .

The better correlation using™ for the 4-nitro group can
4-OMe —027 - 027 280+ 06 —6.55 be interpreted in terms of significant resonance stabili-
4-Me -0.17 -0.17 217437 —6.66 . h by th bsti ol . h
H 0 0 2154 2.4 _6.67 sat!on.of the reactar_1t y the substituent influencing the
4-Cl 0.23 023 11.4: 0.7 —-6.94 activation energy. It is probable that the oxygen transfer
4-CR 0.54 0.54 15922 —6.80 to cinnamic acid, unlike alkene epoxidations with perox-
3'NCO>22 8-72 0-;1 gi 0-; —7-2; yacids, is not concerted and involves the formation of an
4-N 7 1.24 2+ 5, -7.4 : : . s
3,5-diCR 0.86 086 456t 12 734 intermediate, similar to those proposed for epoxidations

by the oxo-manganese(V) porphyrin and salen complexes.
Further work is needed to resolve this matter.

o~ value[25] for the 4-nitro-substituent led to an improved

correlation involving all the substrates, withpaof —0.63 3.6. The origin of the oxygen in cinnamic acid epoxide

+ 0.05 (correlation coefficient 0.979Fig. 3. The nega-

tive p values indicate that the active oxidant is electrophilic. |4 qur earlier EPR spin-trapping studies on the oxida-
This result is consistent with oxo-manganese(V) rather thantjon of azo dyes with hydrogen peroxide catalysed by man-
a hydroperoxo-manganese(lll) species being the epOXidiS'ganese/TMTACN complexeid9,30], we concluded that a
ing agent. Based on studies with mangan@&¢ and iron high valent manganese species, and"@ or *OzH, is the
porphyrin[27] systems, the latter species would be expected 4ctive oxidant in these systems. The present study with cin-
to be nucleophilic which would result in a positivevalue  namic acid provided an opportunity to determine the origin
from the Hammett plots. of the oxygen in the product.

The related epoxidation of alkenes catalysed by man-  cinnamic acid was oxidised with 240, (90% en-
ganese(lll) salens and tetra-arylporphyrins have been veryjiched) in the Mn/TMTACN/oxalic acid system. Negative
thoroughly studied and the active oxidantin each is generally jo, £S|-MS showed the product epoxide to contain 83.5
accepted to be an electrophilicnY species. Further- | 3 504180 |abel (92.8% incorporation), confirming,8,
more, two Hammett correlations on the epoxidation of sub- 4nq ot HO as the oxygen source of the epoxide. This
stituted styrenes, catalysed by manganese(lll) tetraphenyl-g;nnorts an oxygen-transfer rather than an electron-transfer
porphyrin[28] and by manganese(lll) S8initrosaler{29], oxidation. Although both mechanisms would be expected
have been reported. These have negativalues—0.41and 5 show negative Hammett values, the latter mechanism,
—0.3, respectively. We conclude that the epoxidising agent proposed previously for the copper(ll)/persulfate oxidation
generated by the MITMTACN/oxalic acid system is also o alkeneg31], would require water to be the source of the
an oxo-manganese(V) species. epoxide oxygen$cheme 1L

Oxygen-transfer from the active oxidant to the alkene Interestingly oxo-manganese(V) porphyrif82] and
with an early transition state in the rate determining step, saleng[29] can show oxygen exchange by prototropy with

6.4
Oxygen transfer
11} " _|+
6.6 LMn'(OH), + H,0, —— LMnY(OH), + H,0 + OH
6.8 4 I 4+ H.O RSN
0 LMnY(OH),! + ArCH=CH,— 2> > LMn"(OH), + ArCH—CH,
[
Ko -7.0 4
:‘é‘ ] Electron transfer o
:;"’ 7.2 ! ” _I+
S 72 LMn'™(OH); + H,0, ——————— [MnY(OH), + H,0 + OH
7.4 CII) + +
LMnY(OH)," + ArCH=CH, _L LMnIV(OH)J + ATCHtCHz
76
04 02 00 02 04 06 08 10 12 14 ArCHEGH, + H,0 ACH-CH,OH + H*
o
Fig. 3. Plot of log(initial rate) vso~ for the epoxidation of substituted —+ . H.O/OH- C/O\
cinnamic acids by the Mn/TMTACN/oxalic acidj®, system at 25C, LMA¥(OH); + ArCH-CH,0H —Z——> LMn"(OH), + ArCH—CH,
pH 9.5.

Scheme 1.
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coordinated water; consequently, unlé&-transfer to the
alkene is fast compared with the exchange wigh9@, only

a portion of the labelled oxygen in the oxidant will be ob-
served in the epoxide. Groves et[83] reported a rate of ex-
change of-10° s~ for the water soluble oxo-manganese(V)
tetra(4N-methylpyridiniumyl)porphyrin. In the present
study, assuming the active oxidant is aFFInV species,

271

from HyO,. ESI-MS analyses detect the formation of

mono-nuclear MNTMTACN species in the reaction mix-

tures but provide little evidence for mixed ligand com-

plexes, [Mn(TMTACN)(L)]. Based on these studies and

the mechanism we proposed recently for azo dye oxida-
tion with H,O, catalysed by MNTMTACN complexg49],

a suggested oxidation cycle for cinnamic acid with the

oxygen transfer to the alkene must be fast by comparison MN/TMTACN/H20; system is shown ilscheme 2

with oxygen exchange with water.

3.7. Mechanistic conclusions

Manganese sulfate, in the presence of TMTACN, catal-
yses the epoxidation of cinnamic acid by hydrogen per-
oxide in basic aqueous acetonitrile. Of a selection of
potential co-ligands, only ascorbic acid, naphthalene-
2,3-diol-6-sulfonate and oxalic acid increase the rate
of epoxidation. With the most effective additive, oxalic
acid, substituent effects (Hammett correlations) show
that the oxidant is electrophilic antfO-labelling exper-
iments reveal that the oxygen in the epoxide is derived

: ) .CO,”

)\ne

Initial complexation of manganese(ll) by TMTACN and
oxidation by HO, leads to the manganese(lV) species
16 and 17 (detected by ESI-MS)19], which undergo
one-electron reduction to the ESI-MS silent manganese(lll)
complex, 21, by either HO, or the additive. Subsequent
oxidation by HO, gives G=MnY(TMTACN)(OH),™,

20, which we propose to be the active oxidant in the
Mn/TMTACN/oxalic acid system rather than the man-
ganese(lV) specie$6 and 17. Support for this conclusion
comes from a comparison of previous work on alkene epox-
idation catalysed by manganese porphyrj84,35] with
that catalysed by the Mn/TMTACN/oxalic acid syst¢5).
Thus, the epoxidation of alkenes with hydrogen peroxide

OH <\ o
(\ Ny H,0,/HO,” \ N4
Me—N- *}An\-—'OH Me— N-|-=Mn —OH
N_ OH </N/ NoH
M
(21) ° Ve o)
HO," or H,0, or
oxidised additive additive
HO, or
H,0, or oxidised additive
dditi
aaditive . " .
M T a
OH (\ N 0
<\ \ v/ H,0 \ .|_v//
Me—N-|=Mn'—oH =  Me—N- "/"5”
4 \OH N \OH
“Me “Me
(16) H,0, “n
Me\N/_\N _Me

MnSO, + &T‘J

Scheme 2.
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catalysed by the latter system is effective and stereospe-

cific whereas in the absence of oxalic acid the reaction is
less effective and leads to a significant loss of stereochem-
istry [2,3]. These observations bear a striking parallel with
alkene epoxidation catalysed by manganese porphyrins in
which 0=Mn" porphyrins are reported to be efficient stere-
ospecific epoxidising agents but by contrast the analogous
O=Mn"V species are less reactive and lead to loss of stere-
ochemistry{33,34] We conclude that oxalic acid, either by
ligation or by reductively removing manganese(lV), favours
the formation of the &MnV active oxidant20 over 16

or 17 with the Mn/TMTACN/H,O, system. In its absence

the less reactive manganese(lV) complexes become them]

dominant species.

We are currently investigating the generality of the mech-
anisms, proposed in this and our previous papers, in a pro-
gramme of research into the oxidation of a range of other
functional groups with hydrogen peroxide catalysed by man-
ganese/TMTACN complexes.
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