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Three manganese(ll) complexes, namely [Mn(1)(ClOy),] (3), [Mn(1)(acac),] (4), and [Mn,(1)(acac)s] (5), were isolated
from solutions of Mn(ClOy4), or Mn(acac),, and an easily accessible diimine ligand (1S,2S)-N,N’-bis-pyridin-2-
ylmethylene-cyclohexane-1,2-diamine (1). Their structure was determined by X-ray crystallography, and these
complexes proved to be catalysts for asymmetric sulfide oxidation by H,O,. Enantiomeric excesses ranging from
5% to 62% were obtained with a variety of aryl alkyl sulfides. We also observed an interesting “chirality switch”
effect by the achiral acac anion reversing the enantioselectivity of the complex [Mn(1)(ClO,),] from the S to the R
sulfoxide enantiomer.

The asymmetric oxidation of sulfides has been widely asymmetric epoxidations are also useful ones for asymmetric
studied in the last two decades due, in part, to the importanceoxidation of sulfides.

of chiral sulfoxides as auxiliaries in asymmetric synthésis. Currently, the best catalyst for asymmetric sulfoxidation
Among the most relevant metal-dependent catalytic systems,yas reported by the group of KatsukDxidation of a variety

one should note the chiral titanium/diethyl tartrate/hydrop- of sylfides was achieved with enantioselectivity up to 94%
eroxide/HO system reported by Kagan and co-workefs.  and moderate to good yields. The manganese catalyst
high level of enantioselectivity was achieved, but with low ¢ontains a highly sophisticated salen ligand bearing, in
turnover numbers. On the other hand, more robust catalystsaqdition to the chiral diimine moiety, two binaphthyl groups
such as chiral iron or manganese porphyramed Schiff base o axjal chirality. However, the synthesis of the ligand is
metal (titanium, vanadium or manganese) complexes offeredyather restricting? Moreover, iodosylbenzene, which is
better activity but a lower asymmetric inductiéiven the o to be relatively expensive, to be slightly unstable in
salen manganese complex developed by Jacobsen and cqpg ggjid state, and to have a very low solubility, was used

workers and known as one of the best catalysts for asym- 5 the oxygen atom donor. One can also mention the system
metric epoxidation of conjugated oleffndid not achieve as  yaqcribed by Mukaiyama and co-workers in 199Bhey

high a Ie_:vel of ena_ntioselectivity for sulfoxidation_ as for  jisclosed tha3-oxo aldiminatomanganese(lll) complexes
epoxidatiorf Yet, it is well-known that methodologies for were able to catalyze the enantioselective oxidation of
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# Universite Joseph Fourier. manganese intermediate. However, the enantiomeric excesses
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Acetylacetonate Anions as Chirality Switches

Table 1. Catalytic Asymmetric Oxidation of Methylphenyl Sulfitle

ligand 1 1 2 2 none none
metal salt Mn(CIQ). Mn(acac) Mn(CIOy)2 Mn(acac) Mn(CIOy)2 Mn(acac)
yield (%) 22 (72 hy 15 (2 hy 45 (24 hY 6 (24 hy 0 (24 h) 0 (24 h)
ee (%) 109¢ 25 R)° 5R)° 0 0 0

aLigand/manganese salt/substratgdpiratio = 1/1/600/10 mM in absolute
the configuration of the major sulfoxide enantiomer.

Thus, there is still a crucial need for new catalysts with
both good enantioselectivities and activities for the asym-
metric oxidation of sulfides. Even though it is environne-
mentally friendly (water is the only byproduct), few sulfox-
idation catalytic reactions are using®} as the oxygen atom
donor so far. This is partly explained by its instability through
metal-catalyzed dismutation and by its ability to generate
free radicals. We have thus initiated a project aimed at
finding enantioselective catalysts for asymmetric oxidation
of sulfide by HO,.° We describe here our investigations
regarding the preparation of new and easily accessible
manganese complexes for asymmetric sulfoxidation with
H,O, as a “green” oxidant. Most significantly, we found that
a simple achiral anion could act as a chirality switch,
allowing selective generation of one or the other sulfoxide
enantiomer.

Experimental Section

Materials. Ethanol (Carlo Erba, analysis grade) was used after

deoxygenation by argon bubbling. Starting materials were purchased

from Fluka or Sigma Aldrich Co. Most of the reagents were of the
best commercial grade available and were used without further
purification. Column chromatography utilized Merck silica gel
(230—400 mesh). Naphthyl methyl sulfide was prepared from the
corresponding aryl thiol by alkylation with 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) and iodomethalfeCommercial hydrogen
peroxide 30% in water from Aldrich was used and titrated before
utilization.

[Caution: Perchlorate salts are potentially explosive and should
be used with care and appropriate safety precautions.]

Physical Measurements!H NMR spectra were recorded on a
DPX 300 MHz Briker spectrometer. UVvis absorption spectra
were recorded on a Varian Cary1Bio diode array spectrophotometer.
GC-MS analyses were done with a Perkin-Elmer autosystem X

coupled to a turbomass spectrometer. Electrospray mass spectrom,

etry was performed on a Finnigan LC-Q instrument.

X-ray Crystallography. Data collection was performed at 298
K using a Bruker SMART diffractometer with a charged couple
device (CCD) area detector, with graphite monochromated blo K
radiation § = 0.71073 A). The molecular structure was solved by
direct methods and refined oR? by full-matrix least-squares

ethandlin parentheses, the reaction time for completioim parentheses,

Table 2. Selected Bond Lengths (A) and Angles (deg) for Complexes
352

bond (A) angle (deg)
3
Mn—N(1) 2.235(3) N(1}Mn—N(2) 70.98(10)
Mn—N(2) 2.267(3) N(1}-Mn—N(3) 71.64(10)
Mn—N(3) 2.366(3) N(3)-Mn—N(4) 147.77(12)
Mn—N(4) 2.338(3) O(1}Mn—0(11) 142.01(10)
Mn—O(1) 2.264(3) O(1}Mn—N(3) 87.00(10)
Mn—0(11) 2.203(3) O(1FMn—N(1) 106.10(10)
4
Mn—N(1) 2.364(2) N(1yMn—N(3) 72.10(8)
Mn—N(3) 2.278(2) N(3FMn—0(21) 84.12(8)
Mn—0(21) 2.1562(19)  N(ZyMn—0(22) 159.65(8)
Mn—0(22) 2.1130(19)  N(B-Mn—0(21) 98.38(8)
Mn—0(31) 2.131(2) N(1FMn—0(22) 94.79(8)
Mn—0(32) 2.148(2) 0(22yMn—0(31) 105.48(8)
5
Mn(2-N(1)  2.3349(15)  N(3}Mn(2)-N(1) 71.75(5)
Mn(2)-N(3)  2.2975(15)  N(1}Mn(2)—O(41) 96.03(5)
Mn(2)-0(41)  2.1560(14)  N(HMn(2)—0(42) 98.87(5)
Mn(2)-0(42)  2.1346(14) N(BMn(2)-O(51)  163.46(5)
Mn(2)-O(51)  2.1176(13)  N(BMn(2)—0(52) 84.24(5)
Mn(2)-0(52) 2.1346(13) O(BMn(2)-0(41)  95.35(5)
Mn(1)-N(2)  2.3333(14) O(BGBMn(2)-0(42)  94.24(5)
Mn(1)-N(4)  2.3039(15)  N(3}Mn(2)—O(41) 87.65(5)
Mn(1)-0(21)  2.1539(13) N(3IMn(2)—-0(42)  166.66(5)
Mn(1)-0(22)  2.1266(14)  N(3}Mn(2)—O(51) 96.80(5)
Mn(1)-O(31)  2.1294(13)  N(3}Mn(2)-0(52) 89.32(5)
Mn(1)-0(32)  2.1194(13) O@BMn(1)-O(31)  177.88(5)

2The estimated standard deviations in the least significant digits are given
in parentheses.

5: monoclinic,P2y/c, a = 13.0351(8) Ab = 19.9146(9) Ac =
20.3881(12) AV = 4097.4(4) R, Z= 4,R=0.0340R,, = 0.0556.
Synthesis of Compounds. ($,25)-N,N'-Bis-pyridin-2-ylmeth-
ylene-cyclohexane-1,2-diamine (1)Jnder a nitrogen atmosphere,
at 0°C, a solution of freshly distilled 2-pyridincarboxaldehyde (209
mg; 1.95 mmol) in 5 mL of methanol was added pbdeh to a
solution of (1S-29)-(+)-1,2-diaminocyclohexane (100 mg; 876
moles) in 5 mL of methanol. The resulting clear solution was
stirred for another hour at room temperature. Concentration in vacuo
afforded the diimine as a white solid. Recrystallization in ether
yielded the pure ligand as colorless crystals (235 mg; 8aol,
92%): [0]%°> = +24.6 (c 2, acetone); mp 18IC; IR 3050, 3011,
2927, 2858, 1644, 1586, 1566, 1467, 1448, 992, 771 ctH NMR
(300 MHz, CDC}) 6 8.51 (ddd,J = 4.8, 1.5, 0.9 Hz, 2H), 8,28 (s,

techniques using the SHELXTL package with anisotropic thermal 2H), 7.85 (d,J = 7.8 Hz, 2H), 7.60 (dddJ = 7.8, 7.6, 1.5 Hz
parameters excepted for hydrogen atoms. Hydrogen atoms wereZH)' 7.18 (déld,] - '7 6 4’3 1'2 |;|z 2H), 3.50 (m 2.H’) i83 (r’n
placed in ideal positions and refined as riding atoms with individual 6H), 148 (m ZH),lgc'NMiq .(76 MHz ,CD.CL;) 5 1621 (.CH) '

isotropic displacement parameters. Pertinent crystallographic data155 3(C), 149.9 (CH), 137.0 (CH), 125.1 (CH), 121.0 (CH), 74.2

are summarized in Table 2. Compl& monoclinic, P2;, a =
9.0550(6) A, b = 19.8290(14) A,c = 12.2059(8) A,V =
2188.7(3) B, Z = 4, R = 0.0357,R, = 0.0678. Complex4:
triclinic, P1, a = 9.351(2) A,b = 11.2540(19) Ac = 13.0351(8)
A, vV =1405.5(6) &, Z=2,R=0.0538,R, = 01206. Complex

(9) Duboc-Toia, C.; Meage, S.; Ho, R. Y. N,; Que, L., Jr.; Lambeaux,
C.; Fontecave, MInorg. Chem 1999 38, 1261.
(10) Ono, N.; Miyake, H.; Saito, T.; Kaji, ASynthesis98Q 952.

(CH), 33.4 (CH), 25.0 (CH); mass spectrum (ESIyz (relative
intensity) 315.3 (I + Na]*, 100); 347 (L + Na+ MeOH]", 52);
293.3 (L + H]*, 37). Anal. Calcd for GgHooN4: C, 73.84; H, 6.95;
N, 19.14. Found: C, 73.91; H, 6.90; N, 19.16.
(1S,2S)-N,N'-Bis-pyridin-2-ylmethyl-cyclohexane-1,2-di-
amine (2).NaBH;, (72 mg; 1.92 mmol) was added to a previously
cooled to 0°C solution of1 (140 mg; 480umol) in 5 mL of
methanol. After stirring fol h atroom temperature, the solution
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Scheme 1. Synthesis of Ligand4 and2
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Q @f (2 equiv.)

MeOH,
HoN  NH, eOH, =t

<

92 %

was heated to reflux for 1 h. The solution was cooled to room
temperature and hydrolyzed by addition of water (1 mL). After
concentration in vacuo, the crude residue was dissolved yCGH
(20 mL), washed sequentially with saturated aqueous NaHCO
solution (2x 4 mL), water (2x 4 mL), and brine (2« 4 mL), and
dried over NaSOy. The product was isolated as a yellow solid after
removal of the solvent. Recrystallization from ether afforded
colorless crystals (235 mg; 8@8nol, 85%): ]?°> = +0.5° (c 2,
acetone); mp 143C; IR 3057, 3015, 2932, 2858, 1596, 1479, 1438,
1134, 761 cm?®; *H NMR (300 MHz, CDC}) 6 8.43 (dd,J = 4.8,
1.2 Hz, 2H), 7.68 (ddd) = 7.8, 7.8, 1.2 Hz, 2H), 7.42 (d,= 7.8
Hz, 2H), 7.18 (dddJ = 7.8, 4.8, 1.2 Hz, 2H), 4.26 (d, = 14.7
Hz, 2H), 4.02 (dJ = 14.7 Hz, 2H), 2.73 (m, 2H), 2.14 (m, 2H),
1.75 (m, 2H), 1.49 (m, 2H), 1.20 (m, 4H)*C NMR (76 MHz,
CDCl) 6 161.3 (C), 149.7 (CH), 137.1 (CH), 123.0 (CH), 122.4
(CH), 62.0 (CH), 53.2 (CH), 32.2 (Ch), 25.7 (CH); mass
spectrum (ESImz (relative intensity) 319.2 g+ NaJ*, 21); 297.3
([2 + H] ™, 100). Anal. Calcd for GH24N4: C, 72.94; H, 8.16; N,
18.90. Found: C, 73.15; H, 8.02; N, 18.83.
[Mn(dii-picchxn)(CIO 4),] (3). To a solution ofl (30 mg; 103
umol) in 1.5 mL of MeCN was added dropwise a solution of Mn-
(ClOy)2°6H,0 (37 mg; 103umoles) in 1.5 mL of MeCN. The
resulting yellow solution was reduced a third of its volume, and a

—N  N=
- N
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0

NaBH,
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MeOH, reflux

85%

I
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able. All the sulfoxides were isolated by column chromatography
on silica gel (ethyl acetatehexane 20:80. then 80:20). The
enantiomeric excesses were determinedHbpNMR in CDCl; for

the purified products. ChiralR)-(+)-2,2-binaphthol (1-2 equiv)
was added by small portions until a good splitting of the;Gidglet
(between 2.7 and 3.0 ppm) was obtairéd@he ee was calculated
from the deconvolution of these two peaks.

Results

Synthesis of the Ligands 1 and 2We investigated the
potential of manganese complexes bearing G@eswymmetric
chiral nitrogen containing ligands as catalysts, for asymmetric
oxidation of sulfides. The two selected ligands were both
constituted by a chiral cyclohexyl diamine backbone and two
pyridines (Scheme 1). Our choice was first driven by their
easy accessibility. Second, we expected that the Schiff base
ligand (1S29)-dii-picchxn (dii-picchx= N,N'-bis-pyridin-
2-ylmethylene-1,2-cyclohexanediamind) (vould adopt a
nonplanar stepped conformation similar to that of the salen
ligand}? wherea< ((1S,29)-picchxn= picchxn= N,N'-bis-
pyridin-2-ylmethyl-1,2-cyclohexanediamin¥)thanks to a

large excess of ether was added to precipitate the complex. Thehigher flexibility, would adopt a cig or a cise. topology

yellow precipitate was filtered off (51 mg, 94mol, 91%). X-ray
quality crystals were obtained by vapor diffusion of diethyl ether
into an acetonitrile solution of the complex (49 mg, gthol,
87%): IR 3070, 2938, 2860, 2364, 2349, 1656, 1597, 1143, 1110,
1091, 1032, 1010, 6228 crfy mass spectrum (GEN, ESIY), m/z
(relative intensity) 446.1 § — (CIOy~]*, 100); 173.7 B —
2(ClOy)]2", 67]; 193.9 (B — 2(ClO,)~ + (CH3CN)J?, 30). Anal.
Calcd for MNnGgH2oN4Cl,Og: C, 39.58; H, 3.69; N, 10.26; ClI,
12.98; Mn, 10.06. Found: C, 39.29; H, 3.71; N, 10.28; Cl, 13.09;
Mn, 9.98.

[Mn(dii-picchxn)(acac),] (4). To a solution ofl (60.6 mg; 207.5
umol) in 0.5 mL of MeCN was added dropwise a solution of Mn-
(acac) (50.5 mg; 20Qumol) in 0.5 mL of MeCN under a nitrogen
atmosphere. Cooling at“ of the resulting solution affordetlas
pale orange crystals suitable for X-ray analysis (68 mgu®@l,
61%): IR 3062, 2930, 2853, 2364, 2333, 1593, 1511, 1458, 1402,
1306, 1254, 1013, 918, 779 cAy mass spectrum (G4EN, ESIF),

m/z (relative intensity) 446.2 4 — (acac)]*, 100); 699.2 (b —
(acac)]™, <1). Anal. Calcd for MnGgH,oN4Cl,0g: C, 61,65; H,
6,28; N, 10,27; Mn, 10.07. Found: C, 61.26; H, 6.33; N, 10.27;
Mn, 10.00.

Standard Conditions for Sulfoxidation. Under a nitrogen
atmosphere, the manganese salt gh@l) and the ligand (10 or
100umol) were dissolved in absolute ethanol (10 mL). The sulfide
(6 mmol) was added (final volume, 10 mL), and the mixture was
stirred for 15 min. The reaction was initiated by addition o0
(100umol; ratio of complex/sulfide/pD, = 1/600/10). An internal
standard (2Q.L of a 1 M solution of benzophenone or fluorenone
in MeCN) was added to the reaction mixture. The characterization
of the sulfoxides was done by GC-MS. Unambiguous identification
of the products was made by comparison with pure compounds,
which were either prepared independently or commercially avail-

8112 Inorganic Chemistry, Vol. 42, No. 24, 2003

around the metal. During the course of this study, Que and
co-workerd* and very recently the group of Stdeékused
related chiral BPMCN N,N'-bis-(2-pyridylmethyl)N,N'-
dimethyl-1,2-cyclohexanediamine) iron and manganese com-
plexes for asymmetricis-dihydroxylation of olefins and for
epoxidation of electron-deficient olefins, respectively, il-
lustrating the potential of such ligands for asymmetric
catalysis.

The Schiff base ligand 829)-dii-picchxn, 1, was easily
and efficiently prepared (92% vyield) in one step from the
commercially available @ 29-1,2-diaminocyclohexane and
a small excess of 2-pyridinecarboxyaldehyde in methanolic
solution. Compound. can be further reduced by sodium
borohydride in refluxing methanol to affo&in a good yield.

Manganese-Dependent Sulfoxidation Reaction©xida-
tion of methylphenyl sulfide by hydrogen peroxide in the
presence of manganese(ll) salts was then investigated as a
probe reaction. Preliminary studies were carried out with
rac-1 andrac-2 (1 mM) in the presence of Mn(CI} or
Mn(acac), the substrate, and /&, (1:1:600:10, ligand/
manganese salt/substratgl}) in absolute ethanol and under

(11) Toda, F.; Mori, K.; Okada, hem. Lett1988 131.

(12) Srinivasan, K.; Kochi, J. KInorg. Chem 1985 24, 4671.

(13) (a) Goodwin, T. J.; Vagg, R. S.; Williams, P. A.Proc. R. Soc. N.
S. W 1984 1. (b) Fenton, R. R.; Stephens, F. S.; Vagg, Rinérg.
Chim. Actal991, 182 67.

(14) Costas, M.; Tipton, A. K.; Chen, K.; Jo, D.-H.; Que, L., JrAm.
Chem. So. 2001, 123 6722.

(15) Murphy, A.; Dubois, G.; Stack, T. D. B. Am. Chem. So2003
125 5250. See also: White, M. C.; Doyle, A. G.; Jacobsen, EJ.N.
Am. Chem. So001, 123 7194.
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Figure 1. Structures of [Mn{)(ClOa);] (3); [Mn(1)(acac)] (4); [Mnz(1)(acac)] (5).

air atmosphere. The reaction products were identified and manganese salt used, the Schiff base ligaimdluced a better
quantified by GC-MS during the course of the reaction. It enantioselectivity during the oxidation than the ligahénd

was observed that Mn(Cl{d/rac-1, Mn(acac)rac-1, and (iii) a higher yield was achieved with Mn(CIp and2. Once
Mn(ClOg)./rac-2 systems were able to oxidize the sulfide again, we wish to emphasize the important effects of the
selectively into the corresponding sulfoxide with 22%, 15%, two anions regarding the reactivity. While the Mn(G)&1

and 45% yields, respectively. No sulfone could be detected. system yielded thé& sulfoxide enantiomer with a 10% ee

In the presence afac-1, 72 h was needed to complete the preferentially, its acac homologues had a reverse and higher
oxidation with Mn(CIQ). as a catalyst as compared t0 2 h - enantioselectivity (25% ee in favor of tHe enantiomer).

with Mn(acac). On the other hand, the reaction went 10 consequently, due to the lower asymmetric inductior,of
completion after 24 h when Mn(CI andrac-2 were used. the study was pursued with ligaridonly.

No oxidation could be observed in the absence of the
manganese salt.

Despite the low reaction yields, the asymmetric induction
ability of the optically pure ligands was explored under the
same experimental conditions as described. After completion,
the sulfoxide was purified by column chromatography. The
enantiomeric excesses (ee’s) were measured-Hb}NMR

Determination of the Metal Complexes Involved in the
Oxidation Catalysis. In the following, we describe the
experiments aimed at identifying the metal complexes formed
during the reaction of each of the two manganese salts with
1. The crystallization by slow diffusion of ether in a 1:1
mixture of Mn(CIQy), and ligandl in acetonitrile afforded
spectroscopy in the presence of 2 equiv BJ-(+)-2,2- crystals suitable for__X—_ray analysis (Figure 1). The structure
binaphthol as a chiral shift reagent with regard to the isolated ©f the [Mn(ClQ,)x(dii-picchxn)] (3) complex formed from
sulfoxide® The results are reported in Table 1 and show MnN(CIO4). revealed the unexpected presence of two per-
that (i) no oxidation product was formed when the reaction chlorate anions as monodentate ligands, yet known to be poor

was carried out in the absence of the ligand, (i) whatever ligands, in a trans position. Moreover, the structure showed
an important distortion of the octahedral coordination with

(16) Toda, F.; Mori, K.; Okada, hem. Lett1988 131. a O—Mn—0 angle of 142 (Table 2). This could be due to

Inorganic Chemistry, Vol. 42, No. 24, 2003 8113
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Table 3. Catalytic Asymmetric Oxidation of Aryl Methyl Sulfidés

sulfide R—S—R? 1+ Mn(ClOy),=3 1+ Mn(acac)=4,5

R: R2 yield? (%) eé (%) yield? ee yield® ed
4-CHyO—CgHa— —CHs 32 1209 32 20QR) 70 1R
CoHs— —CHs 22 109 15 25R) 42 34R)
4-Br—CgHu— —CH;, 13 509 11 38R 58 50 ®)
4-NO,—CeHa— —CHs 11 0 8 62 R 25 61 R)
CeHs— —CHCH;z 8 0 12 35 (](]) 32 44 (I’]d)
naphthy}- —CH;, 12 509 15 49 R) 41 52 R)

a| jgand/manganese salt/substratfi ratio = 1/1/600/10.° Ligand/manganese salt/substratli ratio = 10/1/600/10.

the formation of the three strained contiguous 5-membered Catalytic Asymmetric Oxidation of Aryl Methyl Sul-
chelate rings in the equatorial plane of the complex as fides by 3 and 4.The catalytic activities of complexes
compared to the 6-5-6-membered chelate rings observed withand4 (1 mM) were then assayed during the oxidation of a
salen ligands. The jy—Mn—Np, angle is thus opened to variety of sulfides (600 mM) by 10 equiv of 9, with regard

147 which differs significantly from 90, pushing away the  to the catalyst, in absolute ethanol. In each case, the yields
two perchlorate anions from their apical positions. It was and enantiomeric excesses were the same whether the
also observed that the two pyridine planes adopted a slightlyisolated complex or a 1:1 mixture of the ligand and the
unparalleled conformation of about.6The average Mn corresponding manganese salt was used. This demonstrated
Namine and Mn—Npyrigine distances of 2.25 and 2.35 A, that the active catalyst was inde@dr 4, respectively. Table
respectively, are in agreement with a high-spin manganese-3 reports the yields and the enantiomeric excesses for the

(1) centert’

Complex 4 ([Mn(acac)(dii-picchxn)]), whose crystals
were obtained from the cooling at 8 of a saturated
equimolar solution of Mn(acagand1l in acetonitrile, showed

sulfoxide products. In both cases, the yields were moderate
and did not exceed 32%. An active dismutation of th©H

by traces of uncoordinated manganese salt might be at the
origin of this problem (see following description). The

an unexpected crystallographic structure (Figure 1). The enantioselectivity of thd/Mn(CIO,), system was low and
ligand was coordinated to the metal center by a single arm afforded selectively th& enantiomer. On the contrary, a

constituted by one imine and one pyridine. The four

remaining positions were occupied by two acac anions which,

better stereoselectivity was achieved with tin(acac)
system with ee’s ranging from 20% to 62% in favor of the

in contrast to the monodentate perchlorate anion, preventedr enantiomer. It is important to note the drastic effect of the

an equatorial coordination of the whole ligand. The-Mb
distances ranged from 2.11 to 2.15 A while the-M¥ bonds
are slightly longer than i with Mn—Ngminedistance of 2.28
A and Mn—N,yridine distance 2.36 A (Table 2). Interestingly,
a faster crystallization yielded, in addition4panother type
of single crystal suitable for X-ray analysis. It was found
that this new complex5) was the C,-symmetric di-
manganese homologue 4fin which each arm of the ligand

anion on the reactivity and the selectivity of the catalyst.
First of all, for similar yields, thd/Mn(acac) system proved

to be much faster than tHEMn(ClO,), one (2 h compared

to 72 h, respectively, for completion). Second, whereas the
latter afforded preferentially th&sulfoxide in all cases, the

R isomer was the major product when the oxidation was
carried out with thel/Mn(acac) system. Third, while the
selectivity increased with electron-withdrawing groups on

binds one manganese center coordinated by two acac anionshe phenyl moiety of the arylmethyl sulfide in the case of

(Figure 1). Both4 and 5 presented a slightly distorted
octahedral coordination with cis angles ranging from about
71° for Ngy—Mn—Nimine to about 84 for O—Mn—0O angles
and trans angles from 16@o 177 (Table 2).

Positive ESI-MS mass spectral analysis of solution8 of
and 4 afforded mainly two intensen/z fragmentations of
446.2 and 446.1 corresponding to the parent ions [n(
(ClOg)]* and [Mn()(acac)f, respectively. Furthermore,

Mn(acac), it tended to decrease with Mn(CJ}2.

In order to improve the reaction yields, several modifica-
tions were attempted. It was found that only alcoholic
solvents such as absolute ethanol were suitable for the
oxidation of methylphenyl sulfide. Under the described
conditions, when acetonitrile or dichloromethane was used,
no oxidation products could be observed even after 24 h of
reaction. Furthermore, various oxidants such as iodosylben-

these cationic species were also observed from a 1:1 mixturezene (PhlO),t-butylhydroperoxide (TBHP), and sodium

of a manganese salt addndicating the formation of these
two complexes in solution. The dinuclear complexvas
hard to detect by positive ESI-MS analysis in a 1:1 mixture
of 1 and Mn(acag) 699.2m/z for [Mn,(1)(acac)]* and 599.1
m/z for [Mny(1)(acac) — H]*. Complex5 could also be
detected in a solution formed by redissolution 4fin
acetonitrile.

(17) Bucher, C.; Duval, E.; Barbe, J.-M.; Verpeaux, J.-N.; Amatore, C.;
Guillard, R.; Le Pape, L.; Latour, J.-M.; Dahaoui, S.; Lecomte, C.
Inorg. Chem 2001, 40, 5722 and references therein.
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periodate were compared to,®h. The latter gave the best
results in terms of the enantioselectivity of the reaction
whereas PhlO and TBHP afforded higher yields but low
enantiomeric excesses (0% and 3% fespectively, for the
oxidation of methylphenylsulfide). Furthermore, slow addi-
tion of 10 equiv of HO, over 24 h did not change the yields
when1/Mn(ClOy), was used as the catalytic system. On the
other hand, with Mn(acag)the slow addition of the oxidant
overa 2 h period resulted in a significant increase of the
yield of the oxidation of methylphenyl sulfide (from 15%



Acetylacetonate Anions as Chirality Switches

X Discussion

== - —— Manganese (Mn) chiral complexes have been extensively
20 studied as catalysts for enantioselective oxidation reactions.
B L ten el The most developed systems are those based on Mn
o 5 porphyring*8and Mn salen complexé&ddowever, the former
requires costly synthesis of chiral porphyrins which further-
& more display large sensitivity to oxidative degradation unless

10 2% ¥ more extensive and difficult modifications are incorporated
Figure 2. Effect of Na(acac) on the enantioselectivity of the sulfoxidation into the tetrapyrrolic macrocycle. The latter are easily

of methylphenylsulfide catalyzed by tAéVin(ClO,), system. Ligand/metal/ accessible from readily available precursors and are much
H2O/sulfide ratio/1/1/10:/600 (dark) and 1/10/10/600 (white). more stable. However, whereas Mn salen complexes proved

to be very efficient for epoxidation of olefins using sodium

. . . hypochlorite or iodosylarenes as oxidants, they have been
to 32% yield). Interestingly, an unexpected improvement of only rarely used for the oxidation of sulfides by hydrogen

the enantiomeric excess from 25% to 38% was also observedp eroxided

FinaI_Iy, the b_est results were obtained With alarge excess | this paper, we report a novel class of simple ligands,
of the ligand with regard to the catalyst (ligand/Mn(agac)  exemplified by ligandl, which in combination with Ma-
substrate/D; ratio = 10/1/600/10; Table 3). A significant  acetylacetonate (acac) provide enantioselective catalysts for
increase of both yields (now ranging from 25% to 70%) and the oxidation of sulfides to sulfoxides by ,6,. These
enantioselectivity (ee’s now ranging from 31% to 61%) was systems have the following advantages: (i) the ligands are
observed (Table 3). easy to synthesize and to modify; (ii) the resulting catalyst

In contrast, addition of an excess bfto a solution of is rather stable; (iii) the enantiomeric excesses (ee’s) are in
Mn(ClOg), resulted in a drastic drop of the efficiency of the the range of those obtained with the Msalen complexes
catalyst further illustrating the difference between the two for the same reactioh(iv) the yields are reasonable under
systems. conditions (excess of ligand; slow addition of®%) opti-

Stability of the Catalytic System. The stability of the ~ mized for limiting HO, dismutation’® Thus, although
catalytic system1/Mn(acac) was explored. Successive synthetically useful enantioselectivities have not yet been
portions of 10 eduiv of hydrogen peroxide with regard to attained with the system presented here, it is |Ik6|y that
the catalyst were added every second hour for the oxidationsignificant improvements will result from further modifica-
of methylphenylsulfide under the described conditions. Both tion of the ligands, both in terms of yields and ee’s.
yields and enantioselectivity remained almost unchanged Reduction of ligandL results in ligand2, which proved to
after addition of 60 equiv of kD, (36% overall yield, 31%  Provide much less enantioselectivity to the catalytic system.

ee). Thus, after 25 turnovers, the catalyst retained full activity This is rather surprising considering that BPMCN, a homo-
and enantioselectivity. logue of2, was shown, during the course of our work, to

form an iron complex with large enantioselectivity during
cis-dihydroxylation of olefins?* This suggests that slight
modifications of this type of ligand might result in a great
variety of chiral Mn catalysts, with modulable substrate
selectivities and enantioselectivities, further illustrating the
potential of these ligands.

Acac Anion as a Chirality Switch. The observed drastic
effect of the nature of the anion (acac versus perchlorate)
on the reactivity of the manganese catalyst led us to
investigate the behavior of the Mn(CJ@1 system in the
presence of sodium acetylacetonate during the oxidation of

methylphenylsulfide. To a mixture of Mn(CIB (1 mM), . : o

ligand1 (1 and 10 mM), and methylphenyl sulfide (600 mm) ' e active catalyst in the systeliMn(acac) is likely to

. : . be complexd. This complex is present in reaction mixtures
in ethanol, sodium acetylacetonate was added just before thecontainin 1 and Mn(acag)and can be crystallized from
addition of 10 equiv of hydrogen peroxide. The results for 9 Y

; - these mixtures. The three-dimensional structure of complex
one and two equiv of Na(acac) are reported in Figure 2 and : ) . :
; . 4 was unexpected since the ligand is occupying only two
compared to those obtained with théin(acac) and the - ; -
coordination sites whereas the four other positions are
1/Mn(CIlQy), systems. : X .
i ] occupied by two acac ligands. As a consequence, no labile
~As soon as 1 equiv of acac was added, the enantioselecyqqrdination site is present in the catalyst raising the question
tivity of the sulfoxidation was shifted from thg to theR of how the peroxide or the substrate or both are activated at
enantiomer but with an ee lower than that achieved with the the metal site and how the chirality of the ligand is transferred
Mn(acac) salt. A comparable stereoselectivity was reached g the oxidation product during oxo transfer. Clearly, further
with 2 equiv of sodium acetylacetonate indicating a conver- experiments are required to understand the mechanism of
sion of the catalysB into complexeg} and5 upon addition

of acac. This hypothesis was confirmed by ESI-MS analysis. (18) (a) Halterman, R. L.; Jan, S. T.; Nimmens, H.Synlett1991, 791.
. . b) Peollier, C.; Peaud, J.; Ramasseul, R.; Marchon, J.4Gorg
It clearly showed the disappearance of the parent ions [Mn- Chem. 1999 38, 3758. (c) Katsuki, T. InCatalytic Asymmetric

(1)(CIO4)] ™" in favor of the [Mn()(acac)t when 2 equiv of gg;thggissZn% edf; QOjima, I'H Ed.; Wiley-VCH: New York, 2000; pp
. . — and references therein.

Nad(icac) was added to an ethanolic solution of Mn(IO (19) Murphy, A.; Dubois, G.; Stack, T. D. B. Am. Chem. So@003

and1. 125, 5250.
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the reaction and the origin of the enantioselectivity of lective formation of Ssulfoxides, can be converted to
complex4. A second complex, the dinuclear comp&xs complex4, responsible for the stereoselective formation of
also present in reaction mixtures. However, considering that R-sulfoxides, upon addition of sodium acetylacetonate. As
it represents only a minor proportion of total Mn content in  far as we know, this is the only reported example in which
the presence of an excess of ligand, we assume that the effecin achiral anion plays the role of a chirality switch allowing
of 5 during catalysis is of limited importance. However, the selective formation of either one or the other enantiomeric
again, more experiments are needed to identify subtle product?4
differences between the two complexes.

Finally, we observed that the catalytic properties of the conclusion
Mn—1 combination could be finely tuned by varying the
anion of the Mn salt, which thus provides an additional tool ~ In this paper, we described the development and the
for increasing the diversity of the catalysts derived from this application of manganese(ll) systems withsymmetric bis-
class of ligands. With the same ligadd addition of Mn- diimine chiral ligand for catalytic asymmetric sulfoxidation.
(ClOg4)2 or Mn(acac) resulted in two structurally very  Three original and unexpected complexes were isolated and
different complexes3 and4, respectively. Furthermore, these structurally characterized by X-ray analysis. One of these
complexes had opposite enantioselectivities, which is so far catalytic systems afforded chiral sulfoxides with moderate
difficult to explain on the basis of the three-dimensional to good enantioselectivities. Thanks to the simplicity of the
structures reported here. Surprisingly, compdex which ligand and its straightforward synthesis, optimization of this
the two stereogenic centers are relatively far away from the system is currently under investigation, and results will be
metal site afforded better stereoselectivity than com@lex  reported in due course. We also reported the effect of an
Among several explanations, one should consider the pos-achiral anion as a chirality switch on the stereoselectivity of
sibility that the optically pure ligand induces a specific  the oxidation of sulfides allowing the formation of either

chirality (A or A)* at the manganese center of compex e or the other sulfoxide enantiomer via the transformation
given the recent demonstration that a stereogenic metal centepf gne active complex into another one.

has the potential to transfer its chiral information to the

substrate during catalysisFinally, the electronic properties Acknowledgment. We are grateful to the “Ministe
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(Table 3). With4, better ee’s were obtained with electron- (DRFMC, CEA-Grenoble) for the ES-MS analysis.
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selectivity was obtained with electron-donating substituents. ~ Supporting Information Available: Crystallographic data for
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mechanism different from that catalyzed #§? In the case ~ http://pubs.acs.org.

of Mn(salen) complexes which are structurally related to |c0346533

complex3, ee’s increased with increased electron-withdraw-

ing properties of the para substituents on aryl alkyl sulffdes. (23) (a) kokubo, C.; Katsuki, TTetrahedrorl996 52, 13895. (b) Palucki,

The effect of the anion was illustrated in an experiment (Mj;NH?jnSO}?’ E.; Jacoszeg, E._Nﬁtr?hedFreonKL?ttll?gg ?&h?%jll.
. . . c) Noda, K.; Hosoya, N.; Yanai, K.; Irie, R.; Katsuki, Tetrahedron
shown in Figure 2. Compleg, responsible for the sterose- Lett 1994 35, 1887. (d) Noda, K.. Hosoya. N.: Irie, R.. Yamashita,
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(20) von Zelewsky, A.; Mamula, Q. Chem. Soc., Dalton Tran200Q (24) A similar example was reported by Kagan et al. for the oxidation of
219. sulfides by a chiral titanium complex. In their study, the nature of the
(21) Chavarot, M.; Meage, S.; Hamelin, O.; Charnay, F.; Pecaut, J.; solvent induced a change in the structure of the active species resulting
Fontecave, MInorg. Chem 2003 42, 4810. in a modification of the enantioselectivity. Kagan, H. B.; Dunach, E.;
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