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Abstract

Using EPR spectroscopy, high valence Mn(salen) complexes were monitored'igsklen)/isobutyraldehydesCand
Mn'!' (salen)/pivalaldehyde/atalytic systems in the absence and in the preseridemdthylimidazole ii-Me-Imd), where
Mn" (salen) @) is (S9-(+)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamino-manganese(lll) chloride. Inter-
action of 1 with aliphatic aldehydes in the presence of Was found to give a mixture of oxo manganese(lV) species
Li(salen)MrY = O (2) with various axial ligands 1 (L; = CI~, RCOO"). They display EPR signals having cloge
values of ca. 5.2 with resolved hyperfine structures from one mangaaese?5 G,%°Mn, I = 5/2). In the presence of
N-Me-Imd, new manganese(lV) complexes were detected. The first one was shown to be an antiferromagnetically coupled
mixed-valence [(salen)Mh(p2-O),Mn"" (salen)I dimer having 16-line EPR signal gt= 2. The second one is probably
(salen)MiY (OOCORN-Me-Imd acylperoxo complex] (¢ = 4.2 (R = CH(CHg)»), org = 4.7 (R = C(CHs)3), unresolved
manganese hyperfine structure). Possible roles of each complex in the enantioselective alkene epoxidations are discussed
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Addition of N-alkylimidazoles N-Alk-Imd) to the
above system leads to increase of the epoxide yield
Asymmetric synthesis is a promising and rapidly and enantiomeric excess (e.e.) as well as the re-
developing branch of chemistry. One of the signifi- versal of the epoxide absolute configuration [3,4].
cant challenges in this area is a catalytic asymmetric The active species in this reaction was considered
oxidations of unfunctionalized alkenes [1]. In 1992, to be a (salen)MhO complex [4]. However, the
Mukaiyama reported an enantioselective epoxidation mechanism proposed has not been confirmed spec-
of unfunctionalized olefins with molecular oxygen troscopically and remains hypothetical. Recently,
in the presence of branched aliphatic aldehydes asit has been found that (salen)Mncomplexes has
sacrificial reductants and optically active chelate EPR signal atg ~ 8 [5,6]. EPR spectroscopy was
Mn(lll) complexes as catalysts [2]. An acylperoxo used to monitor intermediates in Jacobsen’s cat-
manganese complex was supposed to be the reacalytic system, (salen)Mh/meta-chloroperbenzoic
tive intermediate responsible for enantioselectivity. acid (M-CPBA) [6] and Mukaiyama's system
Mn'"' (salen)/isobutyraldehydefd7]. Role of Mn(IV)
* Corresponding author. Fax:7-3832-343766. species in Jacobsen—Katsuki epoxidations has been
E-mail address: talsi@catalysis.nsk.su (E.P. Talsi). elucidated using combined EPR/ESI-MS study [8].
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Here we report a comparative EPR study of manganese2.3. EPR measurements

species formed in MHh(salen)/isobutyraldehydesO
and M (salen)/pivalaldehyde/Ocatalytic systems

EPR spectra{£196°C) were recorded on a Bruker

and discuss their possible roles in the enantioselective ER-200D spectrometer at 9.4 GHz. Measurements

alkene epoxidations.

2. Experimental
2.1. Materials

(S9-(+)-N,N-bis(3,5-di-tert-butylsalicylidene)-1,
2-cyclohexanediamino-manganese(lll) chloride
(IMn" (salen)] or 1), mCPBA, isobutyraldehyde,
pivalaldehyde, trans-B-methylstyrene, 1,2-dihydro-
naphtalene, N-methylimidazole K-Me-Imd) were
purchased from Aldrich. Isobutyraldehyde and
pivalaldehyde were distilled prior to us@rans-3-
methylstyrene oxide and 1,2-epoxy-1,2,3,4-tetrahy-
dronaphtalene were prepared by oxidation of the
corresponding olefins witm-CPBA in CHCE.

2.2. Preparation of samples
for EPR investigations

All samples were prepared directly in EPR tubes.
Typically, isobutyraldehyde (660mol, 60ul) or pi-
valaldehyde (36@.mol, 40ul) was added to the sam-
ples containing 400! of toluene, 14.2umol (9 mg)
of 1 and, if necessary, 132mol (10p.l) of N-Me-Imd,

and air was blown through the system. If necessary,

10wl of alkene (77.Jumol of trans-B-methylstyrene
or 76.6umol of dihydronaphtalene) was added, be-
fore or after the addition of aldehyde. When reactiv-
ities of N-Me-Imd(salen)M# (OOCOR) complexes
(3) were probed, the latter were generated by blowing
air through the samples containidigN-Me-Imd and

were performed in quartz tubeg (= 5mm, ! =
150 mm) placed into a quartz dewar with liquid ni-
trogen. Periclase crystal (MgO) with impurities of
Mn?t and CP*, which served as a side reference,
was placed into the second compartment of the dual
cavity. The half-life times of high-valence Mn com-
plexes were estimated by monitoring the intensities
of the corresponding EPR signals.

2.4. 1 H NMR measurements

IH NMR spectra were recorded on a Bruker
DPX-250 spectrometer at 250.13 MHz, using 5mm
cylindrical tubes. Chemical shifts were referenced
to CDCk residual protons§( = 7.30 ppm). Typical
operation conditions fofH measurements were the
following: sweep widths 5000 Hz, spectrum accumu-
lation frequency 0.2Hz, number of scans 16-160,
3 s of pulse, 32K data points.

2.5. UV-VIS measurements

UV-VIS spectra were recorded on a Shimadzu
UV-300 spectrophotometer in quartz cells &
1sm). A toluene solution containiry(1 x 10~*M)
and, if necessaryN-Me-Imd (0.14 M) was blown
with air during 5min and then isobutyraldehyde
(0.4M) was added and spectra were run imme-
diately.

2.6. Analysis of oxidation products

Oxidation products were identified by GC-MS and

aldehyde, during 1-2 min. Then alkene was added at 'H NMR [4] and quantified by (glass capillary col-

reduced temperature-@0°C), and the samples were

covered to switch off further access of air. Epoxides
of trans-B-methylstyrene and dihydronaphtalene were
separated from the reaction mixture by column chro-
matography on silica gel immediately after the dis-
appearance o8 was indicated by EPR, and epoxide

umn (GC) 35mx 0.3 mm, SE-54). Typically, epox-
ide yields were calculated based on initial substrate.
Epoxides oftrans-B-methylstyrene and dihydronaph-
talene were separated from the reaction mixture by
using column chromatography on silica gel, and e.e.
values were determined by usitig NMR in CH,Cl;

yields and e.e. values were measured. Reaction timeswith Eu(hfcy as a chiral shift reagent, and by GC

were 10 min for both3a (R = CH(CHg)2) and 3b
(R = C(CHg)a).

(Chiraldex-B, 30 mx 0.25 mm IDx 0.25pum pmfilm,
J&W), respectively.
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3. Results and discussion
3.1. 1/Aldehyde/O; catalytic system

It is commonly accepted that (salen)Mncom-
plexes are EPR silent due to non-Kramers spin state
[8]. However, it has been shown recently that com-
plex 1 displays EPR signal a = 8.0 & 0.2 readily
detectable at 77 K on conventional X-band EPR spec-
trometer (we note that hereinafter g-values are not true
ones but are only used to define the field positions)
[5-7]. The shape and intensity of this signal allow to
monitor concentration and coordination environment
of manganese(lll) [5,6,9,10].

How H H . s \ s s :
H 0 1000 2000 3000 4000 5000

=N,,, N=
R@gMQobR Field / Gauss
cl

R R Fig. 1. X-band EPR spectra-96°C) of complex1 (14.2umol)
in 400p.l of toluene (a); after addition of 660mol of isobutyralde-
1.R=t-Bu hyde (b); after blowing air through the sample (b) during 4 min

(c). X-band EPR spectra-{196°C) of complexl in different mo-
When isobutyraldehyde was added to the solution ments of time after addition of 3g0mol (40p.l) of pivalaldehyde

of complexl in toluene and air was blown through and plowipg air'through the .sample' for 4 min: immediately after
the reaction mixture, EPR signal of compleat g = blowing air (d): in Smin (e); in 25min (7).
8.0+ 0.2 (Fig. 1a) converted fast into a more intense
one atg = 5.2+ 0.2 with partially resolved hyper-
fine structure from manganesa & 75G) (Fig. 1b).
When air was blown through the sample over a period
of 4 min, all the manganese(lll) originally present in
the solution converted into manganese species exhibit-
ing EPR signal ag = 5.2 (Fig. 1¢). UV-VIS spectra
showed appearance of a green species with a maxi-  15r
mum atr = 645nm (Fig. 2). We will further refer
this species as complex Additionally, formation of
a small amount of (salen)Mn(signal atg = 2, A =
85G) was observed (Fig. 1b2. appeared to be un-
stable and almost quantitatively converted back into 05
with 71,2 & 90 min when the flow of air was switched
off. It is worth noting that besides the signal @at= 00k
5.2, 2 exhibits a very broad high-field component in 400 500 600 700 800
the range of 2500-4000 G (Fig. 1b). Such a spectrum A,nm
is characteristic of mononuclear Mn(1V) species with

Fig. 2. UV-VIS spectra of complei (1 x 10~*M) in toluene

D > hv [5-8,11]. ) ; ) ; i, )
. . - (a); after blowing air during 5min followed by addition of isobu-
BlOWIﬂg ar through the sample Conta_mmg tyraldehyde (0.4 M) (b); immediately after addition NfMe-Imd
and pivalaldehyde also lead to the formation f  (0.14m) (c); after addition ofN-Me-Imd (0.14M) followed by
(Fig. 1d). Like in the system with isobutyraldehyde, blowing air during 5 min and adding isobutyraldehyde (0.4 M) (d).

200 .

Absorbance




50 K.P. Bryliakov et al./Journal of Molecular Catalysis A: Chemical 178 (2002) 47-53

formation of a small amount of (salen)Mncan 3.2. 1/Aldehyde/O2/N-Me-Imd catalytic system

be observed. The half-life time o2 in the sys-

tem with pivalaldehyde 7> ~ 4min) was much 3.2.1. Detection of complexes 3a and 3b

shorter than that in the system with isobutyraldehyde  The situation changed dramatically in the presence

(t1/2 ~ 90 min). of N- Me-Imd (Fig. 3). Blowing air through the solu-
Recently, we revealed the same Mispecie® (g = tion containingl, isobutyraldehydetrans-B-methyl-
5.2, A = 75G) upon interaction of with one equiv- styrene andN-Me-Imd, led to appearance of a new

alent of perisobutyric acid [7]. We believe thatare signal atg = 4.2 with unresolved hyperfine structure
two oxo MY complexes [(salen)MHOL]~, where from manganese along with the six-line signagat

L = CI” and RCOO (R = CH(CHjz)2). Most prob- 5.2, (A = 75G, assigned tdl-Me-Imd(salen)M# O
ably, they form according to Eq. (1):

Mn'"! (salen + ROCOOH
— MnVO(salen + ROCO + H* 1)

The half-life times of self-decomposition of com-
plex 2a was about 100 min at ambient conditions
both in the presence and in the absence of alkene
substrate tfans-p-methylstyrene). Under N atmo-
sphere,r;/> decreased to 40 min. Benzaldehyde and
3-phenylacrylaldehyde were the main oxidation prod-
ucts when specie2 were generated in situ via the
reaction ofl with perisobutyric acid and then allowed
to react withtrans-B-methylstyrene (the total prod-
uct yield was less than 10%). This reactivity pattern
is similar to that of oxo manganese (IV) porphyrin
complexes [12,13] that supports our assignment of
complex2 as oxo manganese (IV) species.

On the contrary, whetrans-B-methylstyrene was d
added to the reaction mixture prior to the oxidant, cor-
responding epoxide was formed in 49% (based on the
oxidant) and 31% vyield, with perisobutyric acid and
isobutyraldehyde/@ respectively. We may suppose
that the actual reactive intermediate responsible for
the enantioselectivity in the Mh(salen)/aldehyde/©
catalytic system can be Mh acylperoxo complex
formed via interaction ofl with the peroxyacid,
which is formed in the course of aldehyde autoxida- Field / Gauss
tion process [3]. Recently, experimental data in favor Fig. 3. X-band EPR spectra-096°C) of complex1. (14.2umol)
of the formatlon of Mn(lll) acylperoxo complexes in 400ul of toluene (a); after addition of 7Zmol of
were obtained for the Mt(salen)m-CPBA system trans-B-methylstyrene, 12pmol of N-Me-Imd and 88qumol of
in CH>Cl> at —90°C using EPR [6]. Unfortunately, isobutyraldehyde and blowing air through the sample (b); sample
we failed to detect such intermediates by EPR in (b) in 20 min with exclusion of air, the intensity was scaled down
the M (salen)/perisobutyric acid system, probably, twice (c). X-band EPR spectra-196°C) of complex1 (19 mol)

. . in 400p of toluene containing 25@mol of N-Me-Imd (d); in dif-
because of their hlgh reactivity towards alkenes and ferent moments of time after addition of 1.44 mmol of pivalalde-

very rapid conversion into the oxo Nfispecies2 in hyde and blowing air through the sample for 1 min: immediately
the alkene-free system. after blowing air (€); in 10 min (f).

1000 2000 3000 4000 5000
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(2-N-Me-Imd) complex) (Fig. 3). Slight changes in
the UV-VIS spectrum of (salen)MHO green species
observed upon addition df-Me-Imd may also in-
dicate axial ligation ofN-Me-Imd to (salen)Mi O
(Fig. 2). Both EPR signals were also detected in the
alkene-free system. The signalgat 4.2 disappeared
more rapidly than the signal gt= 5.2 (r1/2 = 5min

at room temperature) and might be assigned to an un-

stable Mn(1V) complex, further denoted as complex
3a. The rate of decomposition & was independent
on the presence dfans-B-methylstyrene in the reac-
tion mixture. Whertrans-B-methylstyrene was added
to the solution prior to blowing air, the system af-
fordedtrans-B-methylstyrene epoxide in the yield of
64% and e.e. 34%.

We also detected a new NMh complex in 1/
pivalaldehyde/@N-Me-Imd catalytic system. When
air was blown through the sample containingu3fol
of 1, 250pumol of N-Me-Imd and 1.44 mmol of
pivalaldehyde, a new signal at = 4.7 with un-

resolved hyperfine structure from one manganese

appeared (Fig. 3). The resonancegat= 4.7 be-
longs to an unstable Mh complex 3b (12 <

2 min) which is believed to be analogous to complex
3a.

3.2.2. Nature of complexes 3a and 3b

The present EPR study reveals the princi-
pal difference between thel/aldehyde/Q and
1/aldehydeN-Me-Imd/O;, catalytic systems: unstable
complex3a (or 3b, depending on the aldehyde used)
appears in the latter system. Complexdasand 3b
cannot be obtained by plain addition dFMe-Imd
to the solution containing (salen)MrO oxo species
2 and thus are not products bFMe-Imd ligation to
(salen)MA O. Indeed, UV-VIS spectra differ signif-
icantly whenN-Me-Imd is added before and after the
formation of the green (salen)Nhoxo species (Fig.
2). The addition of one equivalent of perisobutyric
acid to the solution ofl and N-Me-Imd caused im-
mediate conversion into (salen)Mii7], so complex
3a is not a product of the peroxy acid interaction
with N-Me-Imd(salen)MH' . It is tentative to suppose
that 3a and 3b are acylperoxo complexes of man-
ganese(IV),N-Me-Imd(salen)M# (OOCOR), (R =
CH(CHs)2 and R = C(CHg)3, for isobutyraldehyde
and pivalaldehyde, respectively), formed via captur-
ing of acylperoxo radicals present in the catalytic

51
system by (salen)MAN-Me-Imd complex [14]:
(N-Me-Imd)Mn"" (salen + ROCOC
— (N-Me-Imd)Mn"V (salen(OOCOR 2
3a.30

When 76.6.mol of dihydronaphtalene were added
to the sample containing generated in situ complex
3a, dihydronaphtalene oxide was formed in the yield
of 25% and e.e. 0%. Similar results were obtained
with complex3b. Previously, we supposegh to be
the precursor of the active intermediate responsible
for the stereoselectivity in Mukaiyama’s system [7].
However, the data obtained in this work show unam-
biguously that while complexeZa and3b are reactive
towards alkenes, they can be neither true intermediates
responsible for the enantioselectivity nor the interme-
diate precursors.

3.2.3. Mixed-valence dinuclear
Mn""'/Mn'V complexes

One can observe a slow growth of the 16-line signal
atg = 2 (Fig. 2b and e) in/aldehyde/Q/N-Me-Imd
catalytic systems. This signal is characteristic of an-
tiferromagnetically coupled mixed-valence dinuclear
manganese complex having an overall spinSo&
% [15-19]. These species can be generated either by
consecutive treatment @fwith perisobutyric acid and
N-Me-Imd, or isobutyraldehyde#Oand N-Me-Imd,
or pivalaldehyde/@ and N-Me-Imd, respectively. At
the first stepN-Me-Imd(salen)M#A’ O complex forms
which then converts into mixed-valence dimers. Like
in [19], our attempts to simulate the experimental
spectrum with either isotropic or axial models for
and A tensors were unsuccessful in that we could
not reproduce simultaneously the splitting pattern and
peak intensities of the spectrum. Its best fit parame-
ters areg, = 2.0030, g, = 2.0030, g, = 2.0015,
A1 = 162G, A1y, = 160G, A; = 150G, Ay,
875G, Ay, = 83G, Ay, = 615G, line widthd, =
dy = d, = 20G, Gaussian line shape. The total
spectrum width is 1340 G. Fig. 3 represents both the
experimental and the simulated spectra. Theory pre-
dicts that, using these values, one can estimate the
hyperfine constants in the corresponding monomers
[15,18]:

aileil/z- SJ%’
S S

®)
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Whereal andAl/2 are the hyperfine constants in the
mono- and dinuclear complex, respectiveB/and S;

stand for the total spinS( = %) and electron spin b
of the ith metal atom in the dinuclear complex. For

the trapped MA/Mn'!" pair and for the case where

the exchange coupling is large versus other effects we

have: a

al(Mn”) — %Al/z(Mn”)

al(Mn”I) — _%Al/z(Mn“I) (4) 1 1 ] 1 I I I I L
2600 3000 3400 3800 4200

and for MA" /Mn"V dinuclear complex one obtains:

Field / Gauss
1 My _ 141/2 1
a~(Mn") = 2A (Mn'™) Fig. 4. X-band EPR spectra—(196°C) of toluene (40Gl) so-
al(Mn'V) — _Al/Z(Man) (5) lution of b‘is-pz-oxo-Mn'V/Mn”'_ dinuclear complex obtained as
described in the capture to Fig. 3 (a); the simulated spectrum of
So, if this species were Mi#Mn'" dimer,a,\l/l ay and bis-uz-oxo-MnV /Mn"" dinuclear complex obtained using the pa-
n

1 rameters and approach described in the text (b).
ay,an would be expected to be 58.0 and 67.4G, re-

spectively. These values are too small as compared to
those reported in the literature [16—18]. On the con- salenMn' oomn! (salen1—
trary, if this species were Mi/Mn"V dimer, o [(salen (salen]

Mn{1D nea,1- I

= [(salenMn™ O salenMn 9
anda,\lﬂn(m would be expected to be 78.7 and 77.3G, [(salen 2l + (salen ®)
respectively. The latter values are much closer to those [(salenMn'"' O,]~ = (salenMn" + O~ (10)

found for mononuclear manganese complexes with

chelate ligands [16-18]. Thus, we assigned the dimeric ~ This is a formal scheme of chemical equations
complex to bispz-oxo-MrY /Mn!!" dinuclear species where Q~ is not an end product but an intermediate
[(salen)MA" -(u2-0),-Mn'V (salen)T . The dimer was one involved in equilibrium (11) that is to explain the
shown to be inert towards alkenes. In the presence fact observed that in the absence of dioxygen (Fig. 3c
of high excess of isobutyraldehyde or pivalaldehyde, and f), (salen)Mh species predominated in solution:
when all the oxygen originally present in the sam- (salenMn'" + O, = [(salenMn"']* + O,~ (11)

ple was consumed, the WiMn"" signal converted _ o
into the signal of (salen)Mh (g = 2.025, A = 85G) (Salen)MA complex with resolved six-line hyper-

(Fig. 3f). This may be rationalized taking into account fine structure (Fig. 3f) can be transformed back into

the following reaction steps [17-19]: 1 and then into2 by further blowing air through
the sample. At longer times, new Mrspecies hav-
(salenMn" = O + (salenMn'V = 0O ing EPR withg = 2 and unresolved HFS forms
0 irreversibly (Fig. 3c). This must be a product of
< > (salen)MH degradation. Note that the 16-line signal

N v
= [(salenMniV "O" Mn™ (salen] - (6) was not observed for the system withdfMe-Imd.

<O> Two molecules olN-Me-Imd are assumed to bind to
[(salenMn"Y 07 Mn" (salen] + 1e~ the bispo-oxo-MnV/Mn''" species as axial ligands
(Fig. 4).

0}
= [(saler)Mn'V<O>Mn”' (salen]™ 7)
lenM 'V<g>|v| Il (salen]~
[(salenMn n™ (salen] As we mentioned already, different reactive inter-
= [(salenMn"' OOMn (salen]~ (8) mediates were supposed to operate in Mykayama’s

4, Conclusions
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system in the absence and in the presence of 99-03-32448, KPB, OAK and MPV) and grant 00-03-
N-Alk-Imd [3,4]. The reactive intermediate respon- 32438 (KPB, EPT).

sible for the alkene epoxidation in the Migsalen)/
aldehyde/Q@ catalytic system was supposed to be
Mn"" acylperoxo complex. In the absence of an
olefinic substrate, the initially formed (salen)Mn (1] EN. Jacobsen, In: 1. Ojima, (Ed), Catalytic Asymmetri
(OOCOR) is converted rapidly into (salgn)l%@ Synthosis, Ve, New Yojrk (1093). ytic Asy
complex. The latter species was detected in this WOrk 5 1 yamada, K. Imagawa, T. Nagata, T. Mukaiyama, Chem.
and appeared to be not capable of epoxidizing alkenes  Lett. (1992) 2231.
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