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Highly enantioselective epoxidation of olefins by
H,O, catalyzed by a non-heme Fe(i) catalyst of a
chiral tetradentate ligand+

Mainak Mitra, &
Miquel Costas

I Olaf Cusso,® Satish S. Bhat )@ Mingzhe Sun,? Marco Cianfanelli,”

® and Ebbe Nordlander

The chiral tetradentate N4-donor ligand, 1-methyl-2-({(S)-2-[(S)-1-
PDBz) )

(1-methylbenzimidazol-2-yl methyl)
pyrrolidin-2-yllpyrrolidin-1-ylimethyl) benzimidazole (S,S- , based on a chiral dipyrrolidine back-
bone, has been synthesized and its corresponding Fe(i) complex has been prepared and characterized.
The X-ray structure of the complex reveals that the Fe(i) ion is in a distorted octahedral coordination
environment with two cis-oriented coordination sites occupied by (labile) triflate anions. The ability of the
iron complex to catalyze asymmetric epoxidation reactions of olefins with H,O, was investigated, using
2-cyclohexen-1-one, 2-cyclopenten-1-one, cis-p-methylstyrene, isophorone, chalcones and tetralones as
substrates. Different carboxylic acids were used as additives to enhance yields and enantioselectivities, and
2-ethylhexanoic acid was found to give the best results. The catalysis results indicate that the Fe(i) complex

rsc.li/dalton

Introduction

Optically active (chiral) epoxides are widely used in organic
synthesis and industry as intermediates and building blocks
for the synthesis of drugs and agrochemicals." Amongst
various methods developed over the years to synthesize chiral
epoxides,” catalytic asymmetric epoxidation of olefins has
proven to be a very useful technique that is employed both in
fine chemical and industrial syntheses. Since the pioneering
work by Sharpless and coworkers in the 1980s,> there
have been numerous efforts to develop efficient catalytic
systems,'*“** including chiral metal complexes®® and
organocatalysts,”® for such transformations. The development
of environmentally benign and cheap catalysts and oxidants
with wide ranges of applications remains a great challenge to
synthetic chemists.” With the growing demand for green and
sustainable chemistry, the use of iron-based catalysts employ-
ing H,0, as an oxidant has been an attractive research area
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is capable of effecting comparatively high enantioselectivities (>80%) in the epoxidation reactions.

because of the low cost, low toxicity and high abundance of
iron in nature.’® Collman et al.'' reported in 1999 the first
enantioselective epoxidation of styrene derivatives catalysed by
iron-porphyrin complexes with iodosobenzene as an oxidant.
Beller and co-workers'? have reported a methodology for the
asymmetric epoxidation of stilbene derivatives using an in situ
iron-based catalyst, giving up to 97% ee. Several non-heme
iron-catalysed asymmetric epoxidation reactions are reported
with various olefin substrates giving moderate to good yields
and enantioselectivities."*™*

The factors that indirectly control the yield and enantio-
selectivity in iron-catalysed asymmetric epoxidation need to be
thoroughly investigated. The presence of catalytic amounts of
a carboxylic acid has been found to enhance both the yield
and enantioselectivity in epoxide formation.**”**'® A mechan-
istic scenario that has been proposed by Que and co-workers
for the iron-catalysed epoxidation of alkenes with H,0O,/acetic
acid involves the formation of a carboxylate-Fe(v) species as the
active oxidant via acetic acid-assisted heterolytic O-O bond
cleavage of the hydro-peroxide ligand in an Fe(u)(OOH)
(HOOCCHj;) precursor (Scheme 1).'° Spectroscopic evidence
for the formation of a formal Fe(v)-oxo-carboxylato species
(A in Scheme 1) has been gained®**'® but its exact electronic
structure is a matter of debate.>"*>

A recent computational study suggests that the carboxylic acid,
owing to its non-innocent redox nature, can be oxidized by one
electron and reduce the Fe ion to form a Fe(iv)-carboxyl radical
intermediate®® similar to the cytochrome P450 compound I
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Scheme 1 A proposed mechanism for the enhancement of olefin
epoxidation catalyzed by a non-heme Fe(i) complex via the addition of a
carboxylic acid, RCO,H.*°

intermediate. In addition, the possible implication of a ferric
peroxycarboxylate intermediate has been proposed®® and
debated.*

Electronic factors imposed by the ligand on the iron ion
play an important role in the activation of H,0, and O-atom
transfer, as observed in the epoxidation of different olefin sub-
strates catalysed by a series of [Fe"(PDP)(CF;S03),] complexes
(PDP = 2-({(S)-2-[(S)-1-(pyridyl-2-ylmethyl)pyrrolidin-2-yl] pyrro-
lidin-1-yl}methyl)pyridine),*® where the pyridine rings are
substituted with electron withdrawing or donating moieties
(Me,N, MeO, Me, H, Cl, CO,Et) at the meta and para-positions,
Fig. 1, giving up to 99% yield and 99% enantioselectivity.'® It
was proposed that electron-rich ligands decrease the electro-
philicity of the Fe-oxo entity, favouring the transition state to
be shifted towards a more product-like complex, while elec-
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Fig. 1 Structures of different Fe(i)-complexes based on the chiral (S,S)-
2,2'-bispyrrolidine backbone employed for asymmetric epoxidation.*®
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tron-deficient ligands increase the electrophilicity of the Fe-
making it more indiscriminate and less
stereoselective."®

In a recent study, the effects of different side arms attached
to the chiral (S,5)-2,2"-bispyrrolidine backbone on the Fe(u)-
catalyzed asymmetric epoxidation of olefins were investigated,
and the study concluded that complexes containing (N-methyl)
benzimidazole and electron rich pyridine or bulky pyridine
resulted in excellent yields and enantioselectivities (Fig. 1).'®
We have previously observed that an (N-methyl)benzimidazo-
lyl-containing ligand can enhance the catalytic reactivity of an
Fe(n) complex in stereospecific C~-H hydroxylation reactions,””
and were therefore interested in investigating the influence of
a chiral ligand containing (N-methyl)benzimidazolyl donor
moieties on Fe(n)-catalyzed asymmetric epoxidation. For this
purpose we have employed the tetradentate chiral ligand,
5,8-FPPL (1-methyl-2-({(S)-2-[(S)-1-(1-methylbenzimidazol-2-
ylmethyl)pyrrolidin-2-yl |pyrrolidin-1-yl}methyl)benzimidazole)
(Fig. 1), where the two (N-methyl)benzimidazolylmethyl arms
are attached to the two nitrogen atoms of the chiral (S,5)-2,2-
bispyrrolidine backbone. Notably, Sun and co-workers
reported high enantioselectivity (up to 96% ee) by the use
of a Mn(u)-catalyst incorporating (R,R)-2,2"-bispyrrolidine and
(N-methyl)benzimidazole into the ligand framework.>® Herein
we report the synthesis and characterization of a non-heme
Fe(u)-complex based on the ligand §,5-"°*"L and the results
obtained on alkene epoxidation catalysed by this complex.

0OX0 unit,

Results and discussion

Synthesis and characterization of the ligand and metal
complex

The chiral ligand S,5-"°®”L was synthesized by the reaction of
one eq. of (S,5)-2,2-bispyrrolidine tartrate with two eq. of
2-(chloromethyl)-1-methylbenzimidazole® in the presence of a
base (NaOH), and was characterized by "H NMR and *C NMR
spectroscopy as well as high resolution mass spectrometry
(¢f Experimental section).

The reaction of equimolar amounts of §,5-"°®“L and
[Fe"(CH;CN),(CF;3803),] in THF under an inert atmosphere
gave the metal complex [Fe'(S,5-""P“L)(CF;S0;),] (1°™) as a
light yellow solid (Scheme 2, ¢f. Experimental section). The
analogous acetonitrile derivative [Fe'(S,5-""®“L)(CH;CN),]
(SbFy), (15°F¢) was prepared in two steps: the initial reaction of

ﬁﬂ@

Feu\‘ oTf
oTf

e

Scheme 2 Synthesis of the metal complex [Fe'(S,5-PPBZL)(CF3SO3),l
(10Tf).

Dry THF
[Fe"(CH;CN),(OTf),] + S,5-PPBzL 7Y

N, stirring

This journal is © The Royal Society of Chemistry 2019
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one eq. S,5-°°P°L with one equivalent of FeCl, in MeCN to
afford [Fe"(s,S-"°P“L)Cl,], followed by the reaction of two eq.
AgSbF, with one eq. of [Fe'(S,5-"PP“L)Cl,] in CH;CN to form
the desired complex, 15°¥® as a red microcrystalline solid.

Complexes 1°™ and 15°® were characterized by high resolu-
tion mass spectrometry (HRMS). The HRMS of 1°™ in CH;CN
showed a prominent mass peak at m/z 242.1042 corresponding
to the formulation [Fe(S,5-"PP“L)]** (i.e. z = 2, calc. 242.1014)
and at m/z 633.1517 corresponding to the formulation of
[Fe'(S,5-"PP“L)(CF;3S05)]" (cale. 633.1558) (Fig. S1-S3, ESIT).
The HRMS of complex 1%°¥® in MeCN also showed prominent
mass peaks at m/z 242.1022 and 719.0956 corresponding to
the formulations of [Fe"(S,5-"°*’L)]** (calc. 242.1014) and
[Fe'(S,5-"PP“L)(SbFe)]" (cale. 719.0980), respectively (Fig. S4
and S5, ESIY).

The 'H-NMR spectra of 1°™ and 1%°*® were recorded in
CD;CN. The spectral window exhibited by both complexes
ranges from —20 to 140 ppm, which is indicative of a high spin
Fe(un) complex (Fig. S6 and S7, ESIt). The number of reso-
nances and relative integration are consistent with a C,-sym-
metric complex,'® as shown by its crystal structure (vide infra).

Crystal and molecular structure of complex 1°™*

The solid state structure of complex 1°™ was confirmed by
X-ray crystallography. The details of the structure determi-
nation are found in the Experimental Section and selected
bond distances and bond angles are listed in Table 1. The
molecular structure (Fig. 2) shows that the iron ion adopts a
distorted octahedral coordination geometry. Four coordination
sites are occupied by the nitrogen atoms of the tetradentate
8,5-"PP“L, ligand while the remaining two cis-sites are occupied
by the oxygen atoms of the triflate anions. The two (N-methyl)
benzimidazole rings remain above and below the plane con-
taining the iron, the two nitrogens of the S,S-bis-pyrrolidine
backbone and the two oxygen atoms of the triflate anions, and
are almost perpendicular with respect to each other. The Fe-N
bond distances range from 2.15 to 2.25 A and the Fe-O bond

Table 1 Selected bond distances (A) and bond angles (°) in complex 1°™

Fe(1)-N(1) 2.148(4)
Fe(1)-0(1) 2.115(6)
Fe(1)-N(3) 2.249(6)
Fe(1)-N(4) 2.237(6)
Fe(1)-O(4) 2.168(6)
Fe(1)-N(5) 2.149(5)
N(1)-Fe(1)-0(1) 96.8(2)
N(1)-Fe(1)-N(3) 76.5(2)
N(1)-Fe(1)-N(4) 98.1(2)
N(1)-Fe(1)-0(4) 90.0(2)
N(1)-Fe(1)-N(5) 170.8(2)
O(1)-Fe(1)-N(3) 91.1(2)
O(1)-Fe(1)-N(4) 160.6(2)
O(1)-Fe(1)-0(4) 96.7(2)
O(1)-Fe(1)-N(5) 87.5(2)
N(3)-Fe(1)-N(4) 80.3(2)
N(3)-Fe(1)-0(4) 165.1(2)
N(3)-Fe(1)-N(5) 95.4(2)
N(4)-Fe(1)-N(5) 76.1(2)
O(4)-Fe(1)-N(5) 97.6(2)

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

Fig. 2 A Mercury plot of the molecular structure of 1°™, showing the
atom numbering scheme. The thermal ellipsoids are drawn with 30%
probability and the hydrogen atoms are omitted for clarity.

distances range from 2.12 to 2.17 A, which are in agreement
with a high spin Fe(n) ion.*® The bulky (N-methyl)benzimida-
zolyl moieties introduce steric strain making the O-Fe-O angle
smaller (96.7(2)°) relative to the corresponding angle in
[Fe"'(M°PDP)(CF;S0;),] (108.47(5)°)."®

Catalytic asymmetric epoxidation studies

Relatively simple cyclic enones have been generally less
explored as substrates for asymmetric epoxidation than
a,pf-unsaturated aromatic ketones. Therefore, this study
focuses on using the challenging substrate 2-cyclohexene-1-
one for asymmetric epoxidation. In a typical catalytic experi-
ment, H,O, was delivered using a syringe pump to a stirred
solution of CH;CN containing the Fe catalyst, 1°™ and the
substrate (Scheme 3, ¢f. Experimental section for detailed cata-
Iytic conditions). The catalytic reactions were carried out in air
and at a low temperature (—30 °C). As mentioned above, pre-
vious studies have shown that the presence of a carboxylic acid
enhances the efficiency of the catalyst, and the choice of car-
boxylic acid plays an important role in tuning the efficiency
and selectivity of the asymmetric epoxidation reactions. In
recent studies, Bryliakov, Talsi and co-workers showed
that racemic 2-ethylhexanoic acid (2-eha) resulted in high
enantiomeric excess (ee) and relative good yields in iron-
catalyzed asymmetric epoxidation reactions.'*” Therefore, the
study of epoxidation of 2-cyclohexe-1-one was performed using
2-eha.

Complex 1°Tf
H,0,

2-ethylhexanoic acid
CH3CN, -30 °C, air

Scheme 3 Schematic depiction of the epoxidation reaction of 2-cyclo-
hexe-1-one by 1°T using H,0,, with 2-ethylhexanoic acid as an
additive.

Dalton Trans., 2019, 48, 6123-6131 | 6125
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Table 2 Catalytic epoxidation of 2-cyclohexen-1-one by complex 1°72

Entry Catalyst (mol%) CA? (eq.) Eq. of H,0, Conversion of substrate (%) Yield of epoxides (%) ee’ (%)
1 O () 2-c¢ha (3) 2 43 16 89

2 "” (4) 2-cha (5) 2 52 10 86

3 1 O () 2-cha (10) 2 64 13 87

4 19" (2) 2-cha (10) 2 30 10 87

5 197 (3) 2-eha (10) 2 66 11 84

6 19" (1) 2-cha (10) 1.3 55 11 87

7 o o) 2-cha (10) 1.6 59 12 87

8 O () 2-cha (10) 3 68 7 74

9 1SIbF (4 2-eha (10) 2 64 13 86

10 15P¥6 (4) (CH3);CO,H (10) 2 72 2 60

11 15PF6 (4) S-Ibuprofen (10) 2 2 1 58

“Reaction conditions: ¢f. Experimental section. ” CA = carboxylic acid. ¢ Enantiomeric excess.

The complex 1°™ (4 mol%) oxidized 2-cyclohexen-1-one to

form the epoxide with a low yield (16%) in the presence of
H,0, (2 eq. w.r.t. substrate) and 2-eha (3 eq. w.r.t. substrate;
Scheme 3), although the conversion of the substrate into oxi-
dized products was 43% (based on the oxidant). The ee value
obtained was 89%. An increase of the carboxylic acid loading
did not lead to any significant change in the epoxide yield or
the ee value (with 5 eq. of acid the yield of epoxides was 10%
and ee was 86% and with 10 eq. of acid the yield of epoxides
was 13% and ee was 87%; entries 1-3, Table 2). The effect of
different amount of catalyst loading on the substrate conver-
sion, yield of epoxides and ee value was examined. In all cases,
the amounts of H,0, (2 eq. w.r.t. substrate) and carboxylic
acid (10 eq. w.r.t. substrate) were kept fixed. Changing the cata-
lyst loading from 4 mol% to 2 mol% resulted in a decrease in
the conversion of the substrate into oxidized products (30%)
and the yield of epoxides (10%), while maintaining a high ee
value (87%; entry 4, Table 2). Increasing the catalyst loading
from 4 mol% to 8 mol% (or 10 mol%) increased the conver-
sion of the substrate into products (66 and 67% for 8 and
10 mol% catalyst loading, respectively), but the epoxide yield
was more or less similar (entry 5, Table 2). Finally, the amount
of H,0, was varied while the amounts of the catalyst (4 mol%)
and carboxylic acid (10 eq. w.r.t. substrate) were kept fixed.
The addition of 1.3 eq. of H,0, resulted in a conversion of
55% with a yield of epoxides of 11% and an ee value of 84%,
while the addition of 3 eq. of H,O, resulted in a conversion of
68% but poor yield of epoxides (7%) and lowering of the ee
value (74%; entries 6-8, Table 2).

Product analysis by GC and GC-MS spectrometry of the
reaction of 1°™ with cyclohexenone in the presence of H,0,
(2 eq. w.r.t. substrate) and 2-eha or acetic acid (10 eq. w.r.t.
substrate in each case) revealed that in addition to the desired
(chiral) epoxide, small amounts of a number of oxidized pro-
ducts were formed, viz. 3-hydroxycyclohexanone, cyclohexene-
1,4-dione, and 4-hydroxycyclohexenone when eha was used (in
addition to small amounts of lactones from the oxidation of
eha). When acetic acid was used, the minor side products were
cyclohexene-1,4-dione, 4-hydroxycyclohexenone and 2,3-hydro-
xycyclohexanone (¢f. ESI, Fig. S10-S13%). The relatively low
yields of these side products cannot explain the overall low

6126 | Dalton Trans., 2019, 48, 6123-6131

yield in the reactions (Table 2). No ring-opened products were
detected, but it is possible that ring-opening occurs and that
further substrate degradation leads to (oxidized) products of
low molecular weight that could not be identified.

As expected, complex 1%P¥ exhibited the same behaviour as
1°™ (entries 3 and 9, Table 2). On changing the carboxylic
acid, both the yields and enantioselectivities were diminished
(2% yield and 60% ee for pivalic acid and 1% yield and 58% ee
for S-ibuprofen; entries 9-11, Table 2).

Complex 1°™ was further investigated in the oxidation of
2-cyclopenten-1-one where it provided a low conversion of the
substrate (52%) with a very low yield of the epoxide (4%) and
moderate enantioselectivity (ee 76%).

cis-p-Methylstyrene was also employed as a substrate and
the conditions for catalysis were used as reported earlier,"® in
order to enable direct comparison of 1°™ with related Fe(u)
complexes. Under catalytic conditions (¢f. Experimental
section for details), complex 1°™ oxidized cis-p-methylstyrene
to form the epoxide with 60% yield and an ee of 43% (Table 3).
Under the same conditions, the catalyst [Fe"(*'PDP)(CF3SO;),]
(1) ("PDP = 2-({(5)-2-[(S)-1-( pyridyl-2-ylmethyl )pyrrolidin-2-yl ]
pyrrolidin-1-ylymethyl)pyridine) and [Fe"(™**NPDP)(CF;S0;),]
(Me*N1) (M*NPDP is the modified PDP ligand where the para-
positions of the two pyridyl rings are occupied by Me,N
groups, cf. Fig. 1) provided an epoxide yield of 26% with an ee
of 19% and 87% with an ee of 62%, respectively.'®

Very poor epoxidation yield and enantioselectivity were
obtained for other substrates such as trans-f-methylstyrene
and 4-chloro-a-methylstyrene (Table S1f). For isophorone a
very good enantioselectivity of 91% was obtained but the
epoxide yield was unfortunately poor (12%); attempts to opti-
mise the epoxide yield proved futile (Table S27).

In organic synthesis, the trisubstituted cyclic
a,p-epoxyketones are resourceful intermediates because of the
presence of a chiral quaternary carbon center.*’ The develop-
ment of an iron catalyst for the enantioselective construction
of such quaternary carbon centers coordinated to an oxygen
atom is still highly attractive.”® Using tetralone derivatives as
substrates for this type of reaction, we obtained good yields of
trisubstituted a,p-epoxyketones with quaternary carbon centers
with excellent enantioselectivities (up to 97%, Table 4).

This journal is © The Royal Society of Chemistry 2019
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Table 3 Catalytic epoxidation of cis-B-methylstyrene by complex 1°
Catalyst (1 or 2 mol%)
H,0, (1.6 equiv) o
m CA(3or 14 equiv) m
CH4CN, -30 °C, 30 min
Entry Catalyst (mol%) CA” (mol%) Temp. (°C) Eq. of H,0, Conversion of substrate (%) Yield of epoxides (%) ee’ (%)
1 19" (1) AcOH (3) -30 1.6 41 27 43
2 197 (1) AcOH(1.4) -30 1.6 84 60 43
3 197 (2) AcOH(1.4) -30 1.6 99 52 46
4 19" (2) AcOH(1.4) 0 1.6 99 49 40
5 19" (2) 2-eha (1.4) -30 1.6 100 61 61
6 19" (2) 2-eha (1.4) 0 1.6 100 60 55

“Reaction conditions: Experimental section. ” Carboxylic acids. © Enantiomeric excess determined by GC.

Table 4 Enantioselective epoxidation of trisubstituted enones?

o Catalyst (3 mol%) 0
H,0, (1.6 equiv) 0

7R 2-eha(14equiv) R

CH;CN, -30 °C, 30 min

Entry R-group CA? (mol%) Yield® (%) ee? (%)
1 Ph 2-eha (1.4) 71 93
2 p-Me-CgH, 2-cha (1.4) 76 97
3 p-Cl-C¢H, 2-cha (1.4) 54 93
4 p-t-Bu 2-cha (1.4) 98 97

“Reaction conditions: Experimental section. ”Carboxylic acids.
“Isolated product yield. ¢ Enantiomeric excess determined by HPLC
analysis.

Table 5 Enantioselective epoxidation of chalcone derivatives®

Catalyst (3 mol%)
0 H,0, (1.6 equiv) 09

R1,\)LR2 2-eha (1.4 equiv) R1,<A)LR2

CH3CN, -30 °C, 30 min

Entry R' R’ CA” (mol%)  Yield® (%) ee? (%)
1 Ph Ph 2-cha(1.4) 76 97
2 Ph ph AcOH (1.4) 71 91
3 p-Me-CcH, Ph 2-eha (1.4) 56 97
4 p-Cl-CeH,  Ph 2-cha(1.4) 84 97
5 Ph p-CF;-CeH, 2-¢ha(1.4) 66 94

“Reaction conditions: Experimental section. Carboxylic acids.
“Isolated product yield. ¢ Enantiomeric excess determined by HPLC
analysis.

Furthermore, the epoxidation of o,f-unsaturated ketones
was evaluated. For chalcone and its derivatives, a higher
epoxide yield and ee (up to 97%) were obtained with 2-eha
than AcOH as the auxiliary carboxylic acid (Table 5, entries
1-5). Having electron withdrawing or donating groups at the
para position of the substrate phenyl ring did not affect the

This journal is © The Royal Society of Chemistry 2019

enantioselectivity. As expected, the complex with the corres-
ponding R,R-"°*’L ligand (with an (R,R)-2,2"-bispyrrolidine
backbone) gave 84% chalcone epoxide formation with an ee
value of 96% under catalytic conditions similar to those of
complex 1°™ (entry 1, Table 2) but with the opposite absolute
configuration.

Conclusions

A tetradentate N4 ligand S,5-°P“L, with an S,S-dipyrrolidine
chiral backbone, has been synthesized. The correspond-
ing Fe(n) complexes, [Fe"(s,5-"PP“L)(CF;50;),] (1°™) and
[Fe"(S,5-"PP“L)(CH;CN),](SbFs), (15°F¢), were synthesized and
characterized. The complex 1°™ exhibited high enantio-
selectivity (ee > 80%) in the epoxidation of the cyclic olefin
2-cyclohexen-1-one, albeit with low yields of the chiral epox-
ides (10-15%). It has previously been shown that while the
complex [Fe"(M**NPDP)(CF;S0;),] provided a poor yield (12%)
and moderate enantioselectivity (ee 76%) in the epoxidation of
2-cyclohexen-1-one, the related complex [Fe"(V“°PDP)
(CF3S03),] (Fig. 1) showed excellent yield (99%) and high
enantioselectivity (ee 84%) under similar conditions. This
difference was attributed to the rapid deactivation of the
former catalyst during the course of oxidation of the substrate,
a phenomenon that takes place when the substrate oxidizes
slowly under the reaction conditions. The similar reactivities
of 1°™ and [Fe"(M**PDP)(CF;S0;),] towards the substrate
2-cyclohexen-1-one might therefore be due to similar rapid de-
activation of the Fe-catalyst. With cis-B-methylstyrene, 1°™ pro-
vided moderate yield (60%) and lower enantioselectivity (ee
41%). In the case of tetralone and chalcones excellent epoxide
yield and enantioselectivity (up to 97%) were obtained. The
relative orientation of the bulky (N-methyl)benzimidazole
groups may also provide excessive steric constraints against
the approach of the incoming substrate to the reactive metal
oxo species (¢f. Scheme 1), causing a poor yield of the epoxides
and unwanted side products. Further studies on the catalytic
properties of 1°™ and 1%°¥ to explore a wider range of sub-
strates are warranted.
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Experimental section
Reagents and materials

Reagents and solvents were of at least 99% purity and used as
received without any further purification. All reagents and sol-
vents were purchased from Sigma Aldrich or Fisher Scientific.
Dichloromethane and acetonitrile were dried by distillation
from CaH,; diethyl ether was dried by distillation from Na/ben-
zophenone. The starting material 2-(chloromethyl)-1-methyl-
benzimidazole was synthesized according to a literature
procedure.”’

Instrumentation

Infrared spectra were recorded on a Nicolet Avatar 360 FTIR
spectrometer. UV-Visible spectroscopy was performed in a
1 cm quartz cell using an Agilent Technology 8453 UV-Vis
spectrophotometer equipped with a diode-array detector. NMR
spectra were recorded on a Bruker DPX 400 MHz spectrometer
in CDCl; or CD;CN solvent under standard conditions and
were referenced to the residual proton signal of the solvent.
Elemental analysis was performed on a 4.1 Vario EL 3 elemen-
tal analyzer from Elementar. The ESI-MS experiments were
performed with a Bruker Esquire 6000 LC/MS chromatograph,
using acetonitrile as a mobile phase. The product analyses
after catalysis experiments were carried out on an Agilent
Technology 7820A gas chromatograph equipped with a
16-sample automatic liquid sampler, flame ionization detector
and EzChrom Elite Compact software.

Syntheses

Synthesis of 1-methyl-2-({(S)-2-[(S)-1-(1-methylbenzimidazol-
2-ylmethyl)pyrrolidin-2-yl |pyrrolidin-1-yl}methyl)benzimidazole
(5,5-°°®"L). A 100 ml round bottom flask was charged with
(S,8)-2,2"-bispyrrolidine tartrate (0.4 g, 1.38 mmol, 1 equiv.) in
CH,Cl, (15 ml). To this stirring solution, 2-(chloromethyl)-1-
methylbenzimidazole (0.573 g, 3.174 mmol, 2.3 equiv.) was
added. Then, 5.0 ml of a 1 M NaOH solution was added. After
72 h of stirring at room temperature, the reaction mixture was
diluted with 30 ml 1 M NaOH solution. The aqueous layer was
extracted with 3 x 15 ml CH,Cl, and the organic part was
collected, dried over Na,SO, and concentrated under vacuum
to obtain the crude product. The crude ligand was then passed
through a column packed with silica gel and eluted with 5%
CH3;0H:2% 1 M NaOH:82% CH,Cl,:11% petroleum ether.
The collected fractions were combined, washed with 1 M
NaOH solution, dried over Na,SO, and the solvent was evapor-
ated to obtain the ligand as a pale orange solid. Yield: 0.366 g
(63.2%). HRMS: 429.2760 [M + HJ", calc. 429.2761. "H-NMR
(400 MHz, CDCL;) 6 (ppm): 7.72 (m, 2H), 7.33-7.21 (m, 6H),
4.23 (d, 2H), 3.80 (s, 6H), 3.66 (d, 2H), 2.80 (dt, 4H), 2.32 (m,
2H), 1.79 (m, 4H), 1.68 (m, 4H). ">C-NMR (100 MHz, CDCl,)
5 (ppm): 152.4, 142.2, 136.1, 122.4, 121.8, 119.6, 109.0, 65.2,
55.6, 52.5, 29.9, 26.2, 24.0.

Synthesis of [Fe"(S,5-""P"L)(CF;80;),] (1°™). This reaction

was  performed inside a dry atmosphere  box.
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[Fe'(CH;CN),(CF;3803),] (166.8 mg, 0.38 mmol) was dissolved
in 1 ml THF and added drop-wise to a stirring solution of
5,5-FPP*L, (163.2 mg, 0.38 mmol) in THF (1 ml). A yellow pre-
cipitate appeared upon the addition of the Fe salt to the ligand
solution. After stirring for about 1 h, the yellow precipitate was
filtered off and dried under vacuum. The resultant solid was
dissolved in 3 ml CH,Cl, and filtered through a Celite pad.
The resulting filtrate was removed under vacuum to afford a
light yellow microcrystalline product. Yield: 225.8 mg (76%).
HRMS: (m/z) 242.1042 [Fe"(S,5-"°PL)]** (z = 2), cale. 242.1014;
633.1517 [Fe"(S,5-"°P”L)(CF;S0;3)]" (z = 1), cale. 633.1558;
elemental analysis C,sH3,NgOgFsS,Fe (MW = 782.554 g mol ™)
calc. (%) C 42.97, H 4.12, N 10.74; found (%) C 43.16, H 4.01,
N 10.29; FT-IR (ATR) v (cm™') 3011, 2956, 1456, 1304, 1214,
1157, 1034, 752, 634, 513, 429.

Synthesis of [Fe"(s,5-""®"L)(CH;CN),](SbFs), (1°°*). The
ligand S,5-"°P“L (108.9 mg, 0.254 mmol) was dissolved in
1.5 ml CH3CN. A total of 32 mg FeCl, (32.3 mg, 0.254 mmol)
was added into the stirring solution. A yellow precipitate
appeared within a few seconds of stirring. After 4 h of stirring,
the solvent of the reaction mixture was removed under vacuum
and the resultant solid was washed with CH3;CN and ether,
and dried under an N, flow to afford [Fe'(S,S-""%“L)Cl,]
(88.6 mg, yield 63%). This complex (88.6 mg, 0.16 mmol) was
suspended in 5 ml CH3;CN. A total of 110 mg of AgSbFs
(109.7 mg, 0.32 mmol) was added into the stirred suspension,
whereupon a white precipitate immediately appeared. The
colour of the solution gradually changed from light yellow
to orange. After 4 h of stirring, the mixture was filtered
through a Celite column in the dark. The solvent was removed
under vacuum to provide [Fe'(S,S-""%“L)(CH;CN),](SbFg), as
a red solid. Yield: 157.7 mg (95%). HRMS: (m/z) 242.1022
[Fe'(s,5- PP L)** (z = 2), cale. 242.1014; 719.0956
[Fe'(s,5-"PP“L)(SbF)]" (z = 1), calc. 719.0980; elemental
analysis C3oH35NgF;,Sb,Fe (MW = 1038.021 g mol™") calc. (%)
C 34.71, H 3.69, N 10.79; found (%) C 35.97, H 4.33,
N 10.44.

Crystal structure determination

Orange crystals of 1°™ were grown by slow diffusion of diethyl
ether into a CH,Cl, solution of the compound. Collection of
diffraction data was carried out at (100(2) K) on a BRUKER
SMART APEX CCD diffractometer using graphite-monochro-
mated Mo Ka radiation (1 = 0.71073 A). The measurements
were made in the 0 range 2.172 to 27.744°. A full-sphere data
collection was carried out with w and ¢ scans. A total of 82 922
reflections were collected of which 8370 were unique (Table 6).
Programs used: data collection, Smart;** data reduction,
Saint+;*>* absorption correction, SADABS.*® Structure solution
and refinement were done using SHELXTL.?®

The structure was solved by direct methods and refined by
full-matrix least-squares methods on F°. The non-hydrogen
atoms were refined anisotropically. The H-atoms were placed
at geometrically optimized positions and forced to ride on the
atom to which they are attached. The structure crystallized in
the chiral space group P6s.

This journal is © The Royal Society of Chemistry 2019
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Table 6 Crystal data for complex

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness

Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*

Final R indices [I > 26(1)]

R indices (all data)

C3H;,FsFeNO4S,-CH,Cl, (1°™)
867.49

100(2) K

0.71073 A

Hexagonal

P65

a=10.8264(3) A

b =10.8264(3) A

c=52.532(2) A

a =90°

5332.4(4) A®

6

1.621 Mg m™

0.775 mm™"

2664

0.3 x 0.3 x 0.25 mm’

2.172 to 27.744°
—14<h<14,-14 <k <14,
-68<1<68

82922

8370

100% (to theta = 25.242)
Empirical

1.0 and 0.900775
Full-matrix least-squares on F*
8370/3/471

1.053

R; = 0.0592, WR, = 0.1622
R, = 0.0632, wR, = 0.1668

Largest diff. peak and hole 2.223 and —1.601 e A

Reaction conditions for catalysis

Conditions for the epoxidation of 2-cyclohexen-1-one and
2-cyclopenten-1-one. An acetonitrile solution (750 pL) of the
alkene substrate (0.0825 mmol, final concentration 0.11 M)
and 1°™ or 1%°¥® (3.32 pumol, 4 mol%, final concentration
4.4 mM) was prepared in a 10 ml vial equipped with a stir bar
and cooled in an acetonitrile freeze bath (temp. —30 °C). A
total of 12 pL of the carboxylic acid in CH;CN was directly
added to the reaction solution. Then 37.7 pL of 1:1 (v:v)
H,0, (30% wt/wt in H,0) : CH;CN was delivered to the reaction
solution over a period of 30 min, using a syringe pump. After
the addition of H,0,, the reaction solution was further stirred
at 30 °C for 30 min. At this point, a known amount of biphenyl
solution was added as the internal standard. The solution was
passed through a small alumina column and the column was
rinsed with 2 x 1 ml ethyl acetate and the resultant elute was
subjected to GC analysis. The racemic products were identified
by their GC retention times and the yields were determined
from the integration area of the GC spectrum.

Conditions for the epoxidation of cis-f-methylstyrene. An
acetonitrile solution (750 uL) of cis-B-methyl styrene
(0.0825 mmol, final concentration 0.11 M) and 1°™ (final con-
centration 1.1 mM) was prepared in a 10 ml vial equipped with
a stir bar and cooled in an acetonitrile freeze bath (temp.
—30 °C). A total of 12.5 uL of the acetic acid (0.2 M solution,
3 mol%) in CH3CN was directly added to the reaction solution.
Then 26.7 pL of 1:1 (v:v) H,0, in water (30% wt/wt) : CH;CN
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was delivered to the reaction solution over a period of 30 min
using a syringe pump. After this addition, the reaction solu-
tion was further stirred at 30 °C for 30 min. At this point, a
known amount of biphenyl solution was added as the internal
standard. The solution was passed through a small alumina
column and the column was rinsed with 2 x 1 ml ethyl acetate,
and the resultant elute was subjected to GC analysis. The
racemic products were identified by their GC retention times
and the yields were determined from the integration area of
the GC spectrum.
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