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New binuclear double-stranded helicates were formed be-
tween manganese(ll) perchlorate and chiral phenyl- and
polyphenyl-bridged oligopyridines; they are active catalysts
for alkene epoxidation.

Manganese-catalyzed epoxidation of alkenes are of great
current interest and many manganese complexes have been
demonstrated to be active catalysts.””” For example, [Mn(MCP)-
(CF;S0,),* (MCP = N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-
cyclohexane-trans-1,2-diamine) and  [Mn(bipy),(CF;SO;),]*
(bipy = 2,2’-bipyridine) reported by Stack, [Mn(**PyTACN)-
(CF;S0;),]%* (*MPyTACN = 1-(2-pyridyl)-4,7-dimethyl-1,4,7-
triazacyclononane) reported by Costas and [Mn(BQEN)-
(CF;S05),]° (BQEN = N,N’-dimethyl-N,N’-bis(8-quinolyl)-
ethane-1,2-diamine) reported by Nam are all excellent
mononuclear catalysts. We herein report the first use of
self-assembled supramolecular manganese helicate as catalysts
for epoxidation.*® Supramolecular manganese complexes are
expected to be more stable than mononuclear manganese
complexes, which are usually labile and easily undergo ligand
dissociation catalysis.

Monophenyl- and biphenyl-bridged oligopyridines are known
to form supramolecular binuclear metal complexes with metal
ions.'™" The ligands used in this study, L1-3, were developed based
on these ligand frameworks and were synthesized by procedures
starting from a common bipyridine intermediate 1."> The use
of a chiral ketone allows us to form a non-racemic helicate
which may have the potential for asymmetric catalysis. L1 was
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obtained from Pd catalyzed Suzuki coupling between 1 and 1,3-
phenyldiboronic acid. Pd catalyzed Suzuki coupling between 1 and
3-chlorophenylboronic acid or 3-bromophenylboronic resulted in
chlorophenylbipyridine 2 or bromophenylbipyridine 3. L2 was
then prepared by Ni(0)-mediated homocoupling of 2. L3, a
triphenyl-bridged oligopyridine, was obtained from Pd catalyzed
Suzuki coupling of 3 and 1,3-phenyldiboronic acid (Scheme 1).

Reaction of L (L = L1-3) with one equiv. of manganese
perchlorate salt in acetonitrile at room temperature afforded the air
stable yellow complexes [Mn,(L),(H,0),](Cl1O,), in 76-92% yield
(Scheme 2). These complexes were characterized by elementary
analysis, ESI-MS, and circular dichroism (CD) spectroscopy. The
structures of [Mn,(L2),(H,0)(CH;OH)(CH;CN)(Cl10,)](ClO,);
(Fig. 1) and [Mn,(L3),(H,0),]J(C10,), (Fig. 2), have been deter-
mined by X-ray crystallography, which show that they have double-
stranded helicate structures.{§
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Scheme 2

[Mn,(L2),(H,0)(CH;OH)(CH;CN)(CIO,)](ClO,);  contains
only one diastereomer which is a double-stranded helicate with P
chirality. In the structure, both manganese centres have a distorted
octahedral geometry, and are coordinated to two 2,2’-bipyridine
units, one from each L2 ligand. The other sites are completed by
one acetonitrile, one methanol, one water and a perchlorate ion.
The Mn-N distances are 2.180-2.369 A. Its helical structure is
achieved by twisting of the interannular C—C bond between the
rings; the chelating 2,2’-bipyridine units are slightly nonplanar
(16.68°-20.03°). The major helical twists occur between the
bipyridine units and the bridged phenyl rings (34.80°-36.85°).
The chiral groups are not close to the metal centre with the
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Scheme 1 Reaction conditions: (i) Pd(PPhs),, 1,3-phenyldiboronic acid, CH;OH, H,O, toluene, NaCOs;, 70 °C; (ii) Pd(PPh;),, 3-chlorophenylboronic
acid or 3-bromophenylboronic acid, CH;OH, H,O, toluene, NaCO;, 70 °C; (iii) NiCl,, PPh;, Zn, DMF; (iv) Pd(PPh;),, 1,3-phenyldiboronic acid,

CH;OH, H,O, toluene, NaCO,, 70 °C.
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Fig. 1 Crystal structure and space-filling model of [Mn,(L2),(H,0)-
(CH;0H)(CH;CN)(CIO,)J*.

Fig. 2 Crystal structure and space-filling model of [Mn,(L3),(H,0),]*.

shortest Mn-H distance of 5.682 A. The helical axis is composed
by the two manganese(1l) ions with a separation of 7.476 A.
[Mn,(L3),(H,0),](ClO,),, as shown in Fig. 2, can also establish
its double helical structure with the elongated ligand having
P chirality. Besides coordination to two bipyridine units, the
manganese centers complete their sites with water molecules only.
The Mn-N distances are 2.199-2.385 A. In this case, the chelating
2,2'-bipyridine units twist less (13.68°-16.12°). The twisting
between the bipyridine units and the bridged phenyl rings (35.82°—
43.38°) contribute most of the helical twist. The separation
between the two manganeses is now elongated to 9.100 A.

The helicates show strong CD absorptions at 230-360 nm
implying that the helical structures are retained in solution even
in coordinating solvents like acetonitrile (Fig. 3). [Mn,(L1),-
(H,0),](C10,), and [Mn,(L2),(H,0),](ClO,), give a bisignate
curve at 240-360 nm while [Mn,(L3),(H,0),] (ClO,), gives no neg-
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Fig.3 Circular dichroism spectra of [Mn,(L),(H,0),](ClO,), in CH;CN.

ative absorption in the same region. These absorptions likely arise
from the exciton coupling of the n—n* transition of the ligands.

To gain information about the lability of the helicates, ex-
change experiments were also carried out. The chiral helicate
[Mn,(L2),(H,0),](ClO,), was allowed to exchange with its achi-
ral analogue, the helicate with ligands having no chiral [4,5]-
substituents. Fig. 4 shows the ESI-MS spectra recorded at different
time intervals. The parent peak of the “mixed” helicate (m/z:
1522) grows gradually with time in the first 60 min. On the other
hand, similar experiments with a chiral mononuclear complex
[Mn,(L4),(H,0),](Cl0O,), and its achiral analogue, complex with
ligands having no chiral [4,5]-substituents, showed the formation
of a heteroleptic mononuclear complex (m/z: 712) within one
minute after mixing (Fig. 5). These results suggest that the
helicates exchange at a much slower rate and confirm that the
supramolecular structures hold the manganese ions more tightly
than the mononuclear analogues.’*™*
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Fig. 4 ESI-MS spectrum showing ligand exchange between the chiral
helicate, [Mn,(L2),(H,0),](ClO,), (m/z: 1709.2), and its achiral analogue
(m/z: 1333.1). Only the parent peaks of the helicates are shown for
clearance.

Chiral
Mixed ligand complex
complex
Complex
with achiral ligand k
_k k 30 min
k- - - 5 min

FL L .= ‘I" == 3 min

: 1 min
600 650 700 750 800
miz

Fig. 5 Ligand exchange between the chiral mononuclear complex,
[Mn,(L4),(H,0),](ClO,), (m/z: 806.3), and its achiral analogue (m/z:
618.0). Only the parent peaks are shown for clearance.

The potential of the manganese double stranded helicates in
catalysis was first investigated in epoxidation of styrene using
the reaction conditions reported by Stack.> At room temper-
ature with peracetic acid (PAA) as oxidant, the helicates are
all active catalysts. [Mn,(L1),(H,0),](ClO,), gives 100% con-
version of styrene in 6 min with 1 mol% catalyst. Modifying
the reaction conditions by decreasing the reaction temperature
to 0 °C improves the reaction selectivity (Entry 1) but the
reaction is slower. [Mn,(L1),(H,0),]J(ClO,), is in general the
slightly better catalyst, which completes most reactions in 30 min
while [Mn,(L2),(H,0),](C10,), and [Mn,(L3),(H,0),](C1O,), take
longer (Entries 9 and 11). Similar to other mononuclear man-
ganese systems, these binuclear manganese helicates catalyze
epoxidation of a wide range of olefins selectively. These helicates
catalyze challenging aliphatic substrates like cyclooctene and
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Table 1 Catalytic epoxidation by manganese complexes®

[Mnj (L) (H20)4 1(CIO4 )4, PAA,30 min,0°C

alkene CyCN epoxide
Entry Ligand (L)  Substrate Conversion® (%)  Yield®>* (%)
1 L1 Q/\ 99 81
2 O 100 92
34 @ 90 >99
4 O/ 97 83
5 O/‘\ 85 >99
6 N 100 >99
7 82 90

foze)
W,
A
O
%
%

9¢ L2 Q/\. 100 78
10 O 90 90
11¢ L3 ©/\ 100 77
12 @ 100 95
13 L4 Q/\ 3 66

“Reaction condition: alkene (0.05 mmol), [Mn,(L),(H,0),](ClO,), (5 x
10 mmol), PAA (0.1 mmol), CH;CN (0.15 ml) was used as solvent.
? Determined by GC-FID. ¢ GC yield based on conversion. ¢ Reactions
were carried out at room temperature. ¢ Reaction finished in 60 min.
fMono-nuclear complex [Mn(L4),(H,0),](ClO,), was used.

1-hexene to epoxides with excellent selectively (up to 99%, Entries
2-6). In terms of enantioselectivity, although the catalysts are
chiral, unfortunately no asymmetric induction has been observed
(<5% ee in all cases). To study how the supramolecular structure
affects the catalytic activity of the epoxidation, mononuclear
analogy of L1, [Mn(L4),(H,0),](ClO,),, was also prepared and
its catalytic epoxidation investigated. Under the same conditions,
this mononuclear complex gives almost no reaction (Entry 13).
In summary, we have presented the first synthesis of chiral
supramolecular binuclear manganese double-stranded helicates.
The helical structures have been determined by X-ray crystallog-
raphy. These structures are retained in solution as shown by CD
experiments. These supramolecular manganese systems are excel-
lent epoxidation catalysts. Unfortunately no enantioselectivity has
been observed so far. Further experiments are underway to modify
the systems to achieve more reactive and enantioselective catalysts.
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Notes and references

1 [Mn,(L1),(H,0),](Cl10,),: ESI-MS: m/z 728 [Mn(C,H3;xN,)](ClO,)*,
1558 [Mn,(CyH3;N,),](ClO,);*; CHN elemental analysis: calc. for
Mn,(C4H3Ny),(H,0),(Cl10,),-2CH;CN-7H,0-CH,Cl,: C, 50.48; H, 5.28;
N, 6.92; Found: C, 50.46, H, 5.31, N, 6.98%. [Mn,(L2),(H,0),](ClO,),:
ESI-MS: 805 [Mn,(CyH,N,),](C10,),*, 1709 [Mn,(CyHi, N, ),1(ClO,); %5
CHN elemental analysis: calc. for Mn,(C,Hy,N,),(H,0),(Cl1O,),: C,
58.73; H, 4.93; N, 5.96. Found: C, 58.30, H, 4.93, N, 5.94%.
[Mn,(L3),(H,0),](ClO,),: ESI-MS: 881 [Mn,(Cs,HysN,),1(ClO,),™,
1859 [Mn,(Cs,HusNy),](ClO,);*; CHN elemental analysis: calc. for
Mn,(Cs,HysNy),(H,0),(Cl10,),-5H,0: C, 58.81; H, 5.22; N, 5.28. Found:
C, 58.96, H, 5.20, N, 5.47%.

§ Crystal data for [Mn,(L2),(H,0)(CH;OH)(CH;CN)(ClO,)] (CH;CN),s-
(C4H160)05(ClO4)s: CosHoosCLMnN, Ny sOy55, M = 1958.05, monoclinic,
space group P21, a = 16.5520(6), b = 12.3483(4), ¢ = 25.6368(11) A, V =
5072.2(3) A*, Z =2, D. = 1.282 Mg m™~, A(Cu-Ko) = 1.54184 A, Fyy =
2040, T'=143(2) K, 69145 reflections measured, 17982 unique, R;, =0.038,
R=0.0789 (I > 20(I)) and 0.0865 (for all data), wR, =0.2249 (I > 20(1))
and 0.2375 (for all data), Flack parameter: 0.020(5). CCDC 775970. Crys-
tal data for [Mn,(L3),(H,0),](ClO,),(H,0),75: CipsHi035CLiMn, N3Oy, 55,
orthorhombic, space group P212121, ¥ = 10173.65(15) A°, Z =4, D, =
1.348 Mg m~, A(Cu-Ko) = 1.54184 A, Fy, = 4302, T = 293(2) K, 31704
reflections measured, 16631 unique, R;, = 0.0335, R=0.0612 (I > 20(I))
and 0.0796 (for all data), wR, = 0.1669 (I > 2o(I)) and 0.1799 (for all
data), Flack parameter: 0.009(5). CCDC 775971.
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