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Abstract

A new chiral macrocyclic Mn(lll)-salen complex has been prepared with two salicylidene moieties linked together to their’3 and 3
positions by an aliphatic polyether bridge. This complex provides a highly enantioselective (up to 93%) catalyst for epoxidagion of
disubstituted olefins with sodium hypochlorite as an oxygen atom donor and can be recycled up to three times without significant loss in
performance.
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1. Introduction We recently developed another approach to creating more
robust catalysts, involving cyclization of the Jacobsen-type
ligand. Macrocyclization of the ligand is expected to en-

the development of new drugs, and there is much interesthance the stability of the corresponding complexes in cat-

in designing efficient catalysts for asymmetric olefin epox- alytic condtl)tlon,s n C(ljmpsrlson Wb'th open-c;h:;]un analogs
idation[1]. In 1990, Jacobsej2] and Katsuki3] indepen- (e.9., Jacobsen’s catalyStheme ), because of the macro-

dently reported efficient optically active Mn(salen) catalysts cyclic effect. Wg have a'readY repqrt-ed prellmlnary r_esults
for enantioselective epoxidation. Since then, several chiral on the syr_1thes:|s and catalytic activity of a first series of
Mn(salen) complexes have been developed, and high enan_macrocycllc chiral Mn(sa_len) (e.g., r_:ompléx_Scher_ne X
tioselectivities have been achieved in the epoxidation of con- complexes for asymmetrlc epOX|dat_|on qfsrd|subst|tuted
jugatedcis-di-, cistri-, and some tetra-substituted olefins olefins[8]. But these fws_t macrocyclic ch_lral Mn(lll)-_salen_
[1,4]. But because these catalysts are associated with an Oxy_complexes had tW‘_’ major drawbacks: (_') the gnar)u_omerlc
gen atom donor, the epoxidation generally proceeds with rel- excess _values obt_amed in the asymme_:trlc epoxidatigisof
atively low turnover numbers, and most are unstable to pro- dlsut_)sututed olefins were modest (with the bestalues
longed oxidative conditions and thus are not recycl@ble ranging from 42 to 74%), probably due to the absence of

Homogeneous chiral catalysts have been immobilized eitherPUlKy substituents in close proximity to positions 3 arid 3
by anchoring the catalyst on a solid support or by using a and (ii) the catalysts were not recyclable. The presence of an

two-phase systerf6]; however, both of these methods lead addif[ional Oxygen at_om at posi'tior?s 3 arfd' o‘Bthe ligand,
to partial loss of activity and/or enantioselectivity in all but makmg an EIGCtTQn'”Ch aromatic ring eaglly omdal;le, cou!d
a few example§7]. explain the fragility of these complexes in catalytic condi-

Chiral epoxides are important synthetic intermediates in

tions.
Taking into account these first results, we report here on
" Corresponding authors. Fax: +33-5-61-553003. the preparation and catalytic activity of a new, more robust
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chromatograph equipped with a flame ionization detec-
tor and a Supelco cyclodextrifi-capillary column B-dex

6 1.~ N= 120, 30 mx 0.25 mm, 0.25 um film) and coupled to a
5 2 /’T"( Hewlett-Packard HP3395 integrator. 1,4-Dibromobenzene
© G or n-decane was used as an internal standard for the GC
43 analyses. The epoxides were identified by comparing the GC

data with data obtained from reaction of the corresponding
olefin with m-chloroperbenzoic acid.

The Jacobsen's catalyst

2.2. Synthesis of compl&x

Compound? (80 mg, 0.1475 mmol) was dissolved in
50 ml EtOH under a nitrogen atmosphere. To the result-
ing solution was added, in successionRER)-(—)-trans
1,2-diaminocyclohexane (17 mg, 0.1475 mmol) and man-
ganese (ll) diacetate tetrahydrate (36.4 mg, 0.1475 mmol).
After stirring overnight, air was bubbled through the so-
lution for 4 h. The reaction mixture was concentrated to
20 ml, treated with 20 ml of brine, and extracted with
2 x 50 ml of CH,Cl,. The organic layer was washed with
100 ml of HLO and dried over Ng&5Oy. After evapora-
tion of the solvent and drying under vacuum, 85 mg (82%)
of complex 2 was obtained as a dark-brown microcrys-
talline solid, GgHs4N205CIMn (709): calcd. C 64.35, H
7.67, N 3.95, Mn 7.75, Cl 5.00; found C 64.66, H 7.61,
N 3.54, Mn 7.75, Cl 5.39. MS (ES)n/z = 67355 [M—
CI7]*. IR (KBr, cm1): 1631(G=N). UV-vis (CHzOH):
Scheme 1. Macrocylic catalysts of fird) @nd second2) generations. A(e) = 274 nm (14,000 Imot*cm™1), 290 (13210), 318
(8928), 354 (5714), 416 (4103130 = —0.023F (589 nm,
20°C, 0.039 gdm 3 in CH3OH, 10 cm path).

Scheme L Three criteria directed our choice: (i) we retained
the key features of the ligand (the chiral diimine, the bulky
substituents at the 5,positions, theC, axis, and macrocy-

clization of the ligand); (ii) reinforced the steric hindrance A typical reaction mixture contained 16 pl of 2.@i-

in the “south part” of the ligand by introducing bulky sub- — ,¢hyichromene (0.1 mmol) and internal standard (23.6 mg
stituents; and (iii) suppressed oxygen atoms present in theof 1,4-dibromobenzene, 0.1 mmol) in 0.5 ml Bl

ligand of complext at positions 3 and’3Moreover, we al- 5\, o) of the appropriate catalyst precursor (0.5 ml of a
ready showed that the length of the linker is an especially 10 mmol CHCl, stock solution; catalygsubstrate ratie=
important factor in the catalytic properties of these macro- 5%), and 4-phenylpyriding/-oxide (4.3 mg, 25 pmol). Af-
cyclic complexes, and so we chose a rather long and flexible s,tirring at @C for 10 min. 0.2 mmol Na,OCI (0.4 ml of
bridge to allow a nonplanar conformation, which is required 4 5 5 0l aqueous NaOCl s’olution in 0.16 ml of a 0.05 mol
for the high-valent (salen)Mh=0 speciegs]. aqueous NgHPOy solution; 2 eq. of oxidant with respect to
the substrate) was added. After vigorous stirring for 2 h, the
reaction was diluted with water (2 ml) and @El2 (2 ml).

2.3. Representative catalytic experimental procedure

2. Experimental The layers were separated, and the organic phase was dried
_ over NaSQy, filtered, concentrated to approximately 1 ml,
2.1. Instrumentation and analyzed by chiral GC.

Mass spectrometry analysis was performed on a Perkin-
Elmer SCIEX Api 365 (ES in MeOH) spectrophotome- 3. Resultsand discussion
ter. The UV—vis spectrum was obtained on a Hewlett-
Packard 8452A diode array spectrophotometer. The in- 3.1. Synthesis of cataly2t
frared spectrum was recorded on a Perkin-Elmer GX 2000
spectrophotometer. Optical rotation was measured with a The synthesis of cataly® is summarized irGcheme 2
Perkin-Elmer 241 polarimeter. Gas chromatography (GC) [9]. The synthesis of 2,4-dibromo#éft-butylphenol 8) was
analyses were performed on a Hewlett-Packard HP4890Adone as described previoud%0]. The phenolic function
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Scheme 2. Synthesis of compleR. (a) Allyl bromide, CHCIl>—H>O, n-BugyNOH, 95%; (b) n-BuLi, Et;0O, (CHg)oCO, —78°C, 65%;
(c) NAH-THF, diethylene glycol ditosylate, DMF, 55%; (d) TMEDA¢-BuLi, Et,O, DMF, —90°C, 40%; (e) Pd(PP$)4, MeOH, KyCO3, 86%;
(f) (1R,2R)-(—)-diaminocyclohexane, Mn(OAg) 4H,0, EtOH; (g) air, NaCl, 82%.

of 3 was protected with an allyl group to yiefd[11]. Lithi-
ation of4 with n-BulLi followed by quenching with acetone

an acyclic olefin conjugated to an aryl group, the epoxida-
tion is nonstereospecific and affords a mixturect# and

producedb [12]. This key step corresponds to introduction trans-epoxides. A stepwise process with formation of a rad-

of the bulky substituents in positions 3 and & the fi-

ical intermediate was proposed to rationalize these results

nal salen ligand. The polyether linker was introduced by [16,17] Using chromene as substrate, we tested the catalytic

a Williamson reaction to yiel® [13]. A diformylation re-

activities of complex2 with several oxygen atom donors

action followed by the deprotection of the phenol group (Table 1 entries 10, 15, and 16). We obtained the best re-

under mild conditions led t@ [10,14] The template syn-
thesis of complexX was achieved by mixing stoichiometric
amounts of7, (1R,2R)-(—)-trans-1,2-diaminocyclohexane,

sults with sodium hypochlorite in a quantitative yield with
a 100% selective formation of the corresponding epoxide
and an enantiomeric excess of 93%alfle 1 entry 10). The

and Mn(OAc» - 4H,0, with subsequent air oxidation and ee values were 81% with PhlO and 82% withy®, (Ta-

axial ligand exchange.

3.2. Enantioselective epoxidation of cis-disubstituted
olefins

An evaluation of the catalytic activity of complexwas
performed with threeis-disubstituted olefins. Typical reac-
tion conditions were compleX (5 mol%), substrate (1 eq.),
an oxygen atom donor (NaOCI, PhIO, 2 eq. a4, 3 eq.),
and the axial ligand 4-phenylpyridin&-oxide (4-PPNO,

ble 1, entries 15 and 16), the reaction being rather slow with
the green oxidant §D,. In a general trend, the bes¢val-

ues were obtained with NaOCI as an oxygen atom donor
for complex2 (Table 1 entries 2 and 10), whereas com-
plex 1 gave a better stereoinduction with PhlO as oxidant
(Table 1 entries 5 and 14). These results suggest that the
nature of the active high-valent species will differ depend-
ing on the nature of the catalyst and the oxidant. In the case
of complex1 associated with PhlO, the Phl group could be
involved in the transition state of the “Mn(salen)-oxo like”

5 eq. with respect to the catalyst). The reactions were car-species (PhlO—(salen)Me=0 or (salen)MY —OIPh), thus
ried out at ®C for 2 h; the results are reported Table 1 inducing a better stereoinduction than with NaOCI. With cat-
With the three olefins used and sodium hypochlorite as ox- alyst2 bearing bulky substituents in positions 3 anadfthe
idant, asymmetric induction was obviously increased for ligand, such species are perhaps less involved, because of
complex2 compared with catalyst (Table 1, entries 1-2, steric hindrance, and a pure (salen)4£O could be the ma-
7-8, and 9-10). This is due mainly to the introduction of jor oxygen-transfer agent. But several other minor oxidizing
bulky substituents in the close proximity to positions 3 species should be involved, as proposed in the litergtirie
and 3 of the ligand. With 1,2-dihydronaphthalene as sub- explaining the differences observed for the enantiomeric ex-
strate, the yields of epoxide and naphthalene are in the sameesses.

range for both catalysts (entries 1-2). Naphthalene is the

main byproduct in this catalytic oxidation and results from 3.3. Recyclability of catalyst

a dehydrogenation reactidi5]. For cis-g-methylstyrene

and 2,2-dimethylchromene as substrates, cataB/gives We also tested the stability under the oxidative condi-
slightly better conversions and epoxide yields (entries 7-8 tions of complex2. We have already reported that com-
and 9-10, respectively). In the casectd-8-methylstyrene, plex 1 was not recyclable. The reuse of catalg2swvas im-
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Table 1
Asymmetric epoxidation ofis-disubstituted olefins with 5% molar of catalyst and an oxygen atom donor

catalyst (5 mol%) R R
R R NaOCI (2 eq./substrate) M
\—/ 4-PPNO (5 eq./catalyst) g H

(0]
room temperature, 2 h

Entry Run Catalyst Substrate Oxidant Conversion (%) Yicid) ed (%)

1° 1 1 NaOCI 90 56(19) 28

2 1 2 NaOCI 80 5523 60

3 2 2 NaOCI 70 55(16) 60

4 3 2 NaOCI 70 55(16) 58

5¢ 1 1 PhiO 93 62(19) 42

6 1 2 PhIO 49 35(15) 35

7€ 1 m NaOCI 10 44 0

8 1 2 NaOCI 67 51(11) 73

g¢ 1 1 m NaOCI 86 64 56

()

10 1 2 NaOCI 100 100 93
11 2 2 NaOCI 100 100 91
12 3 2 NaOCI 100 95 90
13 4 2 NaOCI 100 88 80
14° 1 1 PhiO 68 51 74
15 1 2 PhIO 68 51 81
164 1 2 Ho0, 18 18 82
Reactions were carried out with substrate (0.1 mmol), catalyst (5 pmol) and oxidant (0.2 mmftQ) &t the presence of 5 eq. of 4-PPNO with respect to the
catalyst.

& Epoxide yield (naphthalene tnans-8-methylstyrene oxide yield).

b eewere determined by GC on a chiral capillary column (Supelco cyclodegfirpoxide configurations are g125) for 1,2-dihydronaphthalene and
cis-B-methylstyrene and (8,4R) for 2,2 -dimethylchromene.

C Ref.[8].

d 0.3 mmol of oxidant was used.

proved with two substrates, 2;@8imethylchromene and 1,2-  respectively, for catalys? (Table 2 entries 1-2). If these
dihydronaphtalene, and sodium hypochlorite as oxidant; at- value was better for the Jacobsen’s catalyst, then the selec-
tempts to recycle compleXwith cis-8-methylstyrene failed. tivities (97 to 95%) Table 2 entries 1-2) and turnover num-
At the end of each run, the complex was recovered after bers (1220 to 1040)T@ble 2 entries 1-2) were in the same
a workup by precipitation in hexane and then analyzed by range for both catalysts. Note that Katsuki previously re-
mass spectrometry. The catalyas{5 mol%) can be used ported a very efficient metallosalen catalyst with a carboxy-
three times in the epoxidation of 2;@imethylchromene and  late group on the ethylene diimine moi¢iy8]. This catalyst
1,2-dihydronaphtalene without lost of conversion, yield, se- associated with iodosylbenzene as oxidant geee&alues
lectivity, or enantioselectivityTable 1 entries 2—4 and 10— as high as 99% and a very high turnover number (9200;
13). But a decrease of the yield and of the enantiomeric 8 days) for the asymmetric epoxidation of 2¢hromene
excess was observed during the fourth run for the asym-derivatives[18]. Because, in terms of epoxide yields and
metric epoxidation of 2/2dimethylchromene, because cat- eevalues, 2,2dimethylchromene usually provides good re-
alyst 2 underwent a partial oxidative decomposition (i.e, sults with a wide variety of Mn(salen) catalysts, we chose
slight decoloration of the organic phase due to leaching). We 1,2-dihydronaphtalene as the substrate for the second exper-
also compared complek and the commercially available iment (Table 3 entries 1-5). The reactions were performed
(S,8)-Jacobsen’s catalystdble 9. To estimate the turnover  with 1 mol% of catalyst and NaOCI as oxidant at room tem-
numbers of the Jacobsen’s catalyst and compglexe de- perature for 3 h. The Jacobsen’s catalyst lost activity quickly
creased the amount of catalyst in the next two experiments.and was quite ineffective after the first run, whereas cata-
First, we reduced the amount of catalyst to 0.05 mol% for lyst 2 could be recycled without loss in activitfgble 3 en-

the asymmetric epoxidation of 2;8imethylchromene with  tries 1-2 and 3-5, respectively). However, a significant drop
NaOCI as oxidant at room temperature. The obtained con-in epoxide yield was observed with catalygstor the third
version, epoxide yield, andevalue were 61, 59, and 96%, run (Table 3 entry 5). The corresponding turnover numbers
respectively, for the Jacobsen’s catalyst and 52, 50, and 86%were 136 for the Jacobsen’s catalyst and 231 for catalyst
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Table 2
Comparison of the Jacobsen'’s catalyst and catalystymmetric epoxidation of 2,2limethylchromene with 0.05% molar of catalyst and sodium hypochlorite

SN catalyst (0.05 mol%)
NaOCI (2 eq./substrate)
19} 4-PPNO (5 eq./catalyst)
room temperature, 48 h
Entry Catalyst Conversion (%) Yield%) Selectivity (%) ed (%)
1 Jacobsen’s catalyst 61 59 97 96
2 Catalys 52 50 96 86

Reactions were carried out with 2;@imethylchromene (0.1 mmol), catalyst (0.05 pmol) and NaOCI (0.2 mmol) at room temperature in the presence of 5 eq.
of 4-PPNO with respect to the catalyst.

2 Epoxide yield.

b eewere determined by chiral GC; major enantiomers:. 3)-2,2 -dimethyl-3,4-epoxychromane with the Jacobsen’s catalyst aR@®-2,2 -dimethyl-
3,4-epoxychromane with cataly&t

Table 3
Recycling of Jacobsen’s catalyst and cataB/&% molar) in the asymmetric epoxidation of 1,2-dihydronaphthalene with sodium hypochlorite

catalyst (1 mol%) H 0

Xy NaOCI (2 eq./substrate) * H

4-PPNO (5 eq./catalyst) *

room temperature, 3 h
Entry Run Catalyst Conversion (%) Yiél o) Selectivity (%) ee (%)
1 1 Jacobsen’s catalyst 100 30 73 72
2 2 31 24(0) 67 68
3 1 Catalys? 100 75(25) 69 55
4 2 100 73(26) 73 54
5 3 31 21(4) 68 52

Reactions were carried out with 1,2-dihydronaphthalene (0.1 mmol), catalyst (1 pmol) and NaOCI (0.2 mmol) at room temperature in the preseote of 5 eq.
4-PPNO with respect to the catalyst.

2 Epoxide yield (naphthalene yield).

b Selectivity of the epoxide.

€ ee were determined by chiral GC; major enantiomersS,2R)-1,2-dihydronaphthalene oxide with the Jacobsen’s catalyst amj2§)-1,2-
dihydronaphthalene oxide with catalyst

In conclusion, we have prepared a new macrocyclic chi- of this strategy to the design of new chiral macrocyclic'Mn
ral Schiff base (comple®), involving a polyether bridge  (salen) catalysts is currently underway.
with substituents to generate steric constrains and linked to
the 3 and 3positions of the salicylidene moieties. This cat-
alyst, associated with NaOCI as oxidant, promotes highly Acknowledgments
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