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This work demonstrates that non-redox metal ions as Lewis
acid can sharply improve the oxygen transfer efficiency of a
manganese(Il) catalyst having non-heme ligand. In the
absence of Lewis acid, oxidation of manganese(II) complex
will generate the known di-p-oxo-bridged dinuclear
Mn,(IILIV) core which is very sluggish for olefin epoxidation.
Adding non-redox metal ions causes the dissociation of the
dinuclear core, leading to sharply improve its oxygen transfer
efficiency.

Non-redox metal ions have been realized to play significant
roles in various oxidation processes as well as redox metal
ions.""*! The well-known examples include that Ca®" plays a
significant role in water oxidation happening in Photosystem
I1.2% Many non-redox metal ions are frequently employed to
modify the stability and reactivity of the oxide catalysts./®! Due
to the complexity of biological and heterogeneous oxidations,
clarifying the roles of those non-redox metal ions has been a
long challenge, which has inspired alternative studies into
their
homogeneous oxidations. Up to now, the available examples

investigating roles in redox metal ion mediated
from stoichiometric oxidations have confirmed that adding non-
redox metal ions like Mg2+, Zn**, Sc**, and AP’ would
substantially accelerate the active metal oxo moieties, M""=0,
including Collin’s (TAML)Mn"(0O), Fukuzumi and Nam’s
Fe™v(0) Mn"v(0), Goldberg’s
(corrolazine)Mn"(0) mediated electron transfer or hydrogen
13 of Zn*" to

the valence

nonheme and and

abstraction reactions. Particularly, binding
Goldberg’s (corrolazine)MnY(O) will cause
tautomerization of the (corrolazine)Mn¥(O) to generate the
Mn(IV) oxo corrolazine = radical intermediates, thus accelerate
its rates in both hydrogen abstraction and electron transfer.*
Fukuzumi and Nam observed that the presence of Sc¢®* would
shift the oxygenation mechanism of sulfide oxidation by

(N4PY)Fe"™(0O) or (N4PY)Mn'"(O) from direct oxygen transfer

This journal is © The Royal Society of Chemistry 2012

to electron transfer.’**¥ Borovik also found that Ca?" can
promote dioxygen activation by their manganese(Il)
complexes.”! In addition to Lewis acid metal ions, Lau found
that BF; as Lewis acid could also improve alcohol oxidation by
MnOy,, and BF; has been proposed to bind to the MnV'=0
group.”) Recently we observed that increasing the net charge of
the active metal ion through protonation would substantially
increase its reduction potential, thus accelerate its electron
transfer rate,’! which resembles the behaviour of binding Lewis
acid to the active M""=0 moieties (Bronsted acid vs Lewis
acid). However, to the best of our knowledge, non-redox metal-
ion-promoted oxygen transfer like olefin epoxidation by redox
catalyst has never been reported, even though these Lewis acids
have been known to catalyze olefin epoxidation
independently.l”) Herein, we demonstrate the first example of
ions can sharply promote olefin
epoxidation by redox active metal catalyst.

Mn(BPMEN)C], catalyst (BPMEN: N,N’-dimethyl-N,N’-
bis(2-pyridylmethyl)-1,2-ethanediamine)  was  synthesized
according to the literature.”®! Iodobenzene diacetate (PhI(OAc),)
was employed as oxidant because of its good solubility in
dichloromethane, and the epoxidation reactions were conducted
in acetone/dichloromethane mixture (4:1, v/v) at 273 K. Using
cyclooctene as substrate, the influences of non-redox metal ions
on Mn(BPMEN)CI, catalyzed epoxidation are summarized in
Table 1. In the absence of non-redox metal ions,
Mn(BPMEN)CI, is very sluggish in catalyzing cyclooctene
epoxidation. Only 7.6% of cyclooctene was converted with
6.4% yield of 1.2-epoxyoctane after 2 h. Adding 2 equiv. of
Sc** sharply improves the olefin epoxidation efficiency,
providing 100% conversion of cyclooctene with 94.4% yield of
epoxide in 2 h. In the control experiment, Sc** alone is nearly
inactive for epoxidation, providing only 4.6% conversion and
2.9% yield. Adding A", Y*" or Yb*" also achieves 100%
conversion of substrate, but the yields of epoxide are relatively

that non-redox metal
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low, possibly due to the Lewis acid catalyzed ring-opening of
epoxide. As evidence, cyclooctanediol was observed as the
byproduct in GC-MS analysis (Fig. S1), and over dosage of
lewis acid, for example Sc**, induced a lower yield of epoxide,
possibly due to the Lewis acid catalyzed ring-opening of
epoxide as displayed in Table S1. Adding one equiv. of NaOTf
just slightly improves cyclooctene oxidation with 9.9%
conversion and 6.0% yield of epoxide, suggesting that the
acceleration effect cannot be attributed to the presence of OTf
anion. Adding Mg®" and Ca*" also substantially improves the
epoxidation efficiency, giving 92.6% and 93.5% of conversion
with 80.5% and 77.4% yield of epoxide, respectively. It is
worth to emphasize that, in control experiments, all of these
non-redox metal ions as catalyst alone demonstrate very poor
catalytic activity as shown in the parentheses of Table 1.
Although it has been frequently reported that, redox or non-
redox metal ions serving as Lewis acid alone could efficiently
catalyze olefin epoxidation in certain conditions, here is
apparently not the case. Clearly, there exists synergistic effect
between Mn(BPMEN)CI, and non-redox metal ions to achieve
the highly efficient epoxidation, which has been further
evidenced by catalytic kinetics (Fig. S2).

Table 1. Catalytic oxygenation of cyclooctene to 1,2-epoxyoctane by
Mn(BPMEN)CI, in the presence of non-redox metal ions as Lewis acid !

Additives Conv. (%) Yield (%)
- 7.6 6.4
Na* 9.9 (3.8) 6.0 (3.7)
Mg* 92.6 (3.2) 80.5 (1.7)
Ca®' 93.5(8.9) 77.4 (1.9)
Ba* 31.8 (4.1) 26.7 (2.4)
Zn** 22.4(5.0) 6.3 (2.3)
Sc* 100 (4.6) 94.4 (2.9)
AP 100 (8.3) 79.7 (1.8)
Y 100 (7.6) 78.9 (3.5)
Yb*' 100 (5.7) 67.1 (2.0

[a] Conditions: acetone/CH,ClL (4:1, v/v) 5 mL, cyclooctene 0.1 M,
Mn(BPMEN)CL, 1 mM, Lewis acid 2 mM, PhI(OAc), 0.2 M, 273 K, 2 h.
The data in parentheses represent control experiment with Lewis acids.

This synergistic oxygen atom transfer has also been observed
in epoxidation of other olefins. Mn(BPMEN)CI, catalyst alone

the combination of Mn(BPMEN)Cl, with Sc**
provides 41.4% yield of trans-epoxide with 18.6% yield of

stilbene,

benzaldehyde. Remarkably, there is no cis-stilbene epoxide
formation.

The reaction data presented above have clearly revealed that
there exists synergistic effect between Mn(BPMEN)CI, catalyst
and added non-redox metal ions in epoxidation. The evidence
to display their interactions first comes from EPR studies (Fig.
1). When Mn(BPMEN)CIl, was oxidized by PhI(OAc),, a
typical 16-line signal centered at g=2.0 and regularly spaced by
89 G was observed at 130 K, which is characteristic of the
mixed valent di-p-oxo-bridged dinuclear Mn,(IILIV) core.!®!!]
With the addition of Sc*', this 16-line signal disappeared over
time (Fig. 1), clearly implicating a Sc*" induced dissociation of
the
dissociation of dimeric Mn,(IIL,LIV) core can be initialed by

p-oxo-bridged dinuclear structure. In literatures,
protonation of the bridged oxygen atom.!' Herein, non-redox
metal ion serves as Lewis acid may also interact with the
bridged oxygen atom, thus weaken the Mn-O bond in the
Mn,(IIL,IV) core and induces the dissociation. In the present of
Sc**, a 6-line hyperfine structure with A=92 G at g=1.9 was
observed, indicating a high-spin mononuclear manganese(II)
species!!?
activated high oxidation state manganese species by Sc*". As

was generated possibly due to the instability of the

evidence, a similar 6-line hyperfine structure was directly
observed by adding Sc** to Mn(BPMEN)CI, (Fig. S3), which
also indicates the formation of the Mn(II)/Sc®" adduct. The lack
of the direct EPR signal of similar Mn(IV)/Sc*" adduct is
possibly due to its short life time and/or its weakness compared
with the strong signal of the Mn(II)/Sc*" adduct. Although the
accurate structure is still elusive,
between Mn(IV)=O and Sc** be described as
Mn(IV)=0se+Sc**  for = which  similar  structure  of
Fe(IV)=0s++Sc*" has been illustrated in literature.**! On the
other hand, the dissociation of dinuclear Mn,(IIL,IV) core does
not occur by adding Na(OTf) or Zn(OTf), (Fig. S4), which is
consistent with their poor synergistic effect in epoxidation.

a plausible interaction
can

Table 2. Sc(OTf); promoted olefin epoxidations by Mn(BPMEN)CI,
catalyst

is always very sluggish for olefin epoxidation, whereas

Time

Mn(BPMEN)Cl, plus Sc®" (ratio 1:2) generates high Substrate (h) Product Conv. (%) Yield (%)
epoxidation activity (Table 2). For example, oxidation of ~ cyclooctene 2 epoxide 100 (7.6) 94.4 (6.4)
cyclohexene can provide 98.2% conversion with 74.9% yield of  cyclohexene 3 98.2 (14.9) 74.9 (6.5)
: : o : : o, norborylene 1 93.8 (10.7) 81.5(10.1)
ePOdee, and 1.10rb0r'nyle.ne glve.s 93.8@ of conversion w1.th 81.5% L-hexene 135 85.3 (19.9) 69.5 (3.6)
yield of epoxide. cis-Stilbene is a unique substrate which can 1-dodecene 115 76.2 (13.0) 70.8 (2.2)
provide extra mechanistic information. In active M" =0 trans-stilbene 6 cis-epoxide 97.5(17.5) 0(0)
moieties mediated cis-stilbene epoxidation, the ratio of cis and trans-epoxide 41.4(10.8)
. . . S . benzaldehyde 18.6 (6.4)
trans-epoxide products is highly coordination environment .. ciibene 4 cis-epoxide 90.1(7.9) 52.1(1.7)
dependent.'” Here, the sluggish Mn(BPMEN)CI, alone trans-epoxide 2.7(1.4)
provides comparable cis and trans-epoxide (1.7% vs 1.4%). In benzaldehyde 187G.7)

contrast, the combination of Mn(BPMEN)CI, with Sc** gives
52.1% yield of cis-epoxide with only 2.7% yield of trans-
epoxide, and conversion is as high as 90.1%. Clearly, the active
intermediate for epoxidation in the presence of Sc** is different
from that of using Mn(BPMEN)C]I, alone. In the case of trans-

2| J. Name., 2012, 00, 1-3

[a] Conditions: acetone/CH,Cl, (4:1, v/v) 5 mL, olefin 0.1 M,
Mn(BPMEN)CL, 1 mM, Sc(OTf); 2 mM, PhI(OAc), 0.2 M, 273 K. The
data in parentheses represent control experiments with Mn(BPMEN)CL,.

Further evidence of the dissociation of dinuclear Mn,(III,IV)
core comes from electrochemical studies (Fig. S5).

This journal is © The Royal Society of Chemistry 2012
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Mn"(BPMEN)CI, alone reveals the Mn"/Mn" and Mn"/Mn™
couples of +0.76 V and +1.56 V (vs SCE) in
acetone/dichloromethane (4:1, v/v), respectively, similar to
those in literature.®™ In situ oxidizing of Mn(BPMEN)CI, with
PhI(OAc), revealed a third redox couple at +1.10 V (vs SCE),
which can be assigned to the couple of dinuclear core
Mn,(IILIV) to Mny(IV,IV) (it is +1.12 V vs SCE in
literature!®). However, in the presence of Sc*", this dinuclear
redox couple disappeared, Sc**
dissociation of the dinuclear core happens. This dissociation

indicating a induced
event is also indicated by the fact that the IR absorption band at
686 cm’', given rise by the Mn(u-O),Mn diamond,!'¥ vanishes
with the addition of Sc**(Fig. S6).

2750 3000 3250 3500 3750 4000
T T T T T T

(a) Mn(lllyMn(1V) T= 0 min

(b) Mn(lllYMn(IV)+Sc(OT¥),

T=3 min

(¢) Mn(lllyMn(IV)+Sc(OTf), T=5 min

(d) Mn(11)+Sc(OTf),
2750

1 1
3000 3250 3500 3750 4000

G

Figure 1. EPR spectra of (a) Mn(BPMEN)CI; plus 5 equiv. PhI(OAc),, (b) 3 min after
adding 1 equiv. sc® into (a), (c) 5 min after adding 1 equiv. sc® into (a), (d)
Mn(BPMEN)Cl, plus 1 equiv. sc®*. Conditions: 5 mM Mn(BPMEN)Cl, in
acetone/CH,Cl, (4:1, v/v) at 130 K.

In isotopically labelling experiments using H,'?0, it was
found that the abundance of '®O in cis-epoxide is highly Sc**
dependent, whereas it remains roughly constant in trans-
epoxide. Without Sc**, the abundance of '*0 in cis-epoxide is
75.7%, and it decreases along with the increase of added Sc** to
the catalytic solution. Decreased '®O abundance in epoxide by
adding Sc** can be attributed to that Sc** delays the '8O
exchange between the Mn(IV)=0s++Sc*" species and '*O-water,
and/or the Mn(IV)=0e++Sc** is highly active for epoxidation
which is faster than its exchange with '*O-water.

In literature, olefin epoxidation can occur by either a Lewis
acid metal ions mediated process,!”?! in which the valence of
metal ion does not change, or by an direct oxygen atom transfer
process involving an active M"'=0 moities that delivers the
oxygen atom to olefin.l'”! In M™=0 moieties mediated
epoxidation, it has been reported at least two distinct pathways:
1) direct olefin attacking at the oxo group to generate an

olefinic C=C = bond broken intermediate, followed by collapse

This journal is © The Royal Society of Chemistry 2012
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or rotation-collapse process which in turn provides the mixture
of cis and trans epoxides;"*® 2) concerted oxygen atom
transfer from M"™=0 to olefin which remains the stereo-
structure of olefin."**¢! To provide further insights into the
mechanism, epoxidation of cis-stilbene has been investigated in
details here. In the absence of Sc**, Mn(BPMEN)CI, has only
minor catalytic activity, and provides comparable cis and trans
epoxides in each case (Table S2), suggesting the occurrence of
an olefinic C=C m bond broken intermediate followed by
collapse or rotation-collapse process (Scheme 1, pathway A).
Adding Sc** can sharply improve the yield of cis-epoxide,
whereas the yield of frams-epoxide remains unchanged. For
example, adding one equiv. of Sc** gives 41.7% yield of cis-
epoxide with 88.7% of conversion, whereas the yield of trans-
epoxide is only 2.8% (it is worth to mention again that, Sc**
alone is very sluggish for epoxidation, see Table 1 and S3).
Clearly, the presence of Sc®* has shifted the epoxidation from a
C=C = broken process (pathway A) to a concerted oxygen
transfer process (pathway B), which gives the high stereo-
selectivity of This

epoxidation can be attributed to

cis-epoxide. mechanism switch in
the formation of a
Mn(IV)=0+++Sc*" species as described above. The sluggish
activity of Mn(BPMEN)CI, alone can be attributed to the
formation of the dimer which prevents the efficient transferring
of oxygen to olefin. In literatures, it has been reported that
formation of di-p-oxo-bridged core from M"=0 moieties
would greatly reduce its oxidative activity.!''"™'®) Here, our
findings provide a promising strategy to explore the catalytic
reactivity of some di-u-oxo-bridged complexes by adding non-
redox metal ions to in situ dissociate those dimeric cores.

3+ L p Pecccccccccccccccccocccccaq
PhI(OAC),

Yo . Phl(OAc), ! v 3 ]
LMn"Cl,——= | Mn!" Mn'VL —— > LMn"=0---Sc*>* |
2 \O/ 2 equiv. SC(OTAgt oo i
L = BPMEN Pathway B
Pathtvay A Concerted
Oxygen Transfer
Ph substrate:
H H
~krPh >=< LMn"
o) PH Ph
[
Mn
rotation, Q o
llapse
collapse co! AN AN
/ \ P’ “Ph PN “Ph
o) o) 19 : 1
7 A 90.1% conv., 54.8%
Ph Ph Ph

Ph ield
1 Y
7.9% conv., 3.1% vyield

Scheme 1. Proposed mechanism of Lewis acid promoted epoxidation by
Mn(BPMEN)CI; catalyst.

In conclusion, we have illustrated the first example that non-
redox metal ion can sharply improve the oxygen atom transfer
efficiency of a redox metal catalyst in olefin epoxidation, thus
confirm that non-redox metal ions can not only promote the
electron transfer of an active M""=0O intermediate, but also
sharply improve their oxygen atom transfer which represents
another important enzymatic and chemical oxidative process.
Meanwhile, it also demonstrates a novel strategy to explore the
catalytic reactivity of some redox metal complexes which
would form inactive clusters under oxidation conditions.

J. Name., 2012, 00, 1-3 | 3



ChemComm

This work was supported by the National Natural Science
Foundation of China (No 21303063 and 21273086). The GC-
MS analysis was performed in the Analytical and Testing
Center of Huazhong University of Science and Technology.

Notes and references

School of Chemistry and Chemical Engineering, Huazhong University of
Science and Technology. Key Laboratory for Large-Format Battery
Materials and System, Ministry of Education. Luoyu Road 1037, Wuhan
430074, PR China. E-mail: gyin@hust.edu.cn.

Electronic Supplementary Information (ESI) available: Experimental
details of catalytic epoxidation, EPR spectra, cyclic voltammogram, UV-
Vis spectra as well as FTIR spectra of Mn(BPMEN)CI, plus Sc(OTf); are
available in supporting information. See DOI: 10.1039/c000000x/

1 (a) J. J. Warren, T. A. Tronic, J. M. Mayer, Chem. Rev. 2010, 110,
6961; (b) D. P. Goldberg, Acc. Chem. Res. 2007, 40, 626; (c) L. Que,
Acc. Chem. Res. 2007, 40, 493; (d) W. Nam, Y. M. Lee, S.
Fukuzumi, Acc. Chem. Res. 2014, 47, 1146; (e) X. Yang, L. Zhou, Y.
Chen, C. Chen, Y. Su, H. Miao, J. Xu, Catal. Comm. 2009, 11, 171.

2 (a) L Rivalta, G. W. Brudvig, V. S. Batista, Curr. Opin. Chem. Biol.
2012, 16, 11; (b) R. K. Grasselli, Top. Catal. 2002, 21, 79.

3 (a) P. Leeladee, R. A. Baglia, K. A. Prokop, R. Latifi, S. P. de Visser,
D. P. Goldberg, J. Am. Chem. Soc. 2012, 134, 10397; (b) C. G.
Miller, S. W. Gordon-Wylie, C. P. Horwitz, S. A. Strazisar, D. K.
Peraino, G. R. Clark, S. T. Weintraub, T. J. Collins, J. Am. Chem.
Soc. 1998, 120, 11540; (c) J. Park, Y. Morimoto, Y. M. Lee, W.
Nam, S. Fukuzumi, J. Am. Chem. Soc. 2011, 133, 5236; (d) J. Chen,
Y. M. Lee, K. M. Davis, X. Wu, M. S. Seo, K. B. Cho, H. Yoon, Y.
J. Park, S. Fukuzumi, Y. N. Pushkar, W. Nam, J. 4m. Chem. Soc.
2013, 135, 6388; (e) S. Fukuzumi, Y. Morimoto, H. Kotani, P.
Naumov, Y. M. Lee, W. Nam, Nat. Chem. 2010, 2, 756.

4 Y. J. Park, J. W. Ziller, A. S. Borovik, J. Am. Chem. Soc. 2011, 133,
9258.

5 H.Du,P. K. Lo, Z. Hu, H. Liang, K. C. Lau, Y. N. Wang, W. W. Y.
Lam, T. C. Lau. Chem. Commun. 2011, 47, 7143.

6 (a) Y.J. Wang, J. Y. Sheng, S. Shi, D. J. Zhu, G. Yin, J. Phys. Chem.
C2012, 116, 13231; (b) G. Yin, Acc. Chem. Res. 2013, 46, 483.

7 Y. H. Yang, F. Diederich, J. S. Valentine, J. Am. Chem. Soc. 1991,
113, 7195.

8 (a) C. Hureau, G. Blondin, M. F. Charlot, C. Philouze, M. Nierlich,
M. Cesario, E. Anxolabehere-Mallart, /norg. Chem. 2005, 44, 3669,
(b) J. Glerup, P. A. Goodson, A. Hazell, R. Hazell, D. J. Hodgson, C.
J. McKenzie, K. Michelsen, U. Rychlewska, H. Toftlund, /norg.
Chem.1994, 33, 4105.

9 (a) S. H. Wang, B. S. Mandimutsira, R. Todd, B. Ramdhanie, J. P.
Fox, D. P. Goldberg, J. Am. Chem. Soc. 2003, 126, 18; (b) J. P.
Collman, L. Zeng, J. I. Brauman, /norg. Chem. 2004, 43, 2672.

10 (a) S. E. Park, W. J. Song, Y. O. Ryu, M. H. Lim, R. Song, K. M.
Kim, W. Nam, J. Inorg. Biochem. 2005, 424; (b) E. M. McGarrigle,
D. G. Gilheany, Chem. Rev. 2005, 105, 1563.

11 (a) C. Hureau, L. Sabater, E. Anxolabehere-Mallart, M. Nierlich, M.
F. Charlot, F. Gonnet, E. Riviere, G. Blondin, Chem. Eur. J. 2004,
10, 1998; (b) C. Hureau, E. Anxolabehere-Mallart, G. Blondin, E.
Riviere, M. Nierlich, Eur. J. Inorg. Chem. 2005, 4808.

4| J. Name., 2012, 00, 1-3

12 (a) J. E. Sarneski, H. H. Thorp, G. W. Brudvig, R. H. Crabtree, G. K.
Schulte, J. Am. Chem. Soc. 1990, 112, 7255; (b) H. Chen, J. W. Faller,
R. H. Crabtree, G. W. Brudvig, J. Am. Chem. Soc. 2004, 126, 7345.

13 J. Kliava, J. J. Purans, Magn. Res. 1980, 40, 33.

14 (a) L. J. Boucher, C. G. Coe, Inorg. Chem. 1975, 14, 1289; (b) B. C.
Dave, R. S. Czernuszewicz, Inorg. Chim. Acta 1994, 227, 33.

15 (a) K. Srinivasan, S. Perrier. J. K. Kochi, J. Mol. Catal. 1986, 36,
297; (b) R. D. Arasasingham, G. X. He, T. C. Bruice, J. Am. Chem.
Soc. 1993, 115, 7985; (¢) W. Adam, K. J. Roschmann, C. R. Saha-
Moller, D. Seebach, J. Am. Chem. Soc. 2002, 124, 5068; (d) E. N.
Jacobsen, W. Zhang, A. R. Muci, J. R. Ecker, L. Deng, J. Am. Chem.
Soc. 1991, 113, 7063; (e) L. Kurti, M. M. Blewett, E. J. Corey, Org.
Lett. 2009, 11, 4592.

16 G. Q. Xue, D. Wang, R. De Hont, A. T. Fiedler, X. P. Shan, E.
Munckt, L. Que, P. Natl. Acad. Sci. USA 2007, 104, 20713.

This journal is © The Royal Society of Chemistry 2012

Page 4 of 4



