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Abstract: Dual-mode electron paramagnetic resonance (EPR), in which an oscillating magnetic field is
alternately applied parallel or perpendicular to the static magnetic field, is a valuable technique for studying
both half-integer and integer electron spin systems and is particularly useful for studying transition metals
involved in redox chemistry. We have applied this technique to the characterization of the Mn(lll) salen (salen
= N,N'-ethylene bis(salicylideneaminato)) complexRR)-(—)-N,N'-bis(3,5-ditert-butylsalicylidene)-1,2-
cyclohexanediaminomanganese(lll)], with 8 2 integer electron spin system. Furthermore, we have used
dual-mode EPR to study the Mn salen complex during the Mn(lll) salen-catalyzed epoxidation of
cis{3-methylstyrene. Our study shows that the additikemethylmorpholineN-oxide (NMO) and 4-phen-
ylpyridine-N-oxide (4-PPNO), which are used to improve epoxidation yields and enantioselection, bind to the
Mn(Ill) center prior to the epoxidation reaction, as evidenced by the alteration of the Mn(lll) parallel mode
EPR signal. With these additives as ligands, the axial zero-field splitting value¥Mnchyperfine splitting

of the parallel mode signal are indicative of an axially elongated octahedral geometry about the Mn(lll) center.
Since the dual-mode EPR technique allows the observation of both integer and half-integer electron spin systems,
Mn oxidation states of Il, 1lI, IV, and potentially V can be observed in the same sample as well as any radical
intermediates or Mn(lll,IV) dinuclear clusters formed during the Mn(lll) salen-catalyzed epoxidation reaction.
Indeed, our study revealed the formation of a Mn(lll,1V) dinuclear cluster in direct correlation with expoxide
formation. In addition to showing the possible reaction intermediates, dual-mode EPR offers insight into the
mechanism of catalyst degradation and formation of unwanted byproducts. The dual-mode technique may
therefore prove valuable for elucidating the mechanism of Mn(lll) salen catalyzed reactions and ultimately for
designing optimum catalytic conditions (solvents, oxidants, and additives such as NMO or 4-PPNO).

Mn(lll) salen complexes are excellent catalysts for the highly O species and @&-oxomanganese(lV) dimer, with the rate-
enantioselective asymmetric epoxidation of olefitrowever, limiting step determined by the rate of disproportionation of
the exact mechanism of the formation of epoxides in this theu-oxomanganese(lV) dimer to the active Mn&/) species
catalytic reaction is unknown. For conjugated olefins, such as responsible for oxygen atom transfer to the oléfiNodels
cis-3-methylstyrene, it is believed that the Mn(lll) salen complex proposing a-oxomanganese(lV) dimer also have been invoked
is initially oxidized to a Mn(V¥=O species; which subse- for closely related epoxidation reactions catalyzed by Mn(lll)
quently participates in oxygen atom transfer to the olefin via porphyrin system$ln addition, a mechanism has been proposed
either direct substrate attack at the oxo ligand in a stepwise for the corresponding Mn(lll) porphyrin-catalyzed epoxidation

radical intermediate processr via substrate attack at both the
Mn center and the oxo ligand (via an Mn(lV) oxametallic
intermediatef. Other models for Mn(lll) salen-catalyzed ep-
oxidation reactions propose an equilibrium between a M#(V)
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of olefins in which there are two reaction pathways competing
for the olefin: one involving a Mn(\4~O species and the other
involving a Mn(IV)=0 specie$. The Mn(IV)=0 species is
assigned to a nonstereoretentive pathway, whereas the &n(V)
O pathway is credited for producing epoxides with retention of
configuration. This competing reaction pathway mechanism may
also be at work in the Mn(lll) salen-catalyzed epoxidation
reactions.

Interestingly, almost all models for the Mn(lll) salen-
catalyzed epoxidation oftis-5-methylstyrene agree that a
Mn(V)=0 species is responsible for the high enantioselectivity
of the epoxidation reaction even though there has been no
absolute direct evidence for the existence of this species. In one
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report, an electrospray tandem mass spectrometry study of thepolarization EPR is a powerful tool for elucidation of zero-

[Mn(lll) salen(NCCH;)] t-catalyzed epoxidation of cyclohexene,

field splitting values and metal center geometry. Thus, the dual-

using iodosobenzene in acetonitrile as the oxidant, detected amode EPR spectroscopic technique is ideally suited for obser-

[(salen)Mn(V}=O]" intermediate; however, whether the origin
of this species is an actual intermediate of the epoxidation
reaction or simply a fragmentation product fromu-@xoman-

vation of the Mn(lll) salen catalysts since the Mn(lll) salen
catalyst can be spectroscopically monitored with EPR while also
monitoring the generation of other paramagnetic species such

ganese(lV) dimer (as assigned in the mass spectrum) isas Mn(lV) complexes or radicals. The proposed Mrt\Q

unknown? Additional support for the existence of a Mn¢¥)
O species comes from analogy with similar Cr(lll) salen-
catalyzed epoxidation reactions which proceed via a GHY)
complex? A Cr(V)=0 has been characterized from both Cr
salen and Cr porphyrin complex&s-! This lends support for

intermediate is predicted to present either a diamagn8tie (
0), triplet (S = 1), or quintet § = 2) spin state during the
epoxidation reaction courgé?! Both of the possible integer
spin (S= 1 or 2) states would be observable with parallel mode
X-band EPR if the Mn ion zero-field splitting parameters are

analogies to be made between the Mn(lll) salen complex and N an appropriate range.

the Mn(lll) porphyrin systems where an intermediate species,
assigned to a Mn(\A O species on the basis of its reactivity,
was detected via stopped-flow UWis spectroscopy during
oxidation of [Mn(lINTMPyP] (TMPyP = tetra(N-methylpy-
ridyl)porphyrinatomanganese(l113¥.

Additives to the Mn(lll) salen reaction mixture, such as NMO

Materials and Methods

Mn(Ill) Salen EPR Sample Preparation. Mn(lll)salen (Jacobsen’s
catalyst, Aldrich Chemical Co. RR)-(—)-N,N-bis(3,5-ditert-butyl-
salicylidene)-1,2-cyclohexanediaminomanganese(lll) chloride]) EPR
samples were prepared with either NMO or 4-PPNO, or without, in

and 4-PPNO, generally facilitate faster reaction rates, higher dry CHtClo- Samples were added to quartz EPR tubes (Wilmad Glass,

epoxide yields, and improved enantioselectivity:16 This

improvement has been attributed in part to the depression of

Lewis acidity of the Mn ion upon coordination of the donor
ligand!2 Exactly when the donor ligand binds to the Mn ion

SQ-707) to a final Mn salen concentration of 1 mM. NMO and 4-PPNO,
when included, were added as 100 and 20 equiv of the Mn(lll) salen
concentration, respectively.

Reaction ProceduresEpoxidation reactions were performed using
Mn(ll1) salen in CHCI, with cis-3-methylstyrene (TCI). The oxidants

has not been previously determined; however, based onused werem-chloroperoxybenzoic acidtCPBA) or NaOCI. NMO
experimental results showing an increase in reaction rates uponwas added to the Mn(l1l) salen in GBI, for the reaction that employed

addition of anN-oxide additive it has been suggested that the
additive binds to the metal after the rate-limiting generation of
the reactive Mn(\A=O intermediaté.

Until now, spectroscopic observation of the Mn(lll) salen
complex during the epoxidation reaction has been limited to
UV —vis? andH NMR?Y’ studies. These studies show spectral
signatures that have been attributed to a Mn(IV), a Mn{tV)
O—Mn(1V) dimer, and a Mn(V) species. However, the lack of

spectral resolution and absolute spectral assignment limit these

m-CPBA as an oxidant. Reactions using NaOCI as the oxidant were
performed with and without the additive 4-PPNO.

Three different methods of performing the epoxidation reaction were
used. In Method 1, the reaction mixtures of Mn(lll) salen, styrene, an
additive, and oxidant were prepared in batch according to the procedures
of Jacobser32224 After the commencement of the reaction, aliquots
were removed at specific times and immediately loaded into EPR tubes
at the temperature of the reaction bath, capped with rubber septa, then
immediately transferred to liquid nitrogen (77 K) to stop the reaction.
In Method 2, reactions were performed in EPR tubes rather than in

spectroscopic techniques. We have thus applied dual-mode EPPpatch as in Method 1. In this case, a solution of the Mn(lll) salen-

to characterization of Mn(lll) salen and to the in situ study of
the epoxidation otis-5-methylstyrene by Mn(lll) salen. The

dual-mode EPR technique encompasses both perpendicular an

parallel polarization EPR. The technique of parallel polarization

NMO-styrene in CHCI, and a separate solution oFCPBA in CHx-

Cl, were prepared. A cold (195 K; kept in a dry ice/methanol bath)
PR tube was loaded with the Mn(lll) salen-NMO-styrene mixture.
he tube was cooled to 175 K (submerged in a methanol/liquid nitrogen

bath) to freeze the Mn(lll) salen-styrene mixture. TiCPBA solution

EPR is useful for observing EPR spectra from integer electron yyas added to the top surface of the frozen Mn(ll) salen-styrene mixture
spin systems such as found in many transition metals (€.g.,in the EPR tube and immediately quenched in liquid nitrogen (77 K)

Mn(l11)), whereas conventional perpendicular mode EPR allows
observation of half integer spin systems (e.g., Mn(IV), mixed-
valent>®Mn clusters, organic radicals). We have previously used

without any mixing into the Mn(lll) salen layer. Method 2 was used
to observe the reaction progress as the sample was successively warmed
slightly above 175 K and thexCPBA layer was allowed to react with

parallel polarization EPR to obtain hyperfine resolved spectra the Mn(lll) salen-styrene layer for controlled time periods. Plastic

of integer spin Mn(lll) complexes (8,S = 2 systems}®
erroneously believed to be EPR siléfit.Parallel polarization

syringes and tubing were used to load all EPR tubes wh&lPBA
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Table 1. Summary of Reaction Procedures

reaction styrene/additive oxidant
Method 1: batch reactions

A cis5-methylstyrene NaOCI

B cis-f-methylstyrene/4-PPNO NaOCI

C cis-3-methylstyrene/NMO m-CPBA

D None NaOCI
Method 2: EPR tube reactions

A cis--methylstyrene/NMO m-CPBA
Method 3: freeze-quench reactions

A cis-f-methylstyrene/NMO m-CPBA

was used as an oxidant since it was found thatnth€PBA reacts

with stainless steel needles and releases copper into the reaction

mixtures (as evidenced by the presence of & &PR signal).

In Method 3, the reaction was performed using a freeze-quench

technique. In this case, a solution of the Mn(lll) salen-NMO-styrene
in CH.Cl, and a separate solution @fCPBA in CH.Cl, were prepared.

The two separate solutions were each loaded into a syringe. Freeze-
guench experiments were performed using an Update Instruments

freeze-quench system with the Model 715 Syringe RAM controller, to

capture the reaction products on the millisecond time scale. The samples

were forced from the syringes into a mixing chamber where the
solutions were mixed and immediately ejected through a single line of

Campbell et al.

(2) Mn(IIl)salen By // By

dy"/dB

(b) Mn(Il)salen
+ NMO

(¢) Mn(Ill)salen
+4-PPNO

o
1000
Magnetic Field (G)

——
500

Figure 1. Parallel polarization CW-EPR of Mn(lll) salen: (a) no

tubing whose length determined the reaction time. Reaction times variedadditives; (b) with NMO; and (c) with 4-PPNO. Experimental condi-

from 50 to 500 ms. The syringe tips and tubing were composed of
PEEK material to avoid degredation from theCPBA solution and
CHCl,. All O-rings that were in contact with any GBI, were Viton.

tions: microwave frequency, 9.393 GHz; microwave power, 1 mW;
modulation amplitude, 10 G; modulation frequency, 100 kHz; time
constant, 20.48 ms; conversion time, 40.96 ms; temperature 4.4 K,

The reaction conditions for each of the methods are outlined below except (a) which is 2.7 K.

and summarized in Table 1.

Method 1: Reaction A Following the procedure of Zhang and
Jacobser cis-3-methylstyrene (0.260 mL, 2.0 mmol) was added to a
solution of Mn(lll) salen (13 mg, 0.02 mmol) in dry GBI, (2 mL) at
room temperature. NaOCI solution (pH 11.3, 9.1 mL, 5.0 mmol) was

to the top surface of the frozen Mn(lll) salen solution. The EPR tube
was then frozen in liquid nitrogen (77 K).

Method 3: Reaction A. Two solutions of Mn(lll) salercis-f-
methylstyrene-NMO (Flask A) and of MCPBA in GBI, (Flask B)

added to the Mn salen solution. The biphasic mixture was stirred at were prepared as follows. Flask A contained 0.8 mmolcistj3-

room temperature. At selected time points (including one prior to
addition of the bleach solution) approximately 140 aliquots were
withdrawn from the mixture and transferred to EPR tubes and
subsequently frozen at 77 K. After being stirred for 3 h, the reaction
mixture was quenchedd.In a simultaneous experiment, in which no

methylstyrene, 4.0 mmol of NMO, and 0.04 mmol of Mn(lll) salen in
5.0 mL of CHCl,. Flask B contained 0.32 M MCPBA in CBl,. One-
milliliter aliquots of the Mn(lll) salen-styrene-NMO and+CPBA
solutions were loaded into separate syringes of the freeze-quench
system. Seventy-five microliters was ejected from each syringe

aliquots were removed for EPR analysis, this procedure yielded 54% simultaneously into a mixing chamber and subsequently into an EPR

of cis-B-methylstyrene oxide.

Method 1: Reaction B. A reaction mixture with 4-PPNO was
prepared as in Zhang and Jacot38evith the number of equivalents
of 4-PPNO added as in Finney et’ais-3-Methylstyrene (0.130 mL,
1.0 mmol) was added to a solution of Mn(lll) salen (6.3 mg, 0.01 mmol)
and 4-PPNO (34 mg, 0.2 mmol) in dry GEl, (1.0 mL), followed by
the addition of NaOCI solution (pH 11.3, 4.5 mL, 2.5 mmol). The

tube. The overall reactant stoichiometry was thus similar to that in
Method 1, reaction C. After each trial, the mixing chamber was cleaned
to avoid contamination with “aged” reaction product in the next trial.
NMR Spectroscopy.NMR spectra were recorded on a GE QE-300
(300 MHz) spectrometer for the samples from Method 1, reactions A
and B. In each case, the NMR spectra confirmed formatiocisf-
methylstyrene oxide!H NMR, CDCk ¢ 7.38-7.28 (m, 5H), 4.09 (d,

reaction mixture was stirred at room temperature and EPR aliquots J = 4.1 Hz, 1H), 3.77 (dg) = 4.4 Hz,J = 5.4 Hz, 1H), 1.12 (dJ) =

were removed as in Method 1, reaction A. In a parallel experiment, in
which no aliquots were removed for EPR analysis, this procedure
yielded 84% ofcis-5-methylstyrene oxide.

Method 1: Reaction C.NMO (1.93 mmol) anctis-3-methylstyrene
(50 uL, 0.385 mmol) were added at room temperature to a solution of
Mn(lll) salen (0.0193 mmol) in 2.4 mL of dry Ci€l,. This solution
was cooled to 195 K and a solutionwfCPBA (0.770 mmol) in Chk+
Cl, (1.4 mL) was added. The reaction was stirred at 195 K during the
entire reaction process. Aliquots for EPR were removed prior to the
addition of m-CPBA and at succesive time intervals after addition of
m-CPBA.

Method 1: Reaction D.A control reaction was run exactly as in

Method 1, reaction A except that no styrene was added to the reaction

mixture.

Method 2: Reaction A. A solution of Mn(lll) saleneis-f-
methylstyrene-NMO was prepared as in Method 1, reaction C. An
aliquot (110uL) of this solution was added to an EPR tube at 195 K
and cooled to 175 K (thus freezing the sample) followed by addition
of anm-CPBA solution (65«L, prepared as in Method 1, reaction C)

(25) Zhang, W.; Jacobsen, E. Bl. Org. Chem1991 56, 2296-2298.

5.4 Hz, 3H).

EPR Spectroscopy.Continuous-wave EPR spectra were recorded
on a Bruker ECS106 X-band CW-EPR system with a Bruker ER
4116DM dual mode cavity capable of both parallel (TE0O12) and
perpendicular (TE102) mode polarizations of the applied magnetic field.
Cryogenic temperatures were obtained with an Oxford ESR900 liquid
helium cryostat. The temperature was controlled with an Oxford ITC503
temperature and gas flow controller. The microwave frequency was
measured with a Hewlett-Packard X532B frequency meter equipped
with a Hewlett-Packard X485B detector mount and detector.

EPR Spectral Simulation Methodology.Spectral simulations were
performed for the Mn(lll) salen EPR spectra as previously desctibed.

Results and Discussion

Characterization of Mn(lll) Salen. Parallel and perpen-
dicular mode CW-EPR spectra of the Mn(lll) salen catalyst in
CH_ClI, with and without the additives NMO and 4-PPNO are
shown in Figures 1 and 2, respectively. The parallel mode EPR
spectrum of Mn(lll) salen without an additive (Figure 1a) is
complicated, consisting of many- (6) 5*Mn hyperfine lines.
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Figure 2. Perpendicular polarization CW-EPR of Mn(lll) salen: (@)  gxperimental conditions are the same as Figure 1, except the temper-
no additives; (b) with NMO; and (c) with 4-PPNO. Experimental  atre. which is varied.
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Figure 3. Parallel and perpendicular polarization CW-EPR of Mn(lll) (B, dotted trace). The simulations are shown compared to the
salen in CHCI, without an additive at temperatures of 2.7 and 15 K. experimental data (solid traces). Experimental conditions are given in

The parallel mode spectra (top graph) show at least 16 hyperfine lines. Figure 1. Simulation parameters for the NMO sample are the follow-
The lower field hyperfine lines at 15 K do not align with those at 2.7 ing: microwave frequency, 9.393 GHp, = —2.5 cm™; E = 0.269
K; however, the six highest field lines do align. The perpendicular mode €M% 9o = 2.0;g; = 1.98;A = 68 G; A; = 45 G; line width, 6 G;

(bottom graph) spectrum at 2.7 K shows hyperfine structure that is temperature, 4.4 K§ = 0.1 to 89.7 in increments of 0.2 ¢ = 0.1 to
virtually gone at 15 K. Experimental conditions are the same as Figure 88.1 in increments of & Simulation parameters for the 4-PPNO sample

1 (parallel mode spectra) and Figure 2 (perpendicular mode spectra).are the same as in the NMO case exdept 0.249 cmt, A; = 42.5
G, and line width= 12 G.

The temperature dependence of the parallel mode EPR spectrundefined Mn(lll) geometry, (3) dimerization of two Mn(lll) ions
shows that different hyperfine lines have distinct temperature with either antiferromagnetic or weakly ferromagnetic exchange
dependences (Figure 3). This is indicative of the observed coupling between the Mn(lll) ions with different spin-states
transitions arising from either (1) a distribution of Mn(lll)  populated at different temperatures, or (4) higher nuclearity
centers with different geometries that give rise to different zero- Mn(lll) clusters. There is variation in the overall line shape
field splitting parameters, (2) differeMs manifolds for a well- between prepared samples, possibily due to freezing with



5714 J. Am. Chem. Soc., Vol. 123, No. 24, 2001 Campbell et al.

different orientations or molecular distributions when multiple . ! .
species are present (e.g. dimers or higher nuclearity clusters). @ B,_L B,
The spectra obtained in the presenceis{3-methylstyrene are

similar to those obtained in its absence indicating thsi3-

methylstyrene does not bind to or alter the magnetic properties I M/\\-’JMMW"’“"

of the Mn(lll) salen species. “’\JMWM’V——‘
Conversely, in the presence of either NMO or 4-PPNO )

(Figure 1), the Mn(lll) salen complex shows six well-resolved
hyperfine lines, indicative of a well-defined molecular geometry — \ sl
about the Mn(lll) center with no significant distribution of zero- 1000 2000 3000 4000 5000
field splitting parameters. The temperature dependence of the Magnetic Field (G)

parallel mode EPR signals for Mn(lll) salen with 4-PPNO and
NMO shows Curie-law behavior (Figure 4), as does the
Mn(lll) salen/NMO complex in the presence ois-3-methyl-
styrene. This Curie-law behavior is indicative of &= 2
electron spin system for the Mn(lll) system, with a negative
axial zero-field splitting valueD.1® The EPR spectra of the
Mn(lll) salen species in the presence of 4-PPNO or NMO arise
from transitions between thels = +2 levels, which are the
lowest energy levels when the axial zero-field splitting value is : — : .
negative. Although the parallel mode EPR spectra for the looo 2000

Mn(lll) salen complexes with NMO and 4-PPNO are similar, Magnetic Field (G)

their hyperfine splittings are slightly different. The Mn(lIl) salen- ~ Figure 6. (a) Perpendicular and (b) parallel mode CW-EPR spectra
NMO complex displays hyperfine lines that are split by optalngd during the reaction time course of Mn(lll) ;(?\Ien in.Chl
approximately 46 G, whereas the Mn(lll) salen-4-PPNO com- with cis-f-methylstyrene before and after the addition of NaOCI

lex h fine i ted b imatelv 42 G. Th (Method 1, reaction A). The traces in parts a and b, from top to bottom,
plex nhyperiine lines are separated by approximately - Ihe correspondd O s (prior to addition of NaOCI) and 3 min 40 s, 20 min,

effective g-value at the center of the six lines in each case is 40 min, 60 min, and 120 min after the addition of NaOCI. Experimental

also slightly different, 8.16 (NMO) and 8.10 (4-PPNO). These conditions are as in Figure 2 for the perpendicular mode spectra and
differences, along with the parallel mode EPR signal temperatureFigure 1 for the parallel mode spectra. In (a), a Mn(lll,IV) dinuclear

dependence data, allow for accurate spectral simulations andspecies EPR signal is apparent nga+ 2 (3450 G) with more than
determination of the parallel hyperfine tensor valég,(g-tensor 16 hyperfine lines. At 3 min 40 s, a signal from Mn(1V) is observable
value @), and zero-field splitting parameter® @ndE). The nearg ~ 5.1 (1340 G). The peak aroung~ 3.9 (1750 G), apparent
Mn(lll) salen-NMO EPR spectrum is simulated (Figure 5a) with after the reaction has run for 120 min, is from another Mn(IV) species.

D = -2.50 cnt?, E = 0.269 cm*, A; = 68 G, A = 45 G, g The Mn(lll) salen parallel mode spectrum collected at 2.7 K
= 2.0, andg, = 1.98. The Mn(lll) salen-4-PPNO EPR spectrum  4fier the addition ofis-8-methylstyrene, but prior to the addition
is simulated (Figure 5b) with = —2.50 cn1*, E = 0.249 ¢, of NaOClI, is shown in the top trace of Figure 6b. After 3 min
Ao = 68 G, Aj = 42,5 G,gy = 2.0, andg, = 1.98. In an into the reaction, no Mn(lll) parallel mode signal is observable,
octahedral field, the Mn(I1IJD ground-state term will spI|t|n.to indicating that virtually all of the Mn(lll) species has been
°T2g and®Eg terms. The degeneracy of thig; ground state will oxidized. The peak at1600 G present in each trace of Figure
be removed by spinorbit coupling and JahrTeller distortions g js due to oxygen and is present in almost all parallel mode
to give rise to either &Ay4 or °B1g ground state. Given the  gpectra, as are other background features around 1000 G (seen
simulfited zerq-field splitting vaIugAH, andg, the glround state  pest in the second and third traces in Figure BbYhe
term is most likely théB,q term with the g¢—> orbital empty,  perpendicular mode EPR spectra obtained during the reaction
which results in an elongation of the@rbital. Thus, both the  {jme course are more interesting (Figure 6a). The Mn(lll) salen
NMO and 4-PPNO additive cases are simulated quite well using signal is also observable in perpendicular modg-at8.1 prior
parameters that are indicative of axially elongated six-coordinate g the addition of NaOCI (top trace, Figure 6a). The formation
Mn(”l) CenterS.ls Note that, Unlike the para||e| turning pOintS, Of a Mn(lv) Spec|es ag ~ 51 |S apparent |n the perpendu:u'ar
go and Ag are not measurable from the EPR spectra and the mode spectrum collected 3 min after the addition of NaOCI to
EPR Simu|ati0ns are thUS not SenSitive to these Va|ueS. Fromthe Mn(|||) salen/styrene mixture (F|gure 6al Second trace from
the pal‘a”el mode EPR Spectra and our Simu|ati0ns, we Selecterp) This Mn('V) Species gives an EPR Spectrum similar to a
values ofgy andAq typical for axially elongated six-coordinate previously reported EPR spectrum for Mn(IV)(SALADHP)
Mn(lll) ions. where the Mn(IV) inner coordination sphere is asymmetric and
The perpendicular mode EPR spectra of the Mn(lll) salen consists of 2 nitrogen atoms and 4 oxygen atéffik addition,
species with and without additives (Figure 2) demonstrate that an EPR signal from a Mn(lll,IV) dinuclear complex grows in
the Mn(lll) center is also observed with the conventional EPR atg = 2 (~ 3450 G)2’® The Mn(lll,1V) species signal intensity
magnetic field (perpendicular) orientation, et-8.1. However, increases during the reaction course with a corresponding
the perpendicular mode spectra do not show hyperfine structuredecrease in the initially observegl ~ 5.1 Mn(lV) signal
as well-resolved as the parallel mode spectra. Additionally, the intensity. As the reaction nears completion, the Mn(lll,IV)
perpendicular mode EPR signal amplitudes are much smaller.species signal intensity decreases, corresponding to a loss of
Mn(Ill) Salen Epoxidation Reactions Using NaOCI. The the Mn(ll1,1V) species. After the disappearance of the Mn(lI1,IV)
perpendicular and parallel polarization EPR spectra for the EPR signal, the initial Mn(IV) species does not reappear.
expoxidation ofis-B-methylstyrene with Mn(lll) salen without ~ Instead, a peak grows in gt~ 3.9 (approximately 1750 G).
an additive (Method 1, reaction A) are shown in Figure 6, parts (26) Smimov, A. 1.; Clarkson, R. B.; Belford, R. EPR Newslet200Q
a and b, respectively, over the time course of 0 to 120 min. 11, 9—11.
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Figure 7. Comparison of the perpendicular mode Mn(lll,1V) dinuclear s \\ *%y;f;f
species EPR spectra obtained in four independent trials of the Mn(lll) LT

salen reaction with NaOCI 20 min after the addition of NaOCI to the - 480 500 1200 1600 2000 2400 2800
Mn(lll) salen (Method 1, reaction A). Notice the similar signal

. - : : . Magnetic Field (G
intensities and line shapes. Experimental conditions are the same as ) agnetic Field (G)
for Figure 2. Figure 9. Perpendicular (top graph) and parallel (bottom graph)

polarization CW-EPR spectra of a control experiment in which Mn(lll)
P salen in CHCI, was reacted with NaOCI without the addition of any
@ By LB styrene to the batch reaction (Method 1, reaction D). No Mn(lll,IV)
species EPR signal was observed during the control reaction. However,
the Mn(IV) peak at 1750 G was present in the control experiment and
seemed to increase in amplitude as the reaction proceeded. After 40

min reacting in the absence of styrene, styrene was added. 20 min after

styrene addition (bottom trace, top graph) a very small amount of
W hyperfine structure was observable ngar= 2; however, the signal

i L Il 1 i

dy"/dB

T T never fully resolved, making its assignment to the same Mn(lIL,1V)
m’"’f—% species not possible. The parallel polarization spectra (bottom graph)
1000 2000 3000 4000 5000 did not show any features above the background during the control
Magnetic Field (G) reaction.
() By // By alkoxide oxygen aton&2Adam et al® also recently observed,
% with ES-MS, an inactive Mn(IV) species ([Mn(IV)(salen)-
- % (CD]TOCI) in a similar epoxidation reaction. Independent trials
= % of this epoxidation reaction show the same EPR spectra over
F %‘“ the reaction time course. The Mn(lIl,IV) species EPR spectrum
“.M\/k/"__‘ is identical in each trial as illustrated in Figure 7, which shows
% an overlay of the Mn(lIl,IV) EPR spectrum 20 min into the
— . : , reaction for four independent trials. Prior to observation of the
1000 2000 Mn(Il1,1V) species EPR signal, no epoxide was detected by thin-
Magnetic Field (G) layer chromatography (TLC); however, in samples for which
Figure 8. (a) Perpendicular and (b) parallel mode CW-EPR spectra the Mn(lll,IV) species was observed with EPR, epoxide was
obtained during the reaction time course of Mn(lll) salen in,CH detected with TLC.
with 4-PPNO andcis-5-methylstyrene after the addition of NaOCI The perpendicular and parallel mode EPR spectra observed

(Method 1, reaction B). The traces in parts a and b, from top to bottom,
correspond to 10 s, 38 s, 1 min, 5 min, 10 min, and 30 min after the
addition of NaOCI. In part a the Mn(lll,IV) dinuclear species and the

during the epoxidation reaction in the presence of 4-PPNO
(Method 1, reaction B) are shown in Figure 8, parts a and b,
Mn(lV) species signals are apparent as described in Figure 6a. reSpeCt'Ve!y’ fpr the rea_Ct'on_ time course from 10 s to 30 min.
Additionally, the Mn(IV) peak aty ~ 3.9 appears much more rapidly ~ 1N€ €poxidation reaction in the presence of 4-PPNO is

after addition of NaOCI (at 38 s compared to 3 min). In part b, the completed much more rapidly than the corresponding reaction
Mn(ll) salen/4-PPNO complex is visible as the six-line signal between Wwithout 4-PPNO. The EPR spectra for this reaction are similar

800 and 1000 G. The large peak at approximately 1600 G and the to the spectra observed for the reaction without 4-PPNO (Figure
three small peaks at 600, 900, and 1100 G are background signalsg), except that the Mn(lIl,IV) species appears rapidly and is
common in parallel mode spectra, most likely due to oxygen. clearly present in the spectrum taken 10 s after addition of
Experimental (_:onditions are as in Figure 2 for the perpendicular mode NzOC] in the presence of the additive (Figure 8a, top trace).
spectra and Figure 1 for the parallel mode spectra. The Mn(lI1,1V) species EPR spectrum is similar in the reactions
with and without 4-PPNO. The Mn(IVy ~ 3.9 peak appears

This peak is due to a different Mn(IV) form and resembles that to grow in (Figure 8a) with the corresponding reduction of the
observed from Mn(1V)(HIB3 (HIB = hydroxyisobutyric acid), Mn(l11,1V) signal, as in the reaction without the 4-PPNO (Figure
which has an inner coordination sphere of six oxygen atoms 6a).

with a trigonal compression along the face defined by three  Control experiments were performed with Mn(lll) salen
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presence of NMO using m-CPBA as an oxidant (Method 1,
reaction C) are shown in Figure 10. When m-CPBA is used as
an oxidant the reaction is completed rapidly (within minutes).
The parallel mode EPR results (Figure 10, bottom graph) show
the Mn(lll) salen/NMO signal taken prior to and 20 s after the
addition of m-CPBA. After reacting with the m-CPBA for 20

s, the Mn(lll) salen is almost 90% reacted, as evidenced by the
decrease in the parallel mode EPR signal. The perpendicular
mode EPR spectra (Figure 10, top graph) show a similar
reduction in the Mn(lll) salen signal (small residual pealgat

~ 8.1) and a Mn(IV) signal ag ~ 5.1 that has appeared by 20

s after addition ofn-CPBA. In addition to the Mn(lV) signal
atg~ 5.1, a signal is visible a = 2 with at least 11 hyperfine
lines, indicative of &°Mn dimer species. Also aj = 2 there
appears to be a radical EPR signal (marked by an asterisk). It
is possible that this radical is an unwanted byproduct formed
due to the oxidizing strength of-r CPBA, since a corresponding
radical species is not detected in the reaction that proceeds with
NaOClI.

The EPR tube reaction (Method 2, Reaction A) time course
produced the perpendicular and parallel mode EPR spectra
shown in Figure 11, parts a and b, respectively. The EPR tube
was successively warmed at a temperature slightly above 175
K and the EPR spectra were recorded after each warming period
from 0 to 20 min 15 s. The top traces in Figures 11a and 11b
show the perpendicular and parallel mode EPR spectra, respec-
tively, obtained prior to allowing the top layer af-CPBA to
react with the bottom Mn(lll) salen/NMO/styrene layer. The
subsequent traces of Figure 11a and 11b (second from top to
bottom) correspond to the EPR spectra obtained after warming
Mn(lll) salen/NMO signal is observable in both perpendicular and for 30 s, 1 min 15s, 2 min 45s, 4 min 45 s, 7 min 45 s, 10 min
parallel modes (labeled “0 sec”). 20 s after additiom®eCPBA, the 15 s, 15 min 15 s, and 20 min 15 s, respectively. The Mn(lll)
Mn(lIl) salen/NMO is almost completely consumed. The perpendicular g51en/NMO signal present in both the perpendicular and parallel

mode spectra show the formation of a Mn(lll,1V) dinuclear cluster ~ ;
species and a Mn(lV) species. The asterisk in the top graph denotes amOde spectra negr~ 8.1 can be seen to disappear as the tube
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Figure 10. Perpendicular (top graph) and parallel (bottom graph)
polarization CW-EPR spectra of Mn(lll) salen/NMO ardis-$3-

methylstyrene (Method 1, reaction C). Before additiome€PBA the

possible radical species. Experimental conditions are given in Figures
1 and 2 for parallel and perpendicular mode spectra, respectively.

without styrene (Method 1, reaction D). Aliquots for EPR
analysis were removed at time points of 20 to 40 min after the
addition of NaOCI (Figure 9). The control sample EPR spectra
show the disappearance of the Mn(lll) salen parallel mode EPR
signal immediately after addition of NaOCI (data not shown),
and the corresponding appearance of a Mn(IV) EPR signal in
the perpendicular mode spectra gt~ 3.9. Additionally, a
Mn(IV) species atg ~ 5.1 is present in all of the control

perpendicular mode EPR spectra (Figure 9a). It is notable that

no Mn(lll,1V) dinuclear species EPR signal is ever observed in
the absence ofis-s-methylstyrene, an indication thats-S3-
methylstyrene is necessary to form the Mn(lll,1V) species. NMR
and TLC both show the absence of any epoxide formation in
this control reaction. The Mn(I\Vy ~ 3.9 feature that grows in
after the completion of the epoxidation reaction with and without
4-PPNO (Figures 6 and 8) is present in all of the control

Is warmed. Corresponding to the disappearance of the Mn(lll)
signal, a Mn(IV) signal appears negar: 5.1 in the perpendicular
mode spectra. The Mn(IV) species appears to form initially at
a higher field than observed in the final reaction trace. The
vertical line in Figure 11a is drawn through the maximum of
the Mn(IV) peak in the final reaction product (bottom two
traces); however, at the earlier reaction times, the Mn(1V) peak
is significantly shifted upfield (by at least 100 G). This indicates
that the Mn(IV) species present at early times in the reaction is

in a different environment from the Mn(lV) species present at
the completion of the reaction.

The parallel mode EPR spectra (Figure 11b) for the reaction
carried out in an EPR tube (Method 2, reaction A) show
successive disappearance of the Mn(lll) salen/NMO complex
signal. Interestingly, a new peak appears downfield from the
lowest field peak of the six-line signal (most visible in the third
and fourth traces from the bottom of Figure 11b). This peak
actually corresponds to the low-field peak of a new six-line EPR
signal, as confirmed by the following freeze-quench experi-

experiment spectra. These results imply that the generation ofments.

theg ~ 3.9 Mn(IV) species is indicative of inactive Mn salen
catalyst, consistent with the inactive Mn(IV) species previously
observed by Adam et af° Interestingly, spectra obtained 20
min after the addition ofis-S-methylstyrene to the control
reaction mixture that had previously reacted with NaOCI for
40 min show a very slight indication of the formation of a
Mn(lI1,1V) species atg = 2 (Figure 9a, bottom trace); however,
no epoxide is detected with TLC.

Mn(lll) Salen Epoxidation Reactions Usingm-CPBA. The
EPR results for the epoxidation reaction carried out in the

The freeze-quench experiments (Method 3, reaction A) clearly
show this new parallel mode EPR signal at 50 and 64 ms into
the reaction of the Mn(lll) salen/NMO/stryene mixture with
m-CPBA (Figure 12a). A comparison of the 50 and 64 ms
mixing time parallel mode signals with the signal taken prior
to mixing (Figure 12a, top trace) shows the presence of new
signals at very low field (20 G) and to slightly lower field of
the six-line Mn(lll) hyperfine signal (at approximately 655 G)
in the 50 and 64 ms traces. The Mn(lll) salen EPR signal
amplitude has decreased by approximately half after the reaction
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Figure 11. (a) Progression of the perpendicular mode spectra obtained via the EPR tube reaction (Method 2, reaction A) after successive warming
slightly above 175 K. The top trace is the unreacted sample witmt&®BA layer on top of the Mn(lll) salen/NMO/styrene layer. The subsequent
traces are obtained after warming the EPR tube slightly above 175 K for a total of (second from top to bottom) 30 s, 1 min 15 s, 2 min 45 s, 4 min
45s, 7min 45s, 10 min 15 s, 15 min 15 s, and 20 min 15 s, respectively. Experimental conditions are the same as for Figure 2. (b) Parallel mode
CW-EPR spectra corresponding to the perpendicular mode spectra given in part a. The six-line signal centered around 800 G is from the Mn(lll)
salen/NMO complex. Experimental conditions are as given in Figure 1.

|
1000

has proceeded for 50 ms. The low-field peak at approximately = The perpendicular mode EPR traces corresponding to the
20 G could be from either an integer or half-integer spin species; freeze-quench 50, 64, and 500 ms reaction times (Figure 12b)
since it is a low-field signal, the orientation of the applied show the presence of an EPR signal ngar 2 corresponding
oscillating magnetic field either parallel or perpendicular to the to a radical species. This species appears slightly larger after
static magnetic field has little effect on the transition probability 500 ms than at 50 ms. This radical signal was also observed in
for observation of this signal. Thus, the same signal is observedthe EPR spectrum obtained from the batch reaction, Method 1,
in the perpendicular mode EPR spectra (Figure 12b; 50 and 64reaction C (Figure 10), 20 s into the reaction. The freeze-quench
ms traces and to a lesser extent the 500 ms trace). It is possibleesults also show that the line shape of the derivative-shaped
that this signal arises from a short-lived Mn&) species in peak at 2300 G appears to change as the reaction progresses.
the S = 1 spin state. However, because the signal has no This could be due to a change in the coordination environment
hyperfine structure and is present in both perpendicular and of a Mn(lV) species. All of the freeze-quench perpendicular
parallel mode spectra, it is not possible to simulate accurately mode traces show greater than $i¥n hyperfine lines neag

at this time. = 2. This implies some formation of"AMn dimer species very

Close inspection of the regions between the Mn(lll) salen early in the reaction course.
hyperfine lines in the 50 and 64 ms parallel mode EPR spectra _
(Figure 12a) shows small shoulder peaks which correspond toConclusions
55Mn hyperfine structure. Notice that the peak at 655 G is much . .
larger at 64 ms than it is at 50 ms. Correspondingly, the Mn(lll) 'I(;he. pr)]erpendlt(:)ulr?r m%de EPR specTra for'tl)\/ln(ljll) salen with
salen hyperfine peaks are larger at 50 ms than at 64 ms. ThisanI wit ou;él\él\g gve een pre_V|ous¥ahttr| ;the 1o aIMn(III)
implies that the Mn(lll) salen/NMO species is transformed into salen speci ased on comparison of the effectigevalues
a new species that gives rise to the shifted six-line hyperfine ~ (27) (a) Pecoraro, V. L. Structurally Diverse Manganse Coordination
structure. This new EPR signal, absent in the perpendicular Complexes: From Voodoo to Oxygenic PhotosynthesisMiamganese

inn i inati iran. Redox Enzyme®ecoraro, V. L., Ed.; VCH Publishers: New York, 1992;
mode, could be from a Mn(lll) ion in a coordination environ pp 199-204. (b) Larson, E. L.; Pecoraro, V. L. Introduction to Manganese

ment different from the initial Mn(l1l) salen species, or possibly gnzymes. InManganese Redox EnzymeZecoraro, V. L., Ed.; VCH
from anS= 1 or 2 Mn(V) species. Publishers: New York, 1992; pp-128.
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Figure 12. (a) Parallel mode CW-EPR spectra obtained before mixing (labeled “0 sec”) and 50, 64, and 500 ms after mixing the Mn(lIl) salen/
NMO/cis-f-methylstyrene mixture with thexCPBA mixture (Method 3, reaction A). Experimental conditions are as given in Figure 1. (b)
Perpendicular mode CW-EPR spectra corresponding to the parallel mode spectra given in part a. Experimental conditions are as given in Figure 2.

and hyperfine spacings with those of the manganese(lll) Scheme 1
acetylacetonate species (552Gand Mn(lll) trapped in TiQ

(53 G)* Using parallel polarization CW-EPR which allows 1) salen+ OXidant Mn(¥)

direct observation of the Mn(lll) speciéwe confirm that the niihsaten 7 7 7| pngor Mn(IV) — . Mn(IILIV)
perpendicular modg ~ 8 signal in the Mn(l11)/NMO complex + Styrene MaIID

is indeed due to a Mn(lll) species. The parallel polarization EPR

signal of the Mn(lll) salen complex in the absence of an additive

is 35Mn hyperfine rich. Although we have presented several

possibilities for the origin of this complex spectrum, we favor

an explanation that two or more Mn(lll) centers are coupled in Ing’i‘t‘i(jzzorm +1\égg;i]<)1e

the absence of NMO or 4-PPNO. If there was a distribution of
Mn(lll) centers with different geometries, one would expect a . . o . .
broad, sinusoidal parallel mode spectrum without reso¥aed in both additive cases are indicative of an axially elongated six-

hyperfine structure due to the distribution of molecular geom- coordinaté Mn(ill) complex. The parallel mode EPR data
; nsuggest that the additives may improve reaction yields and

reaction rates by dissociating any multiple nuclearity Mn(lll)
centers and returning them to well-defined monomeric Mn(lll)
oftates available for the epoxidation reaction. Another possibility
is that the elongation of theabrbital, triggered by the additive
binding, makes it more accessible to the olefin. Both of these
factors most likely contribute to the enhanced success of
reactions with additives.

Control experiments in which the reaction was run without
| styrene did not show formation of the Mn(lll,IV) species.
Additionally, reactions run with styrene under conditions with
limited NaOCI showed very little epoxide and Mn(lll,1V)
dinuclear cluster formation. Thus the observation of a Mn(ll1,1V)
(28) Bryliakov, K. P.; Babushkin, D. E.; Talsi, E. Flendelee Commun. species during the epoxidation reaction is indicative of a

with a Mn(lll) ion in a well-defined geometry with zero-field
splitting values that allow for transitions between varidds
levels and that match the observed temperature dependence
the EPR transitions.

In contrast to previous reportghe parallel mode spectra of
Mn(lll) salen in the presence of NMO and 4-PPNO reflect that
these ligands alter the ligand field around the initially five-
coordinate Mn(lll) salen metal center by binding to Mn(lll)
beforethe formation of any reaction species. The negative axia
zero-field splitting value® = —2.5 cnt?) and the hyperfine
andg-tensor values obtained from the EPR spectral simulations

1999 29-32. ; i ;
(29) Dexheimer, S. L.; Gohdes, J. W.; Chan, M. K.; Hagen, K. S; Mn(lI1,1V) cﬁnuplear cluster |.nt.ermed|ate.

Armstrong, W. H.; Klein, M. PJ. Am. Chem. Sod989 111, 8923-8925. A complication to determining the Mn(lll) salen-catalyzed
(30) Gerritsen, H. J.; Sabisky, E. Bhys. Re. 1963 132, 1507-1512. epoxidation reaction mechanism is the possibility that many

Org(gglc)hFeur;ﬁngllogg’ &9%-_;625%%”9' W.; Jacobsen, E. N.; Wong, C}H.  factors may influence the reaction pathway. These include the
(32) Sasaki, H.; Irie, R.; Hamada, T.; Suzuki, K.; KatsukiT&trahedron Mn(lll) salen ligands;#%2 the type of alkené} the additive

1994 50, 11827-11838. (donor ligand)-13-16 the reaction solvent, the oxidizing agent,
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and the temperatufeHowever, as shown in this study, the to the oxidation states of Mn observed during the reaction time
advantage of the dual-mode EPR technique is that it not only course.

provides a very sensitive probe to changes in the ligand Coupled with the freeze-quench experiments which show
environment of the Mn(lll) center, it also enables one to promise for detection of either a Mn(V) intermediate and/or a
spectroscopically follow the reaction progress as a function of Mn(lll) species involved in the early ligand coordination, the
reaction time, allowing the simultaneous observation of the dual-mode EPR technique will provide significant insight into
Mn(lll) salen catalyst and the formation of Mn intermediates, the Mn(lll) salen-catalyzed epoxidation reactions of various
radical intermediates, and Mn byproducts. Based on our results,substrates under a wide variety of experimental conditions.
we suggest that the epoxidation reaction mechanism corre-Further experiments are focusing on continued elucidation of
sponding to our experimental conditions includes the Mn speciesthe reaction course at early reaction times using freeze-quench
shown in Scheme 1. The EPR data do not provide enoughtrapping techniques along with dual-mode EPR spectroscopy.
information to assign all of the ligands to all of the observed

Mn species accurately. However, Scheme 1 is a reasonable guidgA0027463



