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Abstract: New salen Mn(Ill) complexes (S,5)-6a-¢ prepared from tartaric-derived
alicyclic C, symmetric vicinal diamines were studied in the catalysis of the asymmetric
epoxidation of unfunctionalized alkenes. Although the enantioselectivities obtained
were not as high as for Jacobsen and Katsuki catalysts, the most striking result was the

reversed asymmetric induction. © 1999 Elsevier Science Ltd. All rights reserved.

The asymmetric epoxidation of alkenes is extensively studied in organic chemistry, since optically active

p are useful intermediates for the synth of many natural products. In recent years, chiral salen
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Mn{!ll) complexes have proven to be potent catalysts for the enantioselective epoxidation of unfunctionalized
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synthesized (R,R)-1 and (R R)-2, starting from 1,2-cyclo

hexanediamine or 1,2-diphenylethylenediamine and salicylaldehydes substituted with bulky groups.
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Other salen ligands have been prepared with various diamine and aromatic units,!?.2 however, the
potential of the corresponding salen Mn(III) complexes for the enantioselective epoxidation of unfunctionalized
alkenes was not reported. Starting from L-tartaric acid, we recently synthesized a series of enantiomerically

pure, alicyclic vicinal diamines with terminal oxygen functionalities, e.g., (25,35)-3a-¢.3
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catalysis (S5,5)-6a-e prepared from the diamines (S,5)-3a-e. The inversion of the
stereochemistry of the epoxides induced by using catalyst (S,S)-6a-e, is highlighted and compared to the results
obtained with (R, R)-1 and (R R)-2. In order to compare the enantioselectivity data with that observed for the
Jacobsen catalyst 1, the readily available starting material 3,5-di-rers-butylsalicylaldehyde 4 was used for the

preparation of the salen complexes (5,5)-6a-e.

RESULTS AND DISCUSSIONS

Preparation of the Salen Mn(III) Complexes (S,5)-6a-¢

tert-butylsalicylaldehyde 4 in ethanol at 80 °C yielded the salen derivatives (S,5)-5a-e. Complexation of

manganese(Il) acetate by (S,5)-5 readily afforded a Mn(il) intermediate, which was oxidized by simple bubbling
of air. Anion exchange was accomplished by the addition of brine to yield complexes (S,5)-6a-e.
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Scheme 1 : Preparation of C, symmetric salen ligands (S,S)-5a-e and their Mn(1ll) complexes (S.5)-6a-e.

Catalytic Enantioselective Epoxidation of Unfunctionalized Alkenes

1. Dependence of Terminal Oxidants in the Enantioselective Epoxidation of 2,2-Dimethylchromene 7
Catalyzed by (S,S)-6¢
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d tivity and the yield varied widely with the reaction
e 1). The highest yield for 8 (88%, 54% e, eniry 2) was observed when using aqueous
sodium hypochlorite (bleach) at 0 °C in the presence of 4-phenylpyridine N-oxide (4-PPNO).5 Combination of
m-chloroperbenzoic acid (MCPBA) and N-methylmorpholine N-oxide monohydrate (NMO-H»0) at —78 °C6
(entry 4) produced the highest ee together with good yield for 8. In contrast, no enantioselectivity was observed
when the same reaction was run at higher temperature (0 °C, entry 3), indicating that the reaction temperature
has strong control on the enantioselectivity of the epoxidation. Other variations in the reaction conditions

(NalO4/BusNBr/imidazole?, PhIO8, O2/'BuCHO3.9) all proved to be less efficient (Table 1). It is noteworthy

and T

that in all case:

(IJ

studied, the major enantiomer of epoxide 8 had the (35,45)-configuration, which is in agreement
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with a common Mn(V)-oxo intermediate.

Tabie 1. Epoxidation of 2,2-dimethyichromene 7 catalyzed by salen Mn(IIl) complex (S,5)-6¢.

O
(S,5)-6¢ (4 mol%) ,;‘\

L\lL"' *[ZEL

~ N\ variable reaction AN

7 conditions 8
Entry Oxidant Additives Equiv. - Temp. Time Yield % eeb

Oxi. (°C) (h) (%)  (Config.)
1 NaQC! - 2 CHxClp 0 16 78 55 (35,48)
2 NaQCl 4-PPNO 2 CHyClp 0 16 88 54 (35,4S)
3 MCPBA NMO-H;0 2 CHyCly 0 1.5 63 3(35,45)
4 MCPBA NMO-H20 2 CHxCl;  -78 1.5 76 69 (35,4S)
5 MCPBA NMO 2 CHCl;  -78 1.5 68 65 (35,48)
6  NalO4/BuNBr  Imidazole 25 CHxCl  RT 9 38 37 (3S,4S)
7 NalO4/BuyNBr  Imidazole 2.5 CHxClp 0 18 14 46 (3S,45)
8 PhIO NMI 2 CH3CN  RT 8 41 13 (35,45)
9 02/'BuCHO NMI excess CeHsF  RT 18 3 29 (35,4S)

e ATR AT

a) 4-PPNO: 4-phenyipyridine N-oxide; NMO: anhydrous N-methylmorpholine N-oxide; NMI: N-methylimidazole.
b) The determination of % ee was carried out by TH NMR analvsis in CDCla using Eu(hfc);.

(e e o 84 1101 70 O0 Was LarlCla LLL alys 3 i el

The configuration was assigned by polanmetxy according to ref. [10].

2. Enantioselective Epoxidation of a Representative Selection of Unfunctionalized Olefins with NaOCl/
4-PPNO and MCPBA/NMQO in the Presence of Catalyst (S,S)-6¢

nnnnnnnnnn i Talkla I asglat mFrirmntinnalizad alafine woera anavidized with anunesnine endinm
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hypochlorite/4-PPNO at 0 °C in the presence of catalyst (S,S)-6¢. The highest asymmetric inducti were

obtained for 2,2-dimethylchromene 7 (entry 1, 54% ee), 6-methoxy-2,2-dimethylchromene 12 (entry 5, 62% ee)
and indene 15 (entry 8, 55% ee). Unsatisfactory results (decrease in yield and % ee) were obtained for chromene
derivatives substituted with an electron-withdrawing group in the 6-position (entries 2 and 3).
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Table 2. Epoxidation of unfunctionalized olefins catalyzed by complex (S,5)-6¢ using aqueous sodium
hypochlorite/4-PPNO as the terminal oxidant at 0 °C.

(S.5)-6¢ (4 mol %)

2R - .n"C:)
™ ~ ' > R z
R NaOCl/4-PPNO ,
R
0°C, 16 h,CH,Cl,
7.9-15 8,16 -21
Yield % eed
Entry Olefin
{0/ (CAanfin )
! / l k\" Illlls.]
1 2,2-Dimethylchromene 7 88 54 (35,45)°
ren synatholabhasoa aea s h
2 6~Cy" 10—2,2-d1 ucthy}d" mene 9 73 36 (38,45')“
3 6-Nitro-2,2-dimethylchromene 10 60 41 (35,45)¢
4 6-Chloro-2,2-dimethylchromene 11 67 53 (35,48)¢
5 6-Methoxy-2,2-dimethylchromene 12 78 62 (35,45)°
6 7-Methoxy-2,2-dimethylchromene 13 decomposition
7 1,2-Dihydronaphthalene 14 77 48 (15,2R)b
8 Indene 15 92 55 (1S,2R)4

a) The determination of % ee was carried out by lH NMR analysis in CDCI3 using Eu(hfc)s3.

Aol 3o Bt e A g ~ory1a
D) ASSIZIICA DY polarnmery accoramg torer. [ 11§,

¢) The absolute configuration was assigned by shift reagent studies by analogy to entries | and 2,
d) Configuration was proved by 'H NMR analysis in CDCl3 using u(hfc); to be opposite of that of a standard

(1R,28)-epoxide prepared using (R,R)-1.

Epoxidation with MCPBA/NMO-H>0 at —78 °C in the presence of catalyst (S,5)-6¢ in all cases afforded
somewhat lower yields but, generally, higher enantioselectivities (Table 3).

Table 3. Epoxidation of unfunctionalized olefins catalyzed by complex (S,5)-6¢, using MCPBA/NMO-H>0 as
the terminal oxidant at -78°C.

(S,8)-6¢ (4 mol %)

R/\ > '

R MCPBA/NMO-H,0 '
-78°C,1-3h, CH,CI,

<

-

ol

~d
O
y
-
[£,]
-
=]
f
N
-y

Time  Yieida % eeb
Entry Olefin M) (%) (Config.)

1 2,2-Dimethylchromene 7 1.5 76 69 (35,45)
2 6-Cyano-2,2-dimethylchromene 9 3 56 50 (38,45)c
3 6-Nitro-2,2-dimethylchromene 10 3 49 52 (35,45)
4 6-Chloro-2,2-dimethylchromene 11 1 59 48 (35,45)
5 6-Methoxy-2,2-dimethylchromene 12 3 59 64 (3S5,45)
6 7-Methoxy-2,2-dimethylchromene 13 3 decomposition
7 1,2-Dihydronaphthalene 14 1 72 50 (1S,2R)
8 Indene 15 1 78 43 (15,2R)

a) 5-10% starting material was recovered.
b) Assignment according to captions given in Table 2.
c) Configuration was verified by chiral HPLC to be opposite of that of a standard epoxide prepared using (R,R)-1.
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ochemistry (Scheme 2). Contrary to the Jacobsen catalyst (R,R)-1 and the Katsuki
catalyst (R,R)-2, stereochemically identical (S,S)-6¢!2 afforded the opposite enantiomers of the
epoxides.!-4:13-16 This unexpected reversal of enantioselectivity is likely due to the presence of the oxygen
functionality!7 in the diimine moiety. Although, an alternative approach of the alkene to the intermediate

Mn(V)-oxo species could be favoured, presently no final explanation for this result can be given.18
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3. Influence of the Oxygen Functionality in Catalysts (S,S)-6a-e on the Enantioselective Epoxidation
of 2,2-Dimethylchromene 7

The influence of the different oxygen functionalities of catalysts (5,5)-6a-e on the enantioselective

epoxidation of 2,2-dimethylchromene 7 was studied with both NaOCl/4-PPNO!9 and MCPBA/NMO-H0 as
terminal oxidants (Table 4).

Table 4. Epoxidation of 2,2-dimethylchromene 7 catalyzed by salen Mn(Ill) complexes (S,S)-6a-¢, using
MCPBA/NMO-H30 or aqueous sodium hypochlorite as terminal oxidants.
o
e

P Y (8,5)-6a-e (4 moi “/o) =

[0] O)T

7 8
MCPBA%b NaOCla.¢

Entry  Catalyst R Yield (%) %ee (Config.) Yieldd (%) % eed(Config.)
1 (5.5)-6a H 67 48 (35,45) 66 [16] 41 [49] (35,45)
2 (8,5)-6b Me 45 60 (35,4S) 64 [20] 64 [65] (35,45)
3 (S,9)-6¢ Bn 76 69 (35,4S) 88 54 (35,45)
4 (5.5)-6d 2-NaphCH, 69 57 (35,45) 58 [14] 60 [58] (35,45)
5 (S,5)-6e Tr 15 10 (3R,4R) 71 9] 58 [53] (35,45)

a) All reactions were carried out in presence of 2 equivalents of oxidant.

b) MCPBA/NMO-H,0, CHyCly, 1 h, -78 °C.

¢) NaOCV4-PPNO, CHyCly, 16 h, 0 °C.

d) Figures in brackets: Yield and ee of side product (35,45)-6-chloro-3 4-epoxy-2,2-dimethylchromane ! arising

fram rhlarination nftha aramatic ring
from cnuorination of the aromatic 1 g,
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salen Mn(IT) cata 1yu was protecied. The only exception was found for catalyst (S,5)-6e with O-trityi

substituents using MCPBA. In this case the enantioselectivities and the yicids of 8 were low. Furthermore,
(5,5)-6¢ afforded the same enantioselectivities as (R.R)-1 and (R,R)-2. Catalyst (S,S)-6a, with free hydroxyl
groups, formed epoxides with noticeably lower ee compared to (S,5)-6b-d, but with the same
enantioselectivities.

4. Investigation of Salen Cr(lll) Catalysts (S,S)-22a,b in the Enantioselective Epoxidation of
2,2-Dimethylchromene 7

Salen Cr(Ill) catalysts are known to give opposite enantioselectivities with respect to their Mn(III)
analogs for the epoxidation of Z-alkenes.2? Consequently, we investigated the function of the salen Cr(Il)
catalysts (S,5)-22a,b with O-benzy! groups. The compounds (S,S)-22a,b were obtained by complexation of
CrCly with diimine (S,S)-Se followed by oxygen oxidation and counterion exchange with the corresponding
silver salt.21
0~ /~OCH,Ph

=N, N=

— Cr =
tBu -Q— o')l(\o Ag\_)-—‘ Bu

¢ Dy I =T
- ou = DU

(S$,5)-22

a: X = PFg
b: X = OTf

It turned out that only (S,5)-22a was an active catalyst for the enantioselective epoxidation of
2,2-dimethylchromene 7 using iodosylbenzene as terminal oxidant and triphenylphosphine oxide as additive
(Table 3, entry 3). Thus 3,4-epoxy-2,2-dimethylchromane 8 was rapidly formed in good yield with 33% ee. It is
noteworthy that (S,5)-22a leads to higher enantioselectivities than catalyst (5,5)-6¢ using the same terminal
oxidant (entry 1, 13% ee). For both catalysts (S,5)-6¢ and (S,S)-22a the major enantiomer was (35,45)-8
whereas Gilheany and Bousquet obtained opposite enantioselectivities in the epoxidation of Z-olefins using an
analogous Cr(III) catalyst to (R, R)-1.20

Table 5. Epoxidation of 2,2-dimethylchromene 7 in the presence of salen Mn(lIII) complex (S,S)-6¢ and salen
Cr(III) complexes (S.5)-22a,b.

Entry Catalyst Oxidant? Additive Solvent Temp. Time Yield % ee

O m (%) (Config,)

1 (S.,5)-6¢ PhIO NMI CH3CN RT 8 41 13 (35,45)

2 (S,9)-6¢ MCPBA NMO-HO  CHClp -78 1.5 76 69 (35,45)

3 (S,5)-22a PhIO OPPhj3 CH3;CN 0 1 71 33 (35,45)

4 (S.5-22a  MCPBA NMO-HO CHxCla 78 3 nrb -

5 (S.5)-22b PhIO OPPh3 CH3CN 0 8 n.r.b -

6 (5,5-22b  MCPBA NMO-HO  CHpCh -78 3 n.r.b -

a) All reactions were carried out in presence of 2 equivalents of oxidant.
b) No reaction.
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CONCLUSION
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In conclusion, compared with the Jacobsen catalyst (R, £)-1 or the Katsuki catalyst (R, R)-2, epoxidation
of unfunctionalized olefins with aqueous sodium hypochlorite/4-PPNO or MCPBA/NMO-H,O and salen
Mn(Il) catalysts (S.S)-6a-e led to somewhat lower enantioselectivities. But, most remarkably, the major
enantiomers of most of the epoxides generated in the presence of (S,S)-6a-¢'? exhibited opposite absolute
configuration compared with the results obtained with (R R)-1 and (R,R)-2, indicating an unusual reversal of
asymmetric induction. The hydroxyl or ether groups of (S.5)-6a-d were of only little effect on the degree of
enantioselectivity.

Data for the salen ligands

(28,35)-N,N'"-Bis(3,5-di-tert-butylsalicylidene)-1,4-dihydroxy-2,3-diaminobutane (S,S)-5a

To a solution of (2§,35)-1,4-dihydroxy-2,3-diaminobutane (2S,35)-3a (54 mg, 0.45 mmol) in distilled
water (0.75 mL), was added ethanol (3 mL) and the resulting mixture was heated at reflux. A solution of 3,5-di-
tert-butyl-2-hydroxybenzaldehyde 4 (211 mg, 0.9 mmol) in ethanol (2 mL) was added continously over 15 min
via syringe. The syringe was rinsed with ethanol (0.5 mL) and the yellow slurry was stirred at reflux for 2 h.
After evaporation of the solvents, the crude solid was redissolved in CH2Cly (4 ml.) and washed with water

(2 x 1.5 mL) and brine (1 mL). After drying over MgSQy, the solvent was removed under vacuum, and the
crude salen ligand was isolated as a yellow powder. Chromatography on silica gel (gradient clution from

O 48 D0/ ANAA ﬁU/{-‘U f“l affAandad miren IMICAN_En ne A vall s r\r\l A /1 OC me 720/ <l AN, lﬂ « QO7_0Q o.
CHCl to 2% MeOH/CH,Cly) afforded pure {£0,30)-3a a8 @ yeuow 8011 (1065 Mg, /570 Yi€iaj, M.p. 77/-57 "C;
Rr=0.11 with 1% MeOQH/CH-Cls: IR (Nuiol. NaCD: v 3295 (broad). 1631. 1597. 1441. 1361. 1273 251

Ry with 17 MeOLR/Chz0Iz; IR (Nyjoi, Nall): v 3295 (broad), 1, 1397, 1441, 1301, 1273, 1251,
1203, 1174, 1056, 879, 827, 803, 774 cm-l: TH NMR (400 MHz ("n(‘]—ﬂ 51 .OA)

FATRPEES ¥ VI, f2 ’ VO, i LAY T, TITAINIVERR [QEATAVERAS R B V4N

]
8.42 (s, 2H, CH=N), 7.37 (d, 2H J =124 Hz, CH of phenol), 7.07 (d 2H, J = 4 Hz CH of phenol) 39
(pseudo dd, 2H,.J = 11.2,5 4.0 Hz, OCH,-CH)?2, 3.86 (pseudo dd, 2H, J =1 1.2, 6.7 Hz, OCH»-CH)?2, 3.68- 3.61
(m, 2H, CH-N=C)?2, 2.15-1.55 (broad s, 2H, OH of diol), 1.42 (s, 18H, #-Bu), 1.27 (s, 18H, 7-Bu); 13C NMR
(100 MHz, CDCl3): 6168.52 (2C, CH=N), 158.12 (2Cjpso o to OH), 140.23 (2Cijpso o to #-Bu), 136.80 (2Cipso
to -Bu), 127.48 (2C, CH of phenol), 126.34 (2C, CH of phenol), 117.54 (2Cip§0 a to imine), 72.10 (2C, CH-
N=C), 63.69 (2C, HOCH;-CH), 35.03 (2C, C(CHj3)3), 34.10 (2C, C(CHj3)3), 31.43 (6C, C(CHj3)3), 29.39 (6C,
C(CH3)3); MS (FAB, m-nitrobenzylic alcohol matrix) m/z (%): calcd for C34HsaN204 552.4 [M]*, found 551
(26), 552 (85). 553 (100), 554 (33), 555 (7); [alp24 = -81.6, [at]ls7g24 = -88.1, [ass24 = -111.9 (c = 1.0,

-~y v- o NT —~~ o~

CHCIl3); Anal. Caled for C34H355N204: C, 73.87; H, 9.48; N, 5.07. Found: C, 73.36; H, 9.19; N, 4.96.

(28,38)-N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,4-dimethoxy-2,3-diaminobutane (
The same procedure as described for (25,35)-5a was followed. To a solution of
i0

Az nantie Aliibninn T DAY Bk /) zaa sy D 1l 3 Aictillad svntae NS 2T Y and athannsl
L 3-diaminobutane \z.o Jo}-.)u v img, U 2 Mo ) xu aistilied water {V.J ITiL) and <uiaiioln

added a solution of 3,5-di-fert-butyl-2-hydroxybenzaldehyde 4 (94 mg, 0.4 mmol) in ethanol (1 mL plus 0.2 mL

for rinsing). Chromatography on silica gel (gradient elution from petroleum ether to 8% tprr—hutvl methyl
ether/petroleum ether) afforded the pure salen ligand (25,35)-5b as yellow crystals (97 mg, 84% yield); M.p.
58-60 °C; Ry= 0.15 with 5% ethyl acetate/petroleum ether; IR (Nujol, NaCl): v 1631, 1598, 1443, 1362, 1272,
1251, 1202, 1175, 1021, 952, 773 cm’!; 1H NMR (400 MHz, CDCly): 5 13.57 (broad s, 2H, OH), 8.42 (s, 2H,

CH=N), 7.38 (d, 2H, J = 2.4 Hz, CH of phenol), 7.10 (d, 2H, J = 2.4 Hz, CH of phenol), 3.78-3.71 (m, 2H,
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CH-N=C)?2, 3.67 (pseudo dd, 2H, J= 9.5, 4.8 Hz, OCHp-CH)22, 3.48 (pse

udo dd, 2H, J=9.5, 4.8 Hz, OCH ,-CH) 18 (pseudo

d
CH)?2, 3.34 (s, 6H OCH3), 1.44 (s, 18H, t-Bu), 1.30 (s, 18H, r.Bu), 13C NMR s
(2C, CH=N), 158.38 (2Cjpso o to OH), 139.82 (2Cjps0 o to 1-Bu), 136.80 (2(2lpso a to t-Bu) 127 ( C, CH of
phenol), 126.16 2C, CH of phenol), 117.67 (2Cipso o to imine), 73.35 (2C, OCH,-CH), 69.31 (2C, CH-N=C),
59.13 (2C, OCH3), 35.07 (2C, C(CHz)3), 34.10 (2C, C(CH3)3), 31.48 (6C, C(CHj3)3), 29.39 (6C, C(CH3)3);
MS (FAB, m-nitrobenzylic alcohol matrix) m/z (%): calcd for C36Hs56N204 580.4 [M]*, found 579 (33), 580
(100), 581 (95), 582 (32), 583 (8); [a]p?* = +27.3, [a]s7g24 = +28.0, [a]s4e2* = +30.0 (¢ = 1.0, CHCly);
Anal. Caled for C36H56N204: C, 74.44; H, 9.72; N, 4.82. Found: C, 74.65: H, 9.54; N, 4.61.

(2S,38)-N,N'-Bis(3,5-di-tert-butyisalicylidene)-1,4-bis(phenyimethoxy)-2,3-diaminobutane (S,S)-5c¢
To a solution of (25,35)-1,4-bis(phenyimethoxy)-2,3-diaminobutane (S,5)-3¢ (640 mg, 2.1 mmol) in
distilled water (3 ml.) was added ethanol (13 mL) and the resulting mixture was heated at reflux. A solution of
Yl

3 q={11'=fart,|'\n 7],’), vAdravvhenzal r‘nl\vr‘n A QRN ma 4 D mrmal) in athanal 719 T\ wag addad cnantinangly nvar
o/ TWALTECT & UULJL P WVAJ UVwilil \«IIJ \/UU lllb .4 llllllUl} 111 viuialivl \U llll./, YYydo Auuuwvu MUIILIIIUUDIJ Uvwi
30 min. Transfer of the aldehyde was completed by rinsing with ethanol (2 mlL), and the yellow slurry was
stirred at reflux for 2 h before heating was discontinued. Water (4.8 mlL.) was added and the stirred mixture was

cooled to 5 °C over 2 h and maintained at that temperature for 1 additional hour. The product was collected by
vacuum filtration and washed with some cold ethanol. The crude solid was redissolved in CH»Cl; (10 mL) and
washed with water (2 x 6 mL) and brine (2 mL). After drying over MgSQy, the solvent was removed under
vacuum, and the salen ligand (S,5)-S¢ was isolated as a ycllow powder (1.32 g, 86% yield); M.p. 72°C; Ry =
0.15 with 5% ethyl acetate/petroleumn ether; IR (Nujol, NaCl): v 3088, 3064, 3030, 1743, 1630, 1596, 1363,
1272, 1251, 1100, 735, 699 cm™!; TH NMR (400 MHz, CDCl3): 5 13.59 (s, 2H, OH), 8. 39 (s, 2H, CH=N), 7.38
(d, 2H, J = 2.3 Hz, CH of phenol), 7.35-7.22 (m, 10H of benzyl), 7.06 (d, 2H, J = 2.3 Hz, CH of phenol), 4.52

2H CHPI 3.86-3.80 N =C)?2, 3.74 (pseudo

i.

lLr': :‘

(d, 2H, J = 12.2 Hz, CHyPh), 4.47 (d, 2H, J=12.2 Hz, L_zf‘ ), 3.86-3.80 (m, 2I

=N
O ¢
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dd, 2H, J = 9.5, 5.0 Hz, OCH»-CH)#4, 3.56 (pseudo dd, 2H, J = 9.5, 6.5 Hz, OCH»>-CH)#<, 1.45 (s, SH, /-Bu),
1.30 (s, 9H, #-Bu); 13C NMR (100 MHz, CDCly): s 167.84 (2C, CH=N), 158.40 (2 Cipso @ to OH),
13978 (2Cin & to -Bu). 138.02 (2C. . « to =Bu). 136.79 (2C: .. of benzyl). 128.38 (4C of ben v
o \L\/lpso w0 Wi Uu) 1090.V4 \Lblpso L W uu/, 1IUV.r 7 \L\./lpso vl U\Jl%’l}, L b T O \7\¢mem i UUIIL‘JJ}
127.69 (4Cqrho of benzyl), 127.65 (2C a4 of benzyl), 127.11 2C CH of nhgpnl\ 126.14 (2C, CH of nhen()l\
L& i N2 TN OTTNO At p Id 'J AT \ P il o4 7 A\ £

117.70 (2Cjpso « to imine), 73.25 (2C, CHyPh), 70.79 (2C, OCH>-CH), 69.19 (2C, CH-N=C), 35.07 (2C,

C(CHj3)3), 34.11 (2C, C(CH3)3), 31.49 (6C, C(CHj3)3), 29.40 (6C, C(CH3)3); [alp?3 = +24.2, [o]s7g23 = +25.2,
[0] 54623 = +28.2 (¢ = 5.8, CHCIl3); MS (FAB, m-nitrobenzylic alcohol matrix) m/z (%): caled for C48HgaN204
732.5 [MJ*, found 730 (5), 731 (39), 732 (90), 733 (100), 734 (42), 735 (11); Anal. Caled for C4gHgaN204:
C, 78.65; H, 8.8; N, 3.82. Found: C, 78.98; H, 9.02; N, 3.74.

(28,38)-N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,4-bis[(2-naphtyl) methoxy]-2,3-diaminobutane (S,S)-5d
The same procedure as described for (25,35)-5a was followed with (25,35)-1,4-bis|(2-

naphthyl)methoxy]-2,3-diaminobutane (25,35)-3d (118 mg, 0.29 mmol), distilied water (0.8 mL), and ethanol
(4.5 mL) to which was added at reflux over 10 min a solution of 3,5-di-fert-butyl-2- hydroxybenzald(.hydc 4

(14U mg, v.o> 111110}) in ethanol (2 mL plus ifiL I0T 1iOSing). Cinroiiiawograpiny On sili i

nratata/notralaiim athar 2:Q ac aliiant affarded nimfied HOC ’1.(’\=‘ﬂ ag o vp"nnr Qn“l‘l {7“0 o 9704\ vig r‘]\'
auptatuyvuuxuunu LIV L. 70 Ao VIUVILLE GlIVIMWG ULV Sl7gdLT JralRl S0 b Y i DULIN (& A, U7 /U FAVI S/,
M.p. 94 °C; | = 0.17 with 5% ethyl acetate/petroleum ether; IR (Nujol, NaCl): v 3054, 1629, 1602, 1441, 1362,

1272 1251, 1173 1098, 854, 817, 752 cm-l; IH NMR (400 MHz DC13) & 13.62 (broad s, 2H, OH) 8.44
(s, 2H, CH=N), 7.81-7.67 (m, 6H of 2-naph), 7.70 (broad d, J = 1.4 Hz, 2H of 2-naph), 7.47-7.39 (m, 4H of
2-naph), 7.39 (d, 2H, J = 2.4 Hz, CH of phenol), 7.38 (dd, J = 8.3, 1.6 Hz, 2H of 2-naph), 7.06 (d, 2H, J=2.4
Hz, CH of phenol), 4.67 (d, 2H, J = 12.5 Hz, CH»-2-naph), 4.65 (d, 2H, J = 12.5 Hz, CH»-2-naph), 3.90-3.84
(m, 2H, CH-N=C)22, 3.80 (pseudo dd, 2H, J = 9.4, 4.8 Hz, OCH»-CH)?2, 3.62 (pseudo dd, 2H, J= 9.4, 6.6 Hz,
OCH,-CH)22, 1.45 (s, 18H, {-Bu), 1.29 (s, 18H, #-Bu); 13C NMR (100 MHz, CDCly): 5 167.90 (2C, CH=N),

158.41 (2Cipso o to OH), 139.84 (2Cjpso @ to £-Bu), 136.81 (2Cips « to 1-Bu), 135.50 (2Cipso of 2-naph), 133.20
(2Cipso of 2-naph), 132.93 (2Cjpso of 2-naph), 128 15 (2CH of 2-naph), 12791 (2CH of 2-naph),

~ry oA 1L YalWalf g 1'\/ 4,1 SMINET IF\/ l A /ﬁC

127.64 (2CH of 2-naph), 127.17 (2C, CH of phenol), 126.34 (2CH of 2-naph), 126.14 (2

MYIT
CH of phenol),
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126.05 (2CH of 2-nanh). 125 83 (2CH of 2-narhY 175 88 (CH Af J_nanhy 11779 M. e fraima)
VUL (eNad VL LTLGRNL S, S BT \LRedd VL LTLGpRL), 140.J0 \&Liodl UL ZL-lapily, 117074 \"\—’IPSO U W g ),
73.34 (2C, CHp-2-naph), 70.91 (2C, OCH>-CH), 69.42 (2C, CH-N=C), 35.08 (2C, C(CH3)3), 34.10 (2C
LS 4 b / 3 P 2 \~ et \.// UUUUU \bf\_, ‘-’\\/AL”J’ o W A\S \‘-\4,

C(CH3)3), 31.49 (6C, C(CHz)s), 29.42 (6C, C(CH3)3); MS (FAB, m-nitrobenzylic alcohol matrix) m/z (%)
calcd for CsgHggN2Oy4 832.5 [M]*, found 831 (32), 832 (74), 833 (100), 834 (49), 835 (16); [a]p2* = +15.5,
[a]s782% = +16.2, [0]54624 = +18.3 (c = 1.5, CHCI3); Anal. Calcd for Cs6HggN2O4: C, 80.73; H, 8.23: N, 3.36.
Found: C, 80.12; H, 8.23; N, 3.34.

(25,38)-N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,4-bis(triphenylmethoxy)-2,3-diaminobutane (S,S)-5e

A suspension of (2§,35)-1,4-bis(triphenylmethoxy)-2,3-diaminobutane (25,35)-3e (242 mg, 0.4 mmol)
in distilled water (0.75 mL) and ethanol (3 mL) was heated at reflux until complete dissolution. A solution of
3,5-di-tert-butyl-2-hydroxybenzaldehyde 4 (188 mg, 0.8 mmol) in ethanol (2 mL) was added over 15 min via a
syringe. The syringe was rinsed with ethanol (0.5 mL) and the yellow slurry was further stirred at reflux for 2 h.

A Fror avanaratinn ~F +Ln w\\ vents tha rmida enlid wwae radiconlund 3 LT M. (A4 +al \ amA wrachad 4l xxretas
Fp vaiwg \..vapuxauuu Ul Ll DUIVLLIL, LHU Viuuc DUllU WaD lCUlbbUlVCu 111 I "‘IZ, \“l’ 1 .u_z} allll Wd-bllcu Wl walCl
() v 2 mI) and hrine (1 mI) After drving nver MaS0D . the enlvent wac remnved nnder varimm and after
\ﬂ & Y- llll.,JI £A1ING ULIiiw \L l.AAJ_l}. 4 AALWwE “LJILLE VY¥wi 1 Lsu\lq, LIl OULVLEIL VYA AVILIV Y WAL Uiy YUAWLULEEL QLN g1l
chromatography on silica gel (gradient elution from petroleum eﬂwr to 2% fert-butyl methyl ether/petroleum

ether), the pure salen ligand (25,35)-5e was isolated as a yellow foam (0.323 g, 78% yield); M.p. 101-103 °C;
Ry=0.19 with 1% ethyl acetate/petroleum ether; IR (Nujol, NaCl): v 3085, 3059, 3023, 1739, 1629, 1598, 1452,
1363, 1272, 1249, 1074, 908, 770, 736, 704 cm"!; 'H NMR (400 MHz, CDCly): & 13.55 (s, 2H, OH), 8.38
(s, 2H, CH=N), 7.35 (d, 2H, /= 2.4 Hz, CH of phenol), 7.34-7.28 (m, 12H of CPh3), 7.21-7.13 (m, 18H of Tr),
7.05 (d, 2H, J = 2.4 11z, CH of phenol), 3.73-3.66 (m, 2H, CH-N=C)22, 3.24 (pseudo dd, 2H, J = 9.5, 4.6 Hz,
OCH,-CH)?2, 3.20 (pseudo dd, 2H, J = 9.5, 6.6 Hz, OCH,-CI1)22, 1.45 (s, 9H, +-Bu), 1.29 (s, 9H, -Bu);
13C NMR (100 MHz, CDCly): § 167.87 (2C, CH=N), 158.33 (2(3,pso o to OH), 143.77 (6Cipso of Tr), 139.70
(lepso o to £-Bu), 136.59 (lepso a to £-Bu), 128.62 (12Cpeta of Tr), 127.78 (12Cqrtho of Tr), 126.97 (2C, CH

of phenoi), 126.92 (6Cpara of Tr), 126.11 (2C, CH of phenol), 117.71 (2Cjpso o to imine), 86.79 (2C, CPhy),
70.19 (2C CH-N=C), 64.07 (2C, OCH,-CH), 35. 4 (7(,, C(CH3)3), 34.08 (2C, C(CH3)3), 31.50 (6

MOLI N 20 AV (&0 ﬂ/ﬁrj-\-\. rN1_24 = 194 2 Tyl o =47 & Tw1...24 = 121 24 =727 CLIC1L) IID]\/(Q
\,\\./11_5)_5) L7\, AL LTS3 ), R D r4U.J, |[X]578 T&l.dy [\WR]546 TI1.J 1\ Loy AINAS ), LINNIVIGD
(FAB, m-nitrobenzylic alcoho! matrix) m/z (%): caled for C7oHgiN204 1037.6196 [M+H]", found 1037.6191
r? 4), caled for CypHg ,3!04 1036.6118 nvn+ found 1036.6142 (2.2), 1021.6 [M-CH3]* (0.15), 794.5

[M-CPhs+HJ* (0.08). 777.5 [M-OCPh3]* (0.04), 243.1 [PhsC]* (base peak); Anal. Calcd for CofiggN2Og:
C, 83.36; H, 7.77: N, 2.70. Found: C, 82.86; H, 8.11; N, 2.66.

Data for the salen Mn(IlI) and salen Cr(I1I) complexes
(28,3S)-[N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,4-dihydroxy-2,3-diaminobutane]manganese(I1l)chloride

(S,S)-6a
A mixture of the salen ligand (25,35)-5a (100 mg, 0.18 mmol) and ethanol (4 mL) was heated at reflux

for 25 min before the addition of a solution of Mn(OAc)y+4H20 (99 mg, 0.40 mmol) in water (1 mL) via
oxrmnmanr Tha eaciiléima lhunssre onlivs wwaa vaflhiwvad far 1 h Dafliayv g cantinnad f'rn- an add: by innal 78 min while
bynugc 11IC I bulllllg OFOWTI SO1UNION WaASs IeniuXed 107 1 1. /X Was CONUnuca 101 an adqaniona: 25 min winiil
air was bubbled into the solution. After following the same procedure as described for (25,35)-6¢, the crude
salen Mn(IlT) complex was p""lf‘ed by column chromatography (gradient elution from CH,Clp to 10%

MeOH/CH>Cl,) to afford the catalyst (2S5,35)-6a as a brown solid (88 mg, 76% yield); M.p. 172-173°C;
Ry = 0.12 with 10% MeOH/CH,Clp; IR (Nujol, NaCl): v 3340 (broad), 1598, 1553, 1534, 1413, 1390, 1362,
1307, 1272, 1253, 1200, 1177, 842 cm'!; HRMS (FAB, m-nitrobenzylic alcohol matrix) m/z (%): caled for
C34Hs5oMnN204 6053151 [M-CI]*, found 605.3145 (base peak), 640.3 [M]" (1.5); Anal. Calcd for
C34H50CIMnN,O4: C, 63.69; H, 7.86; N, 4.37. Found: C, 64.14; H, 7.91; N, 3.83.
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(28,35)-[N,N'"-Bis(3,5-di-tert-butylsalicylidene)-1,4-dimethoxy-2,3-diaminobutanemanganese(IIl)chloride
(S,5)-6b

As described for (25,35)-6¢, to a solution of salen ligand (25,35)-5b (160 mg, 0.27 mmol) in ethanol
(12 mL) was added a solution of Mn{OAc)2-4HO (113 mg, 0.45 mmol) in water (1 mL) foilowed by oxidation
ey air huahhling Afiar tha coma sxrasb i dlan asecda onlac AAGTITY oo T I .Y . | R
vy aii vuUUiliig. AT uil S4inic UIs-up, uic Cruae saien vimiil) compi€xX was puriiied Dy column
chromatography (gradient elution from CH-Cl to 5% ethanol/CH-Cl5) to afford the catalvst (25.35)-6b as a
VARVILKWSIGPLY \HIAUIVLIL VIUUULE LIVIE diul ) WU /0 vldtiui/ i) ) W alivld Ul Latalydt (40,3000 dad a
brown solid (157 mg, 86% yield); M.p. > 270 °C; Ry=0 ith 2% ethanol/CH,Clp; IR (Nujol, NaCl): v 1612,

1600, 1534, 1305, 1252, 1201, 1176, 1126, 842, 782 cm-l HRMS (FAB, m-nitrobenzylic alcohol matrix)
miz (%) caled for CagHssMnNyOs 633.3464 [M-CIJ, found 633.3468 (base peak), caled for
C36Hs54CIMnN,04 668.3153 [M]*, found 668.3158 (2); Anal. Caled for C36Hs4CIMnN2Og4: C, 64.61; H, 8.13.

Found: C, 64.25; H, 8.31.

(28,3S)-[N,N"-Bis(3,5-di-tert-butylsalicylidene)-1,4-bis(phenylmethoxy)-2,3-diaminobutane]manganese(Ill)
chioride (S,S)-6¢

A mixture of the salen ligand (25,35)-5¢ (440 mg, 0.6 mmol) and ethanol (33 mL) was heated at reflux
for 15 min before the addition of a solution of Mn(OAc)>+4H>0 (310 mg, 1.25 mmol) in water (2.75 mL). The
resulting brown solution was refluxed for 45 min. Reflux was continued for an additional 15 min while air was
Loabbklad sntn tlon onlsy Do {1 L& 4aTl \ vx7ng nAdA~d Tan tmnirdl Toun sxrag wafls nrl Faa oA 34 n0mnal

= maten A Fa
ODUDUIEa IO LllC mnuuuu PIC \l LU0 111]_,} was aaaca auu I.llC MixXture was réiiuxea 101 aaqaitionail .)U IIiLIn. AllCl

cooling to room temperature, the mixture was concentrated to remove ethanol. Methylene chloride (50 mL) and
brine (50 mL) were added. The nruapm Iavpr was eppnrmpd washed with distilled water /Qn mL), and dried

over MgSQy. Aftcr concentration, the cmde catalyst was purified by column chromal _tOQranhv ( gradlcnt elution
from CHCl; to 5% ethanol/CH,Cl,) to afford the catalyst (S,5)-6¢ as a brown solid (452 mg, 92% yield); M.p.
> 270°C; Ry= 0.20 with 2% ethanol/CH2Clp; IR (Nujol, NaCl): v 3086, 3059, 3031, 1614, 1599, 1534, 1305,
1253, 1176, 1103, 840, 734, 697 cm-l; MS (FAB, m-nitrobenzylic alcohol matrix) m/z (%): calcd for
C4qgHgoMnN2O4 785.4 [M-CI]*, found 784 (17), 785 (100), 786 (74), 787 (23); Anal. Caled for

C48He2CIMnN704: C, 70.19; H, 7.61; N, 3.41. Found: C, 69.83; H, 7.98; N, 3.25.

(25,3S5)-[N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,4-bis[(2-naphtyl)methoxy|-2,3-diaminobutane]
manganese(IIl)chioride (S,S)-6d

e Yol Tl 4 ,,‘I a2 L 1 11 YOO =R LD ~ NN TL I ol el ~1

AS QESCHDEG lOI' (£D,30)~-0C, {0 a soiution of saien 11Zana (£0,35)-34a (04 g, VU./0 101} Il Cldllol

AN ._..r ..... o anliitinm AL AAClVA VLALLM 726Q wner 1T & sansaal) 10n vz T\ Fallausnad kW vadots e
144 L) was dUUCU a bUllluUu ul lvlu\Ut'\.b)z"?f 28 {0U0 g, 1.0 1I1V1) 11 W 1UIUWLU DYy UAlUdtiuLl

by air bubbling. After the same work-up, the crude salen Mn(IIl) complex was
atogranhy (eradient elution from (“Hn(“ln to 2% MPOH/FHq(‘Ia\ to afford the catalvst (25.35)-6b as a

hromatography (gradient elution from the catalyst (25,35)

brown solid (566 mg, 82% y |d/ M.p. > 270 °C; Rr 0.15 with 1% MeOH/CHoCb IR (Nuyjol, NaCl): v 3052,
1607, 1533, 1305, 1251, 11751 1094, 1033, 840, 823 cml; MS (FAB, m-nitrobenzylic alcohol matrix) m/z (%):
caled for Cs6HgsMnN204 885.4 [M-CI}*, found 884 (8), 885 (100), 886 (62), 887 (21); Anal. Calcd for

C56HesCIMNN20y4: C, 72.99; 11, 7.22; N, 3.04. Found: C, 72.74; H, 7.15; N, 2.88.

:T‘(")

(28,38)-[N,N"-Bis(3,5-di-tert-butylsalicylidene)-1,4-bis(triphenylmethoxy)-2,3-diaminobutane/
manganese(TIl)chloride (S,S)-6e

As described for (25,35)-6¢, to a solution of salen hgand (25,35)-5e (0.256 g, 0.
(14 mL) was added a solution of Mn(OAc),+4H0 (128 mg, 0.52 i

1.1 1° anlas

oxidation by air bubbiing. After the same work-up, the crude saien Mn{ill

chromatography (gradient elution from CH,Cl, to 1% MeOH/CH>Clp) to
hraum enlid M1 ma Q]O/ vield): Mn > 163-165°C- R, = n 12 with CH» C

ULUWIL SULIG (L1 0 d1ig, 01 /0 yivil ), iVi.p. LUSTIUS Sy I\ edde VVILLL NA X

1600, 1533, 1309, 1252, 1176, 1075, 840, 705 (~m‘l HRMS (FAB, m-nitro be__zyl__(_‘

caled for C7'7H78M1’LN204 1089.5342 [M-CI1*, found 1089.5344 (10.5), 1124 [M]* (0. 3) 847 4 [M Cth+H]’

(0.5), 816.4 [M-CH,OCPh3]* (0.4), 243.1 [PhsC]* (base peak); Anal. Caled for C7H7gCIMnN»Oy: C, 76.81;
H, 6.98; N, 2.49. Found: C, 76.31; H, 6.94; N, 2.35.

i.LI\
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(28,38)-[N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,4-bis(phenylmethoxy)-2,3-diaminobutane]chromium(IIT)
hexafiuorophosphate (S,5)-22a

A dark brown solution of the salen ligand (2S,35)-6¢ (29 mg, 0.4 mmol) and anhydrous CrCl; (60 mg,
N AL rmrmal) in Aeo Aannnnni] ’n_n:* £ T\ sxrne obtsend Fae 2 & o oseaadoce NT 1 ab . £ IS U N 1 1 _
v.aJ 1MN0L) 1l Gry, GCE4ssCh 1nr (o Ifii.) was SiiiTed 10r 2.0 n aer INp and inen 1or anotner > n under an
avvaene atmnenherae A fter dihiitinn wnth 7o, ity maathy v T\ tha saciilése ud [, R |
VA g QUIIUOSPIIVAT. £l VHIUWWVIL YVl <7 1 kUL 1ivl i), UIC IUDULLLLL Wadd wadliCul

®
2.
»l
2

t ted (3x25mL), edo on
crude (2S 3S) [N,N ! bls(3 S-dl—tert—butylsalu,yhdene) 1 4 bls(phenylmethoxy) 2 23 d1am1n0butane]chrommm
(IIT) chloride as a deep brown solid (288 mg, 88%); M.p. >115 °C (dec.); IR (Nujol, NaCl): v 3086, 3061, 3030,
1610, 1530, 1321, 1170, 1100, 840, 735, 699 cm-!; HRMS (FAB, m-nitrobenzylic alcohol matrix) m/z (%):
caled for C4gHg233CIS2CrN2O4 817.3803 [M]*, found 817.3796 (2.0), 782.4 [M-CI]* (base peak), 691.4
[M-CI-CHoPh]* (7.0), 540.4 [M-CI-2 CH,0OCH,Ph]* (22.4), 525.3 [M-Cl-2 CH20CH,Ph-CH3]* (8.0). To a
solution of AgPFg (53 mg, 0.21 mmol) in dry CH3CN (0.6 mL), the salen Cr(Iil)-chloride complex (164 mg,
0.20 mmol) in dry CH3CN (0.4 mL) was added dropwise via a microsyringe. During the addition, the beginning
of precipitation of AgCl from the brown mixture was observed. This heterogeneous mixture was stirred for
another 20 h in the absence of daylight and then fiitered through a pad of Celite and washed with CH3CN (2 x
2 mL). This filtrate was concentrated to afford the title salen Cr(III)-hexafluorophosphate complex (25,35)-22a

4s a brown-orange powder (165 me. 89%): M.p. 149.151 °C: IR nu Al NN o AIN0L ANLT 1£0Q 1510
ad> a viv ll'Ula.llBU PUWUCL \lUJ g, 0770), iVl P- I=7=1{01 iy quJUl l‘d\/l) V JU0L, JULIL, TUVUO, 1004,
1265 12185 12972 17284 1172 1N0QA QA1 2R INN -l URMQ (FAR monitrahensvlic alcahal matriv)
LIV, 1010, Ll Lay IAJ_"’ 117 s 17, O7F L, F IO, [AVAV R W SV s LAANAYLLD \.l LALFy T l“‘-lUL’\JllLijll\/ AlVVUiIvL 1iiau 1/\}
m/z (%) caled for CaeHea320eN~O, 782 4115 M-F Pzﬁ‘ ound 782 4154 (bage neak). 767.3 TM-PF.-CH-1*+
z (/o). caled for Caghlgy <CrNaU)y /al.a1l) |1 Fgl", Tound J4 (base peak), /6/.3 |M-Prg-CH3]
(4.1), 6913 [M-PFs-CHaPh* (8.6), 540.1 [M-PFg-2 CH>OCH,Ph]* (41.0), 525.1 [M-PFg-2 CH,OCH;Ph-

CH3]* (17.6).

(2S,3S)-[N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,4-bis (phenylmethoxy)-2,3-diaminobutaneJchromium(I1I)
trifluoromethanesulfonate (S,S)-22b

As described for (25,35)-22a, to a solution of AgOTf (27 mg, 0.105 mmol) in dry CH3;CN (0.3 mL),
salen Cr(Ill)-chloride complex (82 mg, 0.1 mmol) in dry CH3CN (0.2 mL) was added dropwise and after
workup trifluoromethanesulfonate complex (2S,35)-22b (deep brown powder, 86 mg, 92%) was isolated;
M.p. >105 °C (dcu )' IR (Nujol NaCl)' v 3064 3030 1605 1533 1170 1029 879, 841, 737 699 cm~!; HRMS
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Typical experimental procedures for asymmetric epoxidations catalyzed with (S,5)-6

a) Using NaOCl/4-PPNO:
A solution of commercial household bleach (ca. 2.1 M) was buffered to pH = 11.3 with 0.05 M
NaH;PO4 and 1 N NaOH and then cooled to 0 °C. To this solution (1.85 mL., approximately 0.55 M in NaOCl)
was added a solution of olefin 7, 9-1523 (0.5 mmol), catalyst (S,5)-6 (0.02 mmol) and 4-PPNO (0.1 mmol) in
CH,Cl, (0.5 mL). The two-phase system was mechanically stirred at 0 °C and the progress of thc reaction was

™Y A £y P.SN VA RS S DS S

monitored Dy L. ATler Urrmg for the indicated time in table L, Lﬂc 1 ete; TOZECNCous oro

T 1
$laan L oosend ~f anlitn nmd tha Arcganina mhaoa axae conaratad oo had Anna with heina (1 Q4K sl ) +
rougn a pad 01 CCLIC dil UIC UlgalliL pildst wds stpdidicid, WadSLICU UHLE Willl UG (1.0 1L ), aidl 1ICLL UL
avar MaQN) ., Aftar cone nﬂtrqﬁnn the ¢ rude nroduet wae nurified hy flach chromatooranhv on silica gel
OVET 1vigos g, Al Lol nratioll, ulC Crudl proGudct was puriilica oy nasi CIolnaiogiapily Ok sulia gll.

b) U.smg MCPBA/NMO- H »0:

A round bottom flask was charged with the olefin 7, 9-1523 (0.5 mmol), dry CH;Cl; (4.25 mL), catalyst
(S,5)-6 (0.02 mmol) and NMO-H,0 (2.5 mmol). This solution was cooled to =78 °C (color turned from deep
brown to brown-yellow) before the addition of precooled, solid MCPBA (1.0 mmol) in two roughly equal
portions. The reaction mixture was monitored by TLC. Upon consumption of the olefin, the reaction mixture
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was quenched by addition of dimethyl sulfide (2.5 mmol). A solution of 2 N NaOH (5 mL.) was then added, and
the organic layer was separated, washed with distilled water, and dried over MgSO4. After concentration, the
crude product was purified by flash chromatography on silica gel.

1
. -E (0.
chromene dcnvatlves the more deshlelded methyl signal gave the blgger phttm of si
the more accurate determination of % ee.

Experimental procedure for asymmetric epoxidation catalyzed with ($,5)-22a

lodosylbenzene (222 mg, 1 mmol) was added in one portion to a solution of the olefin 7 (80 mg,
0.5 mmol), catalyst (S,S)-22a (46 mg, 0.05 mmol), and OPPh3 (28 mg, 0.1 mmol) in CH3CN (2.5 mL) at 0 °C.
The reaction was monitored by TLC. Upon consumption of the olefin, the reaction mixture was concentrated in
vacuo and the crude product was purified by flash chromatography on silica gel.

Data for the ep

3,4-Epoxy-2,2-dimethylchromane 8
Slightly yellow oil; Ry = 0.19 with 10% ethyl acetate/petroleum ether; IR (neat, NaCl): v 3055, 2980, 2933,
2876, 1614, 1587, 1491 1473, 1366, 1270, 1239, 1207, 1165, 1040, 957, 915, 906, 754 cm-1; 1H NMR (400
MHz, CDCls): 6 7.33 (broad dd, 1H, Js ¢ = 7.4 Hz, J5 7 = 1.7 Hz, broadening is due to para couplmg Js g, H-
Cs), 7.24 (ddd, 1H, J7 8 = 8.1 Hz, Jg7 = 7.4 Hz, J5 7 = 1.7 Hz, H-C7), 6.93 (ddd, 1H, J5¢6 = Js7 = 7.4 Hz,
J6.8 = 1.1 Hz, 1I-Cg), 6.81 (ddd, 1H, J7 3 = 8.1 Hz, Jg g = 1.1 Hz, J5 g = 0.6 Hz, H-Cg), 3.90 (d, 1H, J3 4 = 4.4
Hz, H-Cy), 3.50 (d, 1H, J3 4 = 4.4 Hz, H-C3), 1.58 (s, 3H, CH3), 1.25 (s, 31, CHs); 13C NMR (100 MHz,
CDClL): ¢ 152 56 (Cga), 130.30 (Cy), 129.64 (Cs), 121.07 (Cg), 119.93 (Cygq), 118.01 (Cg), 72.99 (Ca),
62.88 (C3), 51.00 (Cy), 25.69 (CH3, correlates with protons at 1.58 ppm), 22.59 (CH3, correldtes with protons at

T ME cmmana N N 1 a1 g S Lo s AFAAMTITY A I\\'\ AN TY Y oo tasas i 2 a L0/ SN
1.20 ppl'l'l)., Upll(.«cll rotation o1 e saIr pic O MIIICU DY USC O IVILEDA/INIVIVUTIVW) aS LCTITUII UXIUdIll (0770 CC)‘
FTee1.25 — 1904 T1_.25 — 108 [x1...25 = N0 1,25 = DA (0 = 0N SE THEY it H_) or (3S.45)-()-3 4.
L&D 10.U, |WU}578 =17.7, |WA]546 =L\.7, [WKj436 LI.9, \L V.00, 101X ), it UL \JO,70 )=~ )2,
enoxvy-2 D-dimethvlehramane: [l = .31 (¢ =047 THF)

POXYy-4,-GImemny:iCaromanc: (8 p Ji, 8T V.a/, a0rn ).

6-Cyano-3,4-epoxy-2,2-dimethylchromane 16

Slightly yellow oil which crystallized after prolonged storage in the refrigerator yielding cream-colored crystals
melting at 135-138 °C; Ry= 0.25 with 20% ethyl acetate/petroleum ether; IR (neat, NaCl): v 2983, 2935, 2227,
1616, 1580, 1495, 1280, 1208, 1163, 958, 868 cm!; 'H NMR (400 MHz, CDCly): §7.66 (d, 1H, J5 7 =2.0 iz,
H-Cs), 7.53 (dd, 1H, J78 = 8.5 Hz, J57 = 2.0 Hz, H-C7), 6.87 (d, 1H, J7 8 = 8.5 Hz, H-Cg), 3.92 (d, 1H,
J3.4 = 42 Hz, 1-C4), 3.55 (d, 1H, J34 = 4.2 Hz, H-C3), 1.60 (s, 3H, CH3), 1.30 (s, 3H, CH3); 13C NMR
(100 MHz, CDCls): 5 156.49 (Cga), 134.41 (C7), 133.82 (Cs), 121.11 (C4p), 119.03 (Cg), 119.01 (Cg)?4,
104.28 (CN), 74.68 (C3), 62.30 (C3), 49.88 (Cy), 25.49 (CH3, correlates with protons at 1.60 ppm), 23.02 (Ci3,
correlates with protons at 1.30 ppm); Optical rotation of the sample obtained by use of MCPBA/NMO-H0 as

it iAo x FEND/ ane T1. 985 . AQ T T 0O r-~.1 e 136 252 £ae
terminal oxidant (50% ee): [a]p=> = -29.7, [a]s578=° = -30.8, [Oi}s46~° = -33.0, (¢ = 0./74, CHCl3); ut. for
(2C AR AN oboorvann? A_annyv.? I_dimathulchramane (0204 aeY- Tyl = .55 8 (e~ 1 CHC12Y We checked that
\JL”*U} \ } v \Jyanllu J’-r CPUA L,L WEALLIWUIL Y EVIAL VLLIGLLN \)J /v \1\(}- L\LJU (S EL S Y \\i ~ Ly 1 l\_/l_j}- Y U Wil Liidas
catalvzed epoxidation of 9 hv (P RY-1 using MCPBA/NMQ«H»Q as terminal oxidant afforded (3R 4R)-(+)-6-
yzed epoxid K) 1g MCPb/ vIQ) LU as terminal oxidant afforded (O4,45)-(T)

cyano-3,4-epoxy-2,2- dlmethylchromane (= 97% ee) with [a]p?3
[a)42623 = +121, [at]34523 = +163 (c = 0.94, CHCIR).
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b-NNitro-3,4-epoxy-2,2-dimethylchromane 17

Whiie crystais; M.p. 88-90 °C; Ry= 0.26 with 20% ethyl acetate/petroleum ether; IR (neat, NaCl): v 3076, 2928,

2855, 1619, 1592, 1522, 1345, 1282, 1209, 1159, 1090, 955, 909, 874, 828, 744, 689 cm!; IH NMR
(400 MHz, CDCl5): 68.30 (d, 1H, Js 7 = 2.7 Hz, H-Cs), 8.15 (dd, 1H, J; 8=9.0Hz, Js7=2.7Hg, H-C7) 6.89
(d 1 JTmoa=00NH> . 200/4 1LY Jo . =A2TT» LI M\ 28764 11T T. . — A TTm IT £ N £N fo ALY
Sy 1L, U8 T FV L1L, JXVE ), ST \Wy 1T, V34 T TS 112, 11504, 3.7\, 1, U3 4 < 4.0 TZ, H1-L3), 1.62 5, 211,
CHj3), 1.33 (s, 3H, CH3); 13C NMR (100 MHz, CDClL:): 5158.30 (Cg,), 141.43 (Ce). 126.20 (CH). 125.82 (C<)

» Sy 5 2237 WV VAL ALy MAARAY g U1 0.V A NEQ)y ETLOTI (N, LAULJU (T, 12J.04 (L5,
120.29 (C4a), 118.49 (Cg), 75.21 (C3), 62.10 (C3), 50.04 (C4), 25.46 (CHj, correlates with protons at
1.62 ppm), 23.14 (CH3, correlates with protons at 1.33 ppm); Optical rotation of the Sdrnple obtained by use of
MCPBA/NMO-H20 as terminal oxidant (52% ee): [a]p?® = -55.2, [a]s572%° = -59, [alsa6® = -71,

[0]43625 = -196, (c = 0.5, CHCl3).

6-Chloro-3,4-epoxy-2,2-dimethylchromane 18
Slightly yellow oil; Ry= 0.22 with 10% ethyl acetate/petroleum ether;
IR (neat, NaCl): v 2983, 2934, 1609, 1579, 1481, 1367, 1339, 1269, 1235, 1204, 1165, 1104, 1085, 1039, 956,

922, 860, 821, 763, 700 cm-1; 'H NMR (400 MHz, CDCl3): 57.31 (d, 1H, Js57=2.6 Hz, H-Cs), 7.18 (dd, 1H,
J7,8=8.7Hz, Js 7= 2.6 Hz, H-C57), 6.74 (dd, 1H, J7 3 = 8.7 Hz, J4 g = 0.4 Hz, H-Cg), 3.84 (dd, 1H, J34 =44
Hz, J4 8 = 0.4 Hz, H-Cy), 3.48 (d, 1H, J3 4 = 4.4 Hz, H-C3), 1.57 (s, 3H, CH3), 1.24 (s, 3H, CH3); 13C NMR
100 \ 2 (CTYM1.Y 181 1R /(.. Y 12N 14 (- I’)O'?’l (O 178 &) and 101 5Q (O and O 110120 (O,
\IUU AVEIL Ay N LIV L }. g 1.71.10 \\./Bal, 1JIV.17T \\.//}, 1a7.80 \\4“)’]’ 1aJ. UL ailiud 1.41.07 \\/43 aliu \/bl, 117.07 \L/&],
7338 (CH). 62.54 (C2), 50.39 (C4). 25.57 (CH1. correlates with nrotons at 1.57 nom). 22.49 (CHa.. correlates
3.38 (Cyp), 62.54 (C3), 50.39 (C4), 25.57 (CH3, correlates with protons at 1.57 ppm), 22.49 (CH;, correlates
with p:(_t_(_ms at 1.24 ppm); HRMS (El, 70 eV) m/z (%): caled for C11H;{35CI10> 210.0447 [M]*, found

210.0440 (38.7), 195 [M-Me]* (2.0), 179 (11.0), 154 (base peak); Optical rotation o;’ the sample obtained by
use of NaOCl/4 PPNO as terminal oxidant (53% ee): [a]p28 =-16.7, [a]57828 = -17.2, [a]5462% = -18.9, [0t]43628
=-234, (c= 1.1, CHCl).

6-Methoxy-3,4-epoxy-2,2-dimethylchromane 19
White crystals; M.p. 63-65 °C; Ry = 0.15 with 10% ethyl acetate/petroleum ether; IR (Nujol, NaCl):
v 3052, 3004, 2979, 1889, 1732, 1615, 1499, 1366, 1315, 1262, 1190, 1170, 1158, 1030, 956, 938, 913, 868,

856, 836, 825, 768, 738 cm-1; TH NMR (400 MHz, u)u3) 56.89 (dd, 1H, J5s7 = 2.9 Hz, J5 g = 0.5 Hz, H-

T oo TT 1313

{ ,J18 = 65H7J57—A‘il’12 H-C5), 6.74 (ddd, iH, J78 =88 Hz, J5s§ = 0.5 Hz, J48 = 0.5

Hz, H-Cg), 3.86 (dd, 1H, J3 4 = 4.4 Hz, J4 3 = 0.5 Hz, H-Cy4), 3.78 (s, 3H, OCH3), 3.46 (d, 1H, J3 4 = 4.4 Hz,
hY

}

1 L) 13P NMR (100 MHz. CDC1,): 5 153.84
~11, \/1._1__5), ANAIVLL 1uwv rd A g . 1 LOTT

7

118.7
(CHa. correlates with

== 25 Y

of the sample obtai

o . .
ed by use of MCPBAfNMO-HgO as termmal 0x1ddnl (64% ce) [(1]926 = .54,
[o]57826 = -6.3, [ot] 54626 = -5.9

[a]4362" =35, 7 (L = (. 54 CHC]3)

N

1,2-Epoxy-1,2,3,4-tetrahydronaphthalene 20
White crystals; M.p. 44 °C; Ry = 0.4 with 10% ethyl acetate/petroleum ether; IR (neat, NaCl): v 3047, 3012,
2999, 2934, 2850, 1494, 1467, 1433, 1278, 937, 894, 853, 796, 759, 747, 730 cm-!; IH NMR (400 MHz,

CDCly): 6 7.39 (broad dd, 1H, J7 g = 7.3 Hz, J¢ g = 1.5 Hz, broadening is due to para coupiing J 5.8, H-Cg),
7.25 (ddd, 1H, J7,8 = 7.4 Hz, J¢ 7= 7.4 Hz, J5 7 = 1.6 Hz, H-C7), 7.20 (dddd, 1H, J¢,7 = 7.4 Hz, J56 = 7.3 Hz,
Jeg = 1.5 Hez, J4a6 = 1.0 Hz, H-Cg), 7.09 (broad ddd, 1H, Js56 =73 Hz, Js7 = 1.6 Hz. Jaa5 = 1.1 Hz,
broadening is due to para coupling J5 g, H-Cs), 3.84 (d, 1H, J 2 = 4.1 Hz, H-C)), 3.73 (dddd, 1H, Jip =41
Hy Jasa =20Hy JTa., =19272H7 I~ns =0 H» 00N 2 72(A34d43 1H JT....=155 H> "7_./1_:1221_17
14, v se J.V 1le, v 4e 1.2 K14, v/ 59 V.0 L14, 117/ ), £ 70 (MUUUL, 115, v 43.4€ 1. Lhiy v 3848 7 A ARL s
J3ed4s = 6.5 Hz, Jags = 1.1 Hz, Jaag = 1.0 Hz, Hz-Cy), 2.54 (dddd, 1H, Jaz 4. = 15.5 Hz, J354e = 5.6 Hz,

28,44 =3 ¥ qd,) » “4d, v > d 4 \ gl 2 “4d,ac gl Ja,mC E
J3eae = 1.6 Hz, Jo 4e = 1.2 Hz, He-Cy), 2.41 (dddd, 1H, J 353¢ = 14.4 Hz, J3¢ 45 = 6.5 Hz, J 3 3. = 3.0 Hz,

J 3e.4¢ = 1.6 Hz, He-C3), 1.76 (dddd, 1H, J 353¢ = 14.4 Hz, J 3342 = 13.3 Hz, J3a4¢ = 5.6 Hz, J2 3, = 0.8 Hz,
Hy-C3); 13C NMR (100 MHz, CDCl3): 6 136.67 (Cipso), 132.52 (Cipso), 129.53 (Cg), 128.42 and 128.39
(Cs and C7), 126.10 (Cg), 55.10 (Ca), 52.75 (Cy), 24.37 (C4), 21.79 (Cj3); Optical rotation of the sample
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obtained by use of MCPBA/NMO-H;0 as terminal oxidant (50% ee): [a]p25 = -60, [a]s7825 = -63,
[alsag?s = -72, [aleze® = -124, (¢ = 0.84, CHCl3); lit25® for (1R2S)-(+)-1,2-epoxy-1,2,3,4-

tetrahydronaphthalene: [a]p = +135, (CHCI3).

1 2 . Fnavuinndons 1
1y b= POXYIRGaAne <1
Slightlv vellow oil: = 031 with 109% athv!l acetate/natralennm ether: TR meat Na(h. 1 2044 NN 7aQ11
LIAZGRARRE Y Y WAAUYY Udle AN Vel 2 VFAME AV /U MUyl QLG PVWUVIVULLL Wilivl, LN (VAL DNalcl).e V JUTs, JUoy, LT10,
2821, 1473, 1467, 1419, 1372, 1229, 1900, 983, 828, 759, 723 cm!; 1H NMR (400 MHz, CDCl): 67.50

\e-

1 22 H? ). &
(broad d, 1H, Jg 7 = 7.3 Hz, H-C7), 7.29-7.17 (m, HHC456) 427(dd 1H,Jy2=2.8 Hz, J1 4= 1.2 Hz, H-
C1),4.14(dd, 1H, J23,b=3.0Hz, J1 2 = 2.8 Hz, H -C2), 3.22 (broad d, 1H, J3, 3p = 18.0 Hz, bradening is due to
J3,4 and J3 5, Ha-C3), 2.99 (dd, 1H, J3,43p = 18.0 Hz, J2 3p = 3.0 Hz, Hp-C3); 13C NMR (100 MHz, CDCl3):
5143.49 (Cipso), 140.80 (Cipso). 128.50, 126.17, and 126.03 (C4 5 ), 125.13 (C7), 59.07 (Cy), 57.63 (Cy), 34.55
(Cs). Due to the poor stability of this compound, optical rotation was found to be erratic. Thus, the absolute
configuration of the major enantiomer was established by 'H NMR analysis in CDCI3 using Eu(hfc)3 to be
opposite of that of a standard (1R,2S)-epoxide* prepared using (R,R)-1 (comparaison of spectra of mixtures in
several proportions).
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(3S,45)-(-)-6-cyano-3,4-epoxy-2,2-dimethylchromane,252 (1R,25)-(+)-1,2-epoxy-1,2,3,4-tetrahydronaphta-
icn,25'° and (1R,28)-(-)-1,2-epoxyindane.25¢.d

e change from (R,R) of 1 and 2 to (S,S) in 6 is only due to the definition of the absolute configuration
Lallaczrienr 4lan £ TVam e n 1.1 Dot 1
1ULIU W1l 5 (315 \_,axm-ulgulu-rrcwg Tui€s
aY T aa N . A\ A D Tarnkhann - AN s APV RS B T 44 1001 29 ZNEE ENEO
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VJAAVIU Gy LNy lxulu_]u.l;xu, ixey A uum, A%y L UjLLy Ly Lll.\.r, ANy INGAWIUNLE, L. D¥IHUCEE LT TJ, UTLTOUTI,
For other results with more bulky catalysts, see ref. 1d) and 26.
. A first reversal in stereochemistry of asymmetric epoxidation by an unsual solvent-effect using a

salen Cr(IIl) complex as a catalyst was recently reported by Imanishi and Katsuki.2”
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To observe this reversal of enantioselectivity, it seems essential that the oxygen functionality is alicyclic
since a salen Mn(ITT) catalyst bearing a THF moiety gave the same enantioselectivity?8 as Jacobsen and
Katsuki catalysts.

Very recently, Katsuki and Ito reported a reversal of enantioselectivity by using a salen Mn(lll) catalyst
havmg a carboxylate group on the ethylened1am1ne moiety.29
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A symmetrical six spins ABCC'A'B' system was observed (Table 6; for other examples, see ref. 3).
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in TH NMR spectra of the salen derivatives (S,5)-5a-e in CDCl3.

AT

A'B' system observed

Compound (8,5)-5a (5,5)-5b (S,9)-5¢ (5,5)-5d (S,5)-5e
84 = 64’ (ppm) 3.866 3.482 3.557 3.621 3.200
dp = g’ (ppm) 3.925 3.665 3.745 3.805 3.232

=dc' (ppm) 3.644 3.746 3.832 3.871 3.697
Jap =J45' (Hz) -11.2 9.6 -9.5 -9.5 -9.5
Jac=Jqc' (Hz) 6.9 7.0 6.5 6.7 6.8
Jac=Jp¢c (Hz) 4.0 49 5.0 4.8 4.4

Jocr (Hz) 5.9 4.5 4.3 4.5 6.0

2,2-Dimethylchromene 7 was prepared by reduction of 2,2-dimethylchromanone302 with sodium
borohydride in ethanol/THF followed by dehydration under Dean-Stark conditions (refluxing toluene,
0.03 equiv of TsOH-H0). 6-Cyano-, 6-nitro-, and 6-chloro-2,2-dimethyichromenes 9-11 were prepared Dy

0Oh
thermal rearrangement of aryl propargy1 ethers. 306 O~ JVlClIlOX}’-L,A ulmcmyu.nromcne 12 was plcpzucu

using the procedure described for precocene I 13 however in low yield (14%).30c
chromane 16 in {*n,.(“nr“na showed distinct Signals
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