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Intermediates of chromium—salen catalyzed alkene epoxidations were studied in situ by EPR, *H and ?H NMR, and
UV-vis/NIR spectroscopy (where chromium—salens were (S,S)-(+)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediamino chromium(lll) chloride (1) and racemic N,N'-bis(3,4,5,6-tetra-deuterosalicylidene)-1,2-cyclo-
hexanediamino chromium(lll) chloride (2)). High-valence chromium complexes, intermediates of epoxidation reactions,
were detected and characterized by EPR and NMR. They are the reactive mononuclear oxochromium(V) intermediate
(A) Cr¥O(salen)L (where L = CI~ or a solvent molecule) and an inactive chromium—salen binuclear complex (B)
which acts as a reservoir of the active species. The latter complex demonstrates an EPR signal characteristic of
oxochromium(V)—salen species and *H NMR spectra typical for chromium(lll)—salen complexes, and it is identified
as mixed-valence binuclear L;(salen)Cr"OCrY(salen)L, (L;, L, = CI~ or solvent molecules). The intermediates
Cr¥O(salen)L and Ls(salen)Cr'""OCrY(salen)L, exist in equilibrium, and their ratio can be affected by addition of
donor ligands (DMSO, DMF, H,0O, pyridine). Addition of donor additives increases the fraction of A over that of B.
The same two complexes can be obtained with m-CPBA as oxidant. Reactivities of the Cr/O(salen)L complexes
toward E-S-methylstyrene were measured in DMF. The Ly(salen)Cr"OCrY(salen)L, intermediate has been proposed
to be a reservoir of the true reactive chromium(V) species. The chromium—salen catalysts demonstrate low turnover

numbers (ca. 5), probably due to ligand degradation processes.

Introduction

Chromium-salen complexes are well-known catalysts of
stereoselective alkene epoxidatidnzkinetic resolution of
epoxides® alcohol oxidations, asymmetric addition of
organometallic reagents to aldehyd&s$? and asymmetric
hetero Diels-Alder reactions? Although it was alkene
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epoxidation that pioneered the wide use of chromitgalens

as catalysts, except the works of KoéRithere have not
been mechanistic studies of its catalytic action. As distinct
from the manganesesalen alkene epoxidations (for recent
findings on mechanisms see refs-14), chromium-salens
give good enantioselectivities f@-alkenes’ and the estab-
lished oxygen transferring &0 speciekis relatively stable
and EPR active. At the same time, the fact that some
guestions (e.g., how the donor ligands affect the intermedi-
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Cr' (salen)Cl Catalyzed Asymmetric Expoxidations

ates®?° and why the €es observed in the stoichiometric
reaction are not maintained in the catalytic ¥héave not

and CRXCN were dried over molecular sieves (4 A) prior to use.
All other chemicals were reagent grade and used without further

been answered so far, and the considerable interest inPurification.

chromium-salen epoxidations, stimulates mechanistic in-
vestigations.

Recently, we have reported an EPR and NMR spectro-
scopic study of Ct(salen)Cl type catalysfd. The CH!
complexes have been found to Be= 3, species, demon-
strating characteristic EPR artti(®H) NMR spectra. The
reactive oxochromium(V) species (electronic configuration
d") should display rather sharp and informative EPR spéctra.
In this paper, we report EPR and NMR detection and
characterization of the chromium(l#)and chromium(Vy-
salen complexes that appear to be involved into the epoxi-
dation catalytic cycle. Ct(salen)Cl complexe$ and2 were

IH NMR spectra were recorded on a Bruker MSL-400 spec-
trometer at 400.13 MHz, using 5 mm cylindrical tubes. Chemical
shifts were referenced to the solvent residual protons,GTDo
= 5.35 ppm; CRCN, 6 = 1.96 ppm; DMFd;, 6 = 2.79, 2.94,
7.90 ppm). Typical operation conditions fé measurements were
as follows: a spectral width 125000 Hz, spectrum accumulation
frequency 10 Hz, number of scans 2KOK, 5us radio frequency
pulse, 16K data pointd8H NMR spectra were recorded on a Bruker
MSL-400 spectrometer at 61.425 MHz, using 10 mm cylindrical
tubes. Chemical shifts were referenced to solvent residual deuterons
(CH.Cl,, 6 = 5.35 ppm; CHCN, 6 = 1.96 ppm; DMF 0 = 2.79,
2.94, 7.90 ppm). Typical operation conditions f6f measurements
were as follows: a spectral width 15000 Hz, spectrum accumulation

selected as representative model catalysts, due to their sharpljfequency 10 Hz, number of scans KK, 5 us radio frequency

differing reactivities'® To assign the NMR signals of
chromium(lll) catalysts, a fruitful methodology reported for
Mn"'(salen) complexé3 was used: namely, a deuterated
salicylaldehyde derivative was used in the case of complex
2 with a view of 2H NMR studies.

6
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Experimental Section

General and Spectroscopic MeasurementsDiacetoxyiodo-
(benzene), meta-chloroperoxybenzoic acid (m-CPEAj;methyl-
styrene, CRCl,, and phenobls were purchased from Aldrich and
used as receivedSQ)-(+)-N,N'-Bis(3,5-ditert-butylsalicylidene)-
1,2-cyclohexanediamino-chromium(lll) chlorid® (vas synthesized
as described in Supporting Information for ref 23. lodosylbenzene
was prepared as described in ref 24. Acetonitrile xClk} CD,Cl,
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Trans.2002 2263.
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28, 2044.
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Am. Chem. Sod 995 117, 5897.

(24) Piaggio, P.; McMorn, P.; Murphy, D.; Bethell, D.; Bulman Page, P.
C.; Hankock, F. E.; Sly, C.; Kerton, O. J.; Hutchings, GJ.JChem.
Soc., Perkin Trans. 2000 2008.

pulse, 4K data points (on processing, data were zero filled to 16K).
Experimental uncertainty fotH chemical shifts weret0.5 ppm
and for?H chemical shifts+0.1 kHz.

EPR spectra were recorded on a Bruker ER-200D spectrometer
at 9.4 GHz. Measurements at room temperature were performed
in a flat quartz ampule of 0.2 mL volume. Periclase crystal (MgO)
with impurities of Mr#™ and C#*, which served as a side reference,
was placed into the second compartment of the dual cavity. For
kinetic measurements, concentrations of chromium(V) species were
obtained by double integration of the corresponding EPR signals.

Preparation of Cr"" (salen)Cl Complex 2rac-N,N'-Bis(3,4,5,6-
tetra-deuterosalicylidene)-1,2-cyclohexanediamine ligand was pre-
pared from g-phenol according to procedures described in refs 25
and 26. To prepare the complex, all operations were performed in
argon atmosphere: 170 mg (0.52 mmol) of the ligand followed by
70 mg (0.57 mmol) of CrGlwas dissolved in 15 mL of dry THF
and magnetically stirred fo2 h under argon. Then, the mixture
was exposed to air, and stirring was continued for 2 h. The green-
yellow solid was filtered off and dried in vacuo. Yield 0.175 g
(80%).

Preparation of CrV(salen) Samples for EPR and NMR
Measurements.For EPR measurements,\salen) samples were
prepared by stirring appropriate amounts of' Galen) complexes
1 or 2 with PhlO (0.5-2.5 equiv) in different solvents (GEN,
toluene, CHCI,, DMF, etc., 13 mL total volume). Concentrations
of Cr'(salen)Cl complexes used werex510~3to 1.5 x 1072 M.
Aliquots (0.2 mL) were transferred in a flat quartz ampule, and
EPR spectra were measured. Samples for NMR probe were prepared
in an analogous manner, using nondeuterated (in cas® of
deuterated (in case df) solvents (CRCl,, CDsCN, DMF-d;).
Taking into account the low stability of ©® complexes derived
from 2, sample preparation was performed &@ For!H (for 1)
and?H (for 2) NMR measurements, concentrations of the starting
complexesl and2 were on the order of x 102 and 3x 103
M, respectively. For variable temperature measurements, the
samples were thermostated at the desired temperature in the NMR
probehead.

Stability/Reactivity Measurements. Complex A (in DMF, 290
K). ComplexA was generated by stirring 1 mg of the'"Gsalen)
complex (L or 2) and 1.5-2.5 equiv of PhlO in 0.25 mL of DMF
for 1—2 min. Then, if necessary, a desired amount of the substrate
(E-p-methylstyrene) was added, and the concentration of complex
A in different moments of time was measured by EPR.

(25) Kemp, D. SJ. Org. Chem1971, 36, 202.
(26) Zhang, W.; Jacobsen, E. M. Org. Chem1991, 56, 2296.
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Complex B (in CH3CN, 298 K). A mixture of complexesA 1976 1.970
andB was generated by stirring 1 mg of compl&xnd 0.2 mg of 1 1
PhIO (0.6 equiv) for 2 min. Then, if necessary, a desired amount B,
of E-3-methylstyrene was added and the sample stored in the EPR Ay
resonator until the disappearance of complexvas detected by a
EPR. After this, the concentration of compléxX in different
moments of time was measured by EPR. For representative EPR
spectra, see Supporting Information. b

Catalytic Epoxidation of E-#-Methylstyrene. Complex1 (3.0
mg, 4.8umol) was dissolved in 1.2 mL of dried GBN, and 20 c
uL (150 umol) of E-B-methylstyrene followed by 8.8 mg (406nol)
of PhlO was added. The mixture was stirred at room temperature
(290 K) until the complete disappearance of solid PhlO (ca. 2 days). d
Solvent was removed in vacuo, and the residue extracted wit Et
Ether washings were flushed through a short silica gel column with
Et,0, then solvent removed in vacuo and 0.7 mL gbgadded. (
The latter solution was dried ové A molecular sieves and ee de-
termined by*H NMR with a chiral shift reagent (tris(3-heptafluoro- . 1 . ! ) 1
pro;))yl-hydroxymethylene-if)-camphorato) europium(lll) deriva- 3400 3450 3500
tive).

ik

Magnetic field / Gauss
Results and Discussion

Formation of Intermediates A and B. It was found that
upon stirring of complex with PhIO in dry acetonitrile two
EPR active high-valence chromium species are formed g
(Figure 1la-e). The first one denoted &§ (green solution,
g = 1.970,ac = 19.3 G, natural abundance BCr 9.55%,
| = 3/,) is unstable and almost completely decays within 3 h 1
h at room temperature. The other complex denote®.as
(brown solution) is more stable, and after disappearance of 1
A, it adopts a concentration nearly constant for several hours .
(hereinafter subscriptl” is to highlight that species and 1
B originate from the starting complely. The spectroscopic
parameters obtained f@; (g = 1.976,ay = 2.1 G,ac, =
19.3 G, natural abundance BCr 9.55%,1 = 3/,) are close

TP

to f[hose for C‘_fO(saIen) complexes reported by Kothnd 3400 3450 3500
to isoelectronic CfN(salen) complexe¥.When complex2
was taken as the chromium precursor, formation of complex Magnetic field / Gauss

A; (decays withty, of ca. 5 min, CHCN, 290 K) and Figure 1. EPR spectra (290 K) of chromium(V) complexes formed upon
complesz (-51/2 = 25 min, CHCN, 290 K) was observed. stirring 1E_3;¢_mo| of comp_lexl_ a_nd 35umol o_f Ph_I(_) in 3 mL of C_I-jCN:_
According to NMIR data, self-decay of the'Cspecies was ¢ 547" (830 min string (0 0 min sting (0 150.min st
accompanied by partial destruction of the salen ligand. (290 K) of chromium(V) complexes formed upon stirring 7ol of

It was revealed that the initial concentration 8f E%T(EI%X# i";‘]”gﬁ;’rﬁ:g"(‘& amounts :22*23(;? Plh%lo; %“;’n'\‘-sﬂ‘r‘;ﬁfg‘"(‘g)';
depended strongly on the amount of PhlO added (Figure 1f he samet 2.2 umol PhlO+ 5 min stirring (h); the same after 45 min
i). Namely, when 4.5:mol of PhlO was added to 7 &mol stirring (i).
of complex1, only vanishing concentration of compléy
was detected (Figure 1f), compl®x being the predominant
CrV species in solution. When additional portions of PhlO
were added, detectable quantities of compexappeared
(Figure 1g,h). Cf speciesA; andB; are unstable and with
time reduce to Cr(lll) species. Indeed, after disappearance
of the less stable compleA;, its concentration can be
partially restored by interaction with additional PhlO (Figure
1b—e). At the same time, specids can convert intoB;
(Figure 1h,i). Note that the total €rcontent in Figure 1i

amounts only ca. 90% of that in Figure 1h, indicating that

concentrational redistributions betwe&randB and reduc-
tion to C"' occur with comparable rates.

EPR parameters of complexeés and B in different
solvents are presented in Table 1. It is seen that EPR
parameters of complexds noticeably differ from those of
B (g-factors andhy in the regions of 1.9701.974 and 1.6
2.0 GforA and 1.976-1.980 and 2.62.3 G forB). Spectra
recorded in noncoordinating solvents (toluene, ;Ch)
demonstrate resolved hyperfine structure from two nitrogens
with equal hyperfine constants. However, the EPR spectra
of species of typ&\ in acetonitrile display poorly resolved
(27) Azuma, N.; Imori, Y.; Yoshida, H.; Tajima, K.; Li, Y.; Yamauchi, J. (in case of complex) or virtually unresolved (in case of

Inorg. Chim. Actal997, 266, 29. complexl) hyperfine structures (hfs). This evidences that
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Table 1. EPR Parameters of the Oxochromiumf\§alen Intermediatés

no. species solvent additive  giso+ 0.001 A*N)iso 0.2 G a(®Cr)so+ 0.3 G additional notes
1 A toluene 1.970 1.8 19.3 01=1.985,g,=1.974,g3= 1.958 (77 K)
2 Asy CH3CN 1.970 b 19.3
3 A1 CH.CI, 1.971 1.6 19.3
4 A1 CH3CN, DMSO 1.972 1.9 19.3 Cobmso/Cer=140,Ccr=5 x 103M
5 A1 DMF 1.973 1.9 19.1
6 A1 CHiCN, Py 1.974 2.0 c
7 A1 toluene 1.971 1.9 m-CPBA as oxidant
8 B1 toluene 1.978 2.2 19.5 01=1.986,0,=1.977,g3= 1.961 (77 K)
9 B1 CH3CN 1.976 2.1 19.3
10 =31 CH.CI, 1.977 2.2 19.8
11 B1 CH3CN, DMSO 1.978 2.0 d Comso/Cer=140,Cc;=5x 103M
12 B1 DMF 1.979 2.2 d
13 B1 CHsCN, Py 1.978 2.0 c
14 B1 toluene 1.979 2.2 m-CPBA as oxidant
15 Az CHsCN 1.973 1.9 19.8
16 Az DMF 1.974 2.0 19.3
17 B, CH3CN 1.977 2.6 19.6
18 B> DMF 1.980 2.3 d

aConcentrations of f(salen)Cl complexes used werex51073to 1.5 x 10-2 M, PhIO/Ct! (salen)Cl ratio was 0:52.5, when appropriaté.Structure
unresolved due to axial ligand (GBIN) exchange¢ Poorly resolved satellites; complexasand B present in comparable concentratiofislot measured
because of low intensity of the EPR signal®fe Structures poorly resolved(*N) values estimated by computer simulations of the spectrum.

1.976
By [y |

/
B,"-DMSO

3380

3420 3460
Field / Gauss

Figure 2. EPR spectra (290 K) of chromium(V) complexes formed upon
stirring 16 umol of complex1 and 35x«mol of PhlO in 3 mL of CHCN:
150 min stirring (a); addition of 140-fold excess of DMSO (b).

CH:CN coordinates to Cr speciesA and coordinated
CH3CN in A-CH3CN is readily exchanged by another solvent
molecule (eq 12
A-CH,CN + CH,CN' == A:CH,CN' + CH,CN (1)
If tightly coordinating donor ligands were added (DMSO,
DMF, H,0, pyridine), well-resolved hyperfine structures of

DMF was used as a solvent: in this case, complas the
predominant species, and contributiorBointo the reaction
pathways is insignificant. The results of the kinetic measure-
ments are presented in Figure 3. Concentrations of the
substrate-5-methyl styrene) always satisfied the condition
[substrate> [Cr(salen)], so one could neglect the changes
of substrate concentration in the course of the reaction.
Kinetic curves obtained for complexésdecay at differing
E-B-methyl styrene concentrations demonstrated good ac-
cordance with a pseudo-first-order kinetic law with a rate
constantk; (Figure 3), so that

k, = k; + k;[substrate] 3)
For complexA,, k, was obtained as & 2 x 104 s ! and
k= 3.2+ 0.3 x 103 L-mol*s1, whereas for complex
A1, ko andk; were estimated as8 3 x 10°stand 1.3+
0.3 x 1074 L-mol~*-s7%, respectively (experiments carried
out at 290 K; ko reflects the existence of self-decay
pathways). According to these measurements, catdlyst
would demonstrate a reactivity much lower ttzan practical
epoxidations. This is in accordance with earlier observations
by Gilheany et al'? in their stoichiometric procedures carried
out at 0°C, reaction times were on the order of hours for
unsubstituted chromium(lHysalen complexes (lik&) and

CrV spectra were observed due to slower ligand exchangeup to weeks fortert-butyl substituted complexes (likg.

(Table 1). Also, it was shown that addition of donor
molecules to complexes of ty@® results in a decrease of
the concentration 0B and an increase of that &f (Figure
2). This effect is the case for DMSO, DMF, pyridine, and
H.0, indicating equilibria like that shown below (D stands
for a donor ligand molecule).

O=Cr'(salen)l' + D = 0=Cr'(salen)D+ L'  (2)
B A
(The nature of Lis to be discussed later.)

Reactivities of Complexes A and B towarde-f-Methyl
Styrene. To evaluate the reactivity of the intermediagie

Kinetic measurements with compleéX have also been
undertaken. A mixture of complexds andB; was generated
in CH3CN by stirring1 with PhlO. Then, a desired amount
of E-f-methylstyrene was added, and the sample was stored
in the EPR resonator until the disappearance of comfilex
was detected by EPR. After this, the kinetics of comigx

(28) The exchange rate constant could be estimated &ram,, = 1/T, +
1/ (see, e.g., ref 29), whevy, is the observed line widthr, the
spin—lattice relaxation time without exchange, ands the charac-
teristic time of the chemical exchange, so that = k-[CH3CN]. In
our case, T, can be assigned to the line width in noncoordinating
solvent (in toluene, line width is 1.8 G). Computer simulations
demonstrate that HFS practically disappeardat, = 2.8 G. Thus,
an estimate givek ~ 10°% L-mol~ts™1,

Inorganic Chemistry, Vol. 42, No. 22, 2003 7261
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fras

t, min: 0 2 5 8 25

b [substrate]= 0.45 M

20 1 10 0 -10 -20

J Figure 4. 2H NMR spectra (293 K) of chromium(llfysalen complex

in different solvents: in CECN (a); in CHClI; (b); in CH,Cl,—DMF (2:1)
1,0 1 mixed solvent (c). Asterisks maf peaks of residual deuterons of the
solvents.

In(C,/C)

0.0 1 Structures of Complexes A and B.n Figure 4, the?H
] NMR spectra of2 at 293 K in different solvents are
0 4 8 12 16 presented. First, we have to note that signals at 6.8 and 7.5
) ppm (previously assigned to the sixth deuterons of complex
t, min 221 pelong to an admixture (ca. 20%) of uncoordinated
ligand. Both in CHCN and in DMF, two sets of the signals
¢ ) for each deuteron were observed, demonstrating stereochem-
030 - ical nonequivalence of 3,34,4, 5,8, and 6,6deuterons. In
] the spectrum recorded in GEl,, a greater number of peaks
were observed. This may be due to the existence of two
forms differing in axial ligand or due to an aggregation
between salen units oR(R)-2 and §,9-2 (Figure 4b).
Figure 5a represents NMR and EPR spectra of chromium
species formed upon interaction®fvith PhlO in CHCl,—
DMF combined solvent. Stirrings with PhlO were carried
0 1 out at 0°C, and spectra were run atl0 °C to prevent
' " reduction of CY species. The combined solvent allowed us
to obtain relatively narrow NMR lines due to the low
[substrate], M viscosity of CHCIl, and suppressed transformation of
Figure 3. EPR spectra (290 K) of chromium(V) compléy in different complexA; into B, due to coordination of DMF. We point
n;otm?r(lzt; C(JL gnn:els)f(t:r)acféc:]lggrr]\t?aftﬁ;cﬁ]st}lﬁgg&%t:ggyﬁr};(a%eKlenr?égnce out that C¥ species with 8configuration of the metal ion
gfoth?e pseudo-fiFr)st-oréer rate const&non the concentratFi)on ﬁ:ﬁ-mzthyl could .n0t _be detected by NMR because of Iong spin
styrene (c). relaxation time on the order 1®s or longer®3'Comparison
) ~of the NMR spectrum of Figure 5a with that of the initial
o_lecay was regls'Ferec_JI by EPR. It was found that the half-life complex2 (Figure 5b) reveals that the concentration of Cr
time of B, (18 min without substrate, 298 K) was affected gecreased after stirring with PhlO. At the same time, free
by the substrater{, = 11 min at [substrate= 0.6 M and |igand or/and products of its degradation are observed (Figure
712 = 9 min at [substrate} 0.9 M). In practical epoxida-  5g) at 6.5-7.5 ppm. Moreover, deuterons of heavy water
tions, of course, only one species is likely to conduct the (HDO or D,O) are observed at 3.5 ppm (addition of@
catalytic reac'tion, namely, the most reactive one. Thislleadsmt0 the same sample resulted in the enhancement of this
to a conclusion that compleR could act as the active |ine), indicating that ligand degradation may proceed, prob-
species, compleB being a reservoir of the active 0xo  gply, via oxidation of the deuterated ligand by high-valence
chromium(V) functionality. Cr species. As soon as DMF prevents formation of complex

It was found that coordination of DMF reduced the B, chromium(V) complexA; (see insert in Figure 5a) is
reactivity of complexA significantly: this could be seen

0,20

k1 , min™!

0,10

0,0 04 0,8 1,2

from 71> values of complexeé in DMF (z12(A1, DMF) > (29) Kudryavtsev, A. V.; Linert, WPhysico-Chemical Applications of
1 day;rl/z(Az, DMF) = 6 h). The increased enantioselectivity T%E—A Practical Guide World Scientific Publishing Co.: Singapore,
(+11% ee upon addition of DMPstoichiometric procedure; (30) Swift, T. J. INNMR of Paramagnetic Moleculeta Mar, G. N.,
catalyst, nonracemic nondeuterated analogue)ofould Horrocs, W. DeW., Holm, R. H., Eds.; Academic Press: New York,
result from reduced reactivity, thus representing the effect 31) ,13%13; G. EParamagnetic Resonanc@/. A. Benjamin, Inc.: New

of axial ligation. York, 1962.
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B
B, || A2 B 1
ligand & \ 8
products of
ligand AN
degradation c A
3400 3440 3460 H/G 3410 3450 HI/G
D,O ¢
Him
3,6-D
a 5D 4D a c
3,6-D A
X X
(| * 5D 4.0 b
* AN
b 15 5 -5 -15 25 -35 ppm
Figure 6. H NMR spectrum (290 K) of chromium(lifysalen specieB;
j R generated by stirring complei(8 «mol) and PhIO (4mol) in 0.6 mL of
20 10 0 -10 -20 -30 ppm CD.Cl, (a). In the insert, EPR spectrum of the same sample is presented.
IH NMR spectrum ofl at the same conditions (b). “C” denotes cyclo-
B, hexanediamine protons, and 31 stands for imine protons.
ligand & . )
productsof the [(salen)CfOCH" (salen)}t binuclear species rather than
degradation DO A the C¥VOCrV one could be expected.
/ ' Similar experiments with compled have also been
B, * W M0 HIG undertaken. For chromium cataly4t in DMF-d;, EPR

indicated creation of comple&; upon stirring with PhlO,
and at the same time almost complete disappearanté of
NMR resonances of. RepresentativéH NMR spectra for
complexB; were obtained in CECl, at 290 K (Figure 6).
When 0.7 equiv of PhlO was added to a solutionloh
CD.Cl, and the mixture was mechanically stirred for 15 min,
the EPR spectrum indicated the presence of mainly complex
€ B; (Figure 6a, insert). Figure 6a represents the corresponding
N S IH NMR spectrum, which is quite different from that of the
020 100 -0 20 30 ppm source complexl (cf. Figure 6b), displaying significant

Figure 5. 2H NMR spectrum (263 K) of chromium(lifysalen species iotineti i ; ; ; ;
generated by stirring complex(15 zmol) and PhIO (25mol) in 3 mL of distinctions in the ligand surrounding of €rion in 1 and

CH:Cl—DMF (2:1) solvent (a). In the insert, EPR spectrum of the same B1. Some NMR data for chromium(lll) complexes are

sample is presentetH NMR spectrum of compleg at the same conditions  collected in Table 2.

(b). 2H NMR spectra (263 K) of chromium(llfysalen species generated . .
by stirring complex2 (15 umol) and PhIO (25:mol) in 3 mL of CHCN UV —Vis/NIR Spectroscopic Study of C¥(salen) Com-

(c); insert demonstrates EPR spectrum of the same samgB;(ratio ca. plexes.To support our assignment of complBxo a mixed-
1:1). i i i
L1 e e sl e 1o i R s st e dinuciear complex, NS and near-I specta o
Asterisks markéH peaks of residual deuterons of the solvents. complexesl, A;, andB; in acetonitrile were recorded. The
starting complext (orange solution) does not demonstrate
the major species and unreacg@Figure 5a) is the minor  significant absorption in the region 66@00 nm (Figure 7a).
species in solution. Exposure ofl to a suspension of 1.2 equiv of PhlO results
The picture was different in CY}N (Figure 5¢-e). After in formation of green-black specigs;. The latter corre-
stirring 2 with PhIO, bothA; andB, formed in comparable  sponds to an intense absorption band centered at ca. 675 nm
concentrations (insert in Figure 5c). This resulted in appear- with a long tail extending beyond 1000 nm (Figure 7b).
ance of a neviH signal at 16.8 ppm, indicating the presence However, when 0.5 equiv of PhlO was taken, the picture
(along with unreacte@) of chromium(lll) specie®,. When  was different (this experiment is similar to that in Figure
the sample was warmed to RT, the concentration2of  1f). |n this case, only traces of compléx could be detected
increased (Figure 5d). At the same time, EPR detected almosbn the basis of its absorption at 675 nm, the brown complex
quantitative disappearance of‘GrompoundsA; andB,. It B, being the predominant high-valence chromium species
is also seen that the peakBf (at 16.8 ppm) has disappeared  jn solution. ComplexB; was found to display a well-defined
after warming. Our hypothesis is that compleat the same  peak in the near-IR regiof§ax= 1075 nm), attributable to
time contains Ct and C¥ moieties, thus displaying NMR g, intervalence charge transfer transition (Figure 7c). As soon
spectra characteristic of €and EPR spectra typical for Cr as the portion ofl converted intdB; is not exactly known,
Earlier, on the basis of indirect data, formation of binuclear . :an pe estimated as 350 to ca. 500™mL. By applying

structures was proposed by Gilhe&hp give a CVOCrY
Q|mer. prever, o>§|daF|on statefl is particularly atypl_cal (32) Daly, A. M.: Renehan, M. F.: Gilheany, D. @rg. Lett. 2001, 3,
in chromium coordination chemistry, and the formation of 663.

6D 35 45D
ligand *
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Table 2. 'H and?H NMR Shifts, ppm (Line Widths, kHz), of the ChromiuaBalen Complexds

aromatic protons

cyclohexane diamine imine protons

species nucleus solvent (deuterons) protons (C) tBu protons “‘Him"
A1 H CD.Cl, —15.2 (1.0) 4-H —9.7(0.7) 2.0(0.2) —40 (1.0)
—6.9(0.3)
—3.4(0.4)
11.4(1.1)
19.0 (1.5)
A1 H DMF-d; —18.3(0.7) 4-H —20.7 (1.5) 1.8 (0.05)
—9.5(0.8)
—7.0(0.5)
11.4 (0.7)
19.6 (1.7)
B H CD.Cl; —24.8(0.7) 1.8 —39.2(0.7)
—6.7 (0.12)
—3.3(0.1)
10.9 (0.6)
Az °H CHsCN —23.5(0.12) 19.3
—19.2 (0.12)
—17.5(0.06)
—15.4 (0.1)
—8.4(0.06) 3-D
—7.5(0.11) 3-D
—2.4(0.07) 6-D
—1.3(0.06) 6-D
Az H CH,Cl,—DMP® —22.7 (0.13) 4-D
—20.0(0.10) 4-D
—15.7 (0.10) 5-D
—12.6 (0.08) 5-D
—-5.2(0.11)
—2.9(0.08)
B> °H CHsCN 16.8 (0.35)

aT = 290 K for all experiments witil andT = 263 K for 2. Only reliably detected resonances include@H,Cl,—DMF ratio 2:1

Absorbance
N

-
"

600 800 1400 1800 2200
Wavelength, nm

Figure 7. UV-—vis (left)/NIR (right) absorption spectra in acetonitrile:
complex1 (4.5 x 1073 M) (a); complexA; obtained by exposure of &
1073 M solution of 1 to 1.2 equiv of PhlO (b); compleB; obtained by
exposure of 4.8.0°3 M solution of to 0.5 equiv of PhlO (c).

the Hush theory? moderateV coupling energy value was
obtained 360 cm' (V = 360 cnT! assuming thaRyw is ca.
twice as large as the €0 bond length in Kochi’s crystal-
lographically characterized @D(salen) compleX,i.e., 2 x
1.56 A, vimax = 9300 cnt?, Avy, = 930 cnt?, ande 350
M~1cm™). In turn, the ground-state free energy difference
AG? for the process GY/Cr¥ — CrV/CrV can be estimated
from Avyp = [2310 (vmax — AG®)]¥2 as 8900 cm?, or 100
kJ mol™ (the case of nonsymmetric systerfSThis provides
a quantitative equivalent of our assertion that¥OCrV
binuclear complexes could not be formed in this system.
We note that EPR parameters of crystallographically
characterized “CiO(salen)” complexes by Kochi et alg
= 1.978,ay = 2.05-2.17 G) are close to those obtained for
our complexes of the typB (g = 1.976-1.980 anday =

(33) Hush, N. SProg. Inorg. Chem1967, 8, 391.
(34) Rocha, R. C.; Toma, H. Buim. Naa. 2002 4, 624.
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2.0-2.3 G). This implies that although the authogsic-
ceeded in separation of mononuclea¥@fsalen) complexes

of the typeA, in solution they observed binuclear species
of the typeB. Also, incorrect interpretation of U¥vis
spectra seems to take place in ref 1: the absorption curve
marked as “G=CrVL*" must be ascribed to complex.

The data obtained imply that Cr(salen) catalyzed epoxi-
dation of alkenes proceeds in accordance with a catalytic
scheme which is a modified Groves’ “oxygen rebound
cycle” 35 (L' in eq 2 stands for “Clt(salen)”):

B
(salen)CrV-O-Cr'!'(salen)
+ Crll(salen) || - crill(salen)
PhI CrV¥(salen) >=<
o A
(@)
PhIO crll(salen) >A<

We have performed epoxidation dE-5-methylstyrene,
catalyzed byl in CHsCN, and obtained the corresponding
epoxide in a 37% vyield (based on PhIO) and 41% ee, with
the green color of compleX; being detected until the
complete disappearance of solid PhlO. Low chemical yield
was assigned to significant ligand degradation. Interestingly,
we have shown that chromium(V) intermediat®sand B

(35) Groves, J. T.; Kruper, W. J. Am. Chem. Sod.979 101, 7613.
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can be obtained upon reaction of'Gsalen)Cl precursors styrene by m-CPBA would compete with the chromitm
and2 with metachloroperoxybenzoic acid (m-CPBA) (Table salen catalyzed pathway.

1, entries 7 and 14). This leads to a conclusion that PhlO is
not the unigue oxidant to give an activeVCr species, and
heavy atom catalyzed spin conversion supposed by Norrby
et al. in ref 36 may not be the crucial factor of epoxidation.
However, attempts to conduct a catalytic reaction with  g,,50rting Information Available: Figure showing EPR
m-CPBA as the terminal oxidant would be unsuccessful, as measurements. This material is available free of charge via the
soon as concerted noncatalytic oxidation E}ﬁ-methyl- Internet at http://pubs.acs.org.
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