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Abstraci: Smi,-mediated reductive cieavage of a-hetero substituents of a-aikyi or a-aryi ketones and
lactone gave the corresponding “thermodynamic samarium enolates”. Enantioselective protonation
of the samarium enolates with C,-symmetric chiral diols afforded the corresponding ketones and
lactone in moderate to high enantioselectivities. © 1999 Elsevier Science Ltd. All rights reserved.
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o be an effective method for preparing chiral
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Chirai cornpounds. lﬂCI’CIOI‘C lI nas pecome a cn.menglng area ll'l dS)’lﬂIﬂeU‘lL reaction to find a new
protonation reaction and to convert it to a catalytic process.  Chiral carbonyl compounds and carboxylic
acid derivatives, for example, were prepared in very high enantioselectivities by enantioselective protonation
of metal enolates with chiral proton sources not only stoichiometrically but also catalytically.  However, it
is not so easy to prepare a thermodynamically stable metal enolate in pure form, which is a prerequisite for
getting high enantioselectivity, directly from the corresponding ketone such as 2-alkyl or 2-aryl-
cyclohexanone.  Thus, it is usual to prepare the metal enolates by a reaction of regiochemically pure silyl
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inm Verv recentlvy. Yamamoto and coworkers ha orted a
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WOIKCIS have reported

highly regio- and stereoselective isomerization of a kinetic silyl enol ether to a thermodynamic one followed
by enantioselective protonation catalyzed by chiral Lewis acid-assisted Brgnsted acids.™

In 1986, Molander and coworkers reported that a wide range of a-substituted carbonyl compounds are
rapidly reduced under mild conditions by samarium iodide in the presence of a proton source such as
methanol and proposed a reaction mechanism in which reductive cleavage of the carbon and hetero atom
bond takes place by two equivalent of samarium iodide to give the samarium enolate.®  Consequently, a
thermodynamically stable 2-alkyl or 2-aryl-cyclic ketone enolate, for example, was expected to form

regiospecifically from the corresponding 2- heterosubstituted cyclic ketones by the reaction.  Since then
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enantioselective version and found that a moderate

we had examined the reaction to convert n enan ve version and found th
enantioselectivity was obtained in the following reaction (eq. 1). Although other chiral proton sources,
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N Al
BrMe 2 Smiy, 4 HMPA Me
R 4 Quinidine S o
| - | (eq. 1)
NN THF,-78°C—nt NN~
1 h, 80%
3d 3d

52 % ee

In 1996, Mikami and coworkers broke through the deadiock by getting a high enantioselectivity in the
following reaction (eq. 2). The results demonstrated that the substrate underwent the reductive elimination
of methoxy group by two equivalent of samarium iodide to give the corresponding samarium enolate
regiospecifically and the following protonation of the enolate by the C,-symmetric chiral diaminodiol (D)
took place effectively to give such a high enantiomeric excess at room temperature.  Unfortunately,
however, the enantiomeric excess was reduced to a lower level when the reaction was carried out at lower

temperature.
Ph
Ph—_ /X
rr' OH
N
N OH

Based upon the background, we have investigated the reaction to get higher enantioselectivity for
more general substrates.  We wish to describe herein the results obtained by the examination to establish a
general preparation method of substrates and to find more effective chiral proton sources.

Preparation of the substrates

2-alkyl or 2-aryl-2-heterosubstituted cyclohexanone can be prepared from cyclohexan-1,2-dione by
Grignard reaction.  However, it is rather difficult to introduce substituents such as methoxy, acetoxy or
halogen at the o-position via a common precursor by the route.  Thus, we employed the following process

to get the desired compounds from cyclohexanone (Scheme 1),
2-Methoxy (1a, le-i, 2¢ and 2e), 2-acetoxy (1d), 2-chloro (1c) and 2-bromo (1b, 1j, 1k and 2d)
derivatives of 2-alkyl or 2-arylcyclohexanone (II) were obtained by the reaction of the correspondmg
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L-Dromo—z-memyl (44) anda Z-propyiCyclor hexanone \40) and 2-bromo-2-im Uyl- 1 -ICraionce (oa) weic
9

prepared by bromination of the corresponding precursor with bromine.
2-Methoxy-1,2-diphenyl-1-propanone (3a) '° and 2-Bromo-2-phenyl-8-lactone (3c) '' were prepared
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according to the literatures.

(o] HO R R ~ R

fl v MCPBA, NaHCO, |
RMgX p-TsOH (cat) = /CH,Cl, or Hexane
Ethor benzena or H.0.. MaRaD. ( ﬂ
N g 22 ca ~
Vs §

oTHE 7 Cretux 7 Joran o N
)

HO 0]

X X
,/|\{/ R Jones Oxidn. ,/lkl/ R
N N

(1) . .

1a: X=OMe, R=Ph 2a: X=Br, R=Me
1b: X=Br, R=Ph 2b: X=Br, R=n-Pr
ic: X=Ci, R=Ph 2c¢: X=OMe, R=iBu
1d: X=0Ac, R=Ph
1e: x=0-"-49, Hzp_MeO_‘\ H-i' 2d. X'—"-Br, R= &J}"CHQ-
1f: X=0OMe, R=p-Me-CgHy-
p-Me-Ce 2e: X=OMe, R= @-CHQ-
1g: .X.=QME-; R.=,D-G!—QGH4'

R

1h: X=OMe, R= W

) Y
1i: X=OMe, R= v\/\
1j; X=Br, R=p-Me-CgH4-

1k: X=Br, R=p-Cl-C¢Hy-

\

Scheme 1

2-Methoxy-2-phenyl-hexan-3-one (3b) was prepared by the similar route to that in Scheme 1 via 2-
phenyl-2-hexene which was obtained by Wittig reaction of acetophenone with triphenylbutylphosphorane.

Br || ‘.3’

o B o

Preparation of the chiral proton sources:

Since C,-symmetric chiral diol which has a multidentate ligand structure such as D was expected to be
effective for this enantioselective protonation, a variety of C,-symmetric chiral diols were prepared from
(2S)-2-phenyl-2(2‘~tetrahydropyranyloxy)ethanol (4151)12 or its tosyl derivative (4b), (R)-styreneoxide (4¢) and
(15,25)-1,2-diphenyl-2-methoxymethyloxyethanol (4d) as the starting materials.

For example, (R)-2,2-di[(5)-2-hydroxy-2-phenylethoxy]-1,1-binaphthyl ((R,S)-DHPEB; I) was
obtained in 52% overall yield by the following route.  (S.,5)-DHPEB (J), K, L and M were prepared by the

similar process from the corresponding aryloxy precursor and 4b.

n
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(5,5)-DHPEB (J)

Di-[(S5)-2-hydroxy-2-phenylethoxy]-2,6-dimethylenepyridine (G) was obtained by the reaction of 4a
with 2,6-bis(bromomethyl)pyridine followed by deprotection of THP group in 66% overall yield as follows.

corresponding dibromide precursor.
en Rl
OTHP O OTHP 0 OH
~ f\vOH 1) NaH / DMF N\ p-TsOH (cat) N\
MY 2)  ,—Br \ 7" MeOH N\ 7"
~ Vam N—g OTHP B6%(steps) \_q oH
4a P, ) ) f
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Br Ph G
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SN = N Ph  Ph
(A \_7 L~ wd on
o pPH "o on N—q  pH MOMO O
— R ol Son -
rn » rn ri
DHPEX (A) F Ph C

N,N-di[(S5)-2-hydroxy-2-phenylethyl]-N,N'-diisopropylethylenediamine (E) was prepared by the
reaction of (R)-styreneoxide (4c) with N,N-diisopropylethylenediamine in 52% yield according to the
similar way as D.

/ / Ph Ph
N N 7 \ Ph"““\ / !\
NH 0 N OH N OH
[NH ' ';Ph DMF-H,0 [N OH EN OH
— 4 100°C —¢ \_/ Ph—" \__/
\ 52% AR Ph



Di-{(S)-2-hydroxy-2-phenylethyithio]-1,2-dimethyienebenzene (B) was obtained by the following
process in 44% overall yield @ H was prepared similarly by the reaction of 4e with 2,6-
bis(bromomethyl)pyridine.

& P
/\
QTHP P /— OTHP . __ S OH
AcSK SAC 1) NaH / MeOH p-TsOH (cat) ~
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Enantioselective protonation:
At the outset, the enantioselective protonation of the samarium enolate derived from 2-methoxy-2-
phenylcyclohexanone (1a) was examined by using the C,-symmetric chiral diols obtained above and the

results were summarized in Table 1.

Table 1. Enantioselective protonation of the samarium enolate derived from
2-methoxy-2-phenylcyclohexanone with C;-symmetric chiral diols.”

r 3+ i |
Q OMe I OSm I Q o
Ph 2 8Smi, L *
+ CPS ——— -
THF rt, 30 min
~ N ] ~
1a 1a’
| 5 ORGPy
Entry CPs? Product
Yield (%)  %ee’  Config!
1 DHPEX {A) 89 58 R
2 B 94 i3 R
3 C 90 13 R
4 D 86 76 S
5 E 90 43 S
6 F 86 33 R
7 G 96 49 R
8 H 52 44 R
9 (R,S)-DHPEB (I) 88 65 R
10 (S,5)-DHPEB (J) 8s 34 R
11 K 63 65 S
12 L 86 67 R
13 M 86 82 R
? The reactions were carried out using 2.0 mol equiv. of the chiral proton source
and 2.4 mol equiv. of Sml,. ® CPS=chiral proton source. ¢ Determined by HPLC

analysis using DAICEL CHIRALCEL OD-H. 9 The configuration of 1a’ was
determined by specific rotation.
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center of 2-hydroxy-2-phenyiethyi moiety of the chirai diois and DHPEX (A), D, (8,5)-DHPEB (I), K, L
and M gave moderate to high enantiomeric excesses (Entries 1, 4, 9, 11, 12 and 13).  Thus, we next
examined the reaction temperature and time and the effect of additive HMPA with the use of A, D, I, L and

M to get optimal reaction conditions and to know the most effective proton source. The results were
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summarized in Table 2 together with the data of Table 1 for comparison.

Tabie 2. Examination of the reaction conditions of the enantioselective protonation.”
3+
Q oMe oSm Q o
*
pn _ 2Smb S CPS (@)
THF THF
n e ] -45°C ~
Ia 12’
osm* 0
2 Smi, /k’,Ph ,)H'/Ph
1a + CPS T N T (b)
.45 °C i \/‘ | v
12’
Addition .
Entry CPS? modeof _HMPA  Temp  Time Product
CPS (mol equiv.)  (°C) (min) Yield (%) %ee Confied
CKi\70) A %2 LOoniig.
1 D a it 30 9 76 S
Z ) a Tt 120 80 53 S
3 D a -40 120 79 35 N
4 D b -45 120 83 67 5
= D Gy INLINDIDY 70N -~ an oo ~ n
2 D -UnNrep (1) a in U o+ /& KX
6 (RS)-DHPEB (D) 2 45 120 73 58 R
7 (R.S)-DHPEB (I) b 45 120 78 87 R
8 (RS)-DHPEB(I) b 22 45 120 72 89 R
9 (RS)DHPER(D b 43 45 120 €3 82 R
10 DHPEX (A) b it 30 89 58 R
11 DHPEX (A) b -45 120 84 84 R
12 L b rt 30 86 67 R
13 L b -45 120 78 86 R
14 M b it 30 84 82 R
15 M b 45 120 88 85 R
¢ The reacuons were carried out using 2.0 mol eguiv, of the chiral p‘ﬁu‘n‘ source and 2.4 wol eguiv. of
Sml,. ? CPS=chiral proton source. © Determined by HPLC analysis using DAICEL CHIRALCEL OD-H. d

The conﬁguratlon of 1a’ was determined by specnfic rotation.

In the case of D, the enantioselectivity was highest when the chiral diol was added to the samarium
enolate solution at room temperature (Entry 1). However, the enantiomeric excess was decreased even in

the samarium enolate solution (Entries 5 and 6). By contrast with the case of D, however, the
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solution of the substrate and I in THF at -45 °C (Entry 7).  Since the effect by HMPA was not significant
(Entries 8 and 9) the reaction for other chiral proton sources was carried out under the same reaction
conditions as those in Entry 7 (Entries 11, 13 and 15). It is noteworthy that the enantioselectivities were
increased remarkably in all cases compared to those at room temperature except for D, although the
difference was not so large in the case of M.  As seen from the results in Entries 14, it is clear that
racemization of the product occurred in the reaction mixture in the case of D.'*

Among these chiral proton sources, I gave the best results at -45 °C in the addition mode of chiral
roton source, b.  Thus, the effect of 2-aryl substituents on enantioselectivity was examined by usin
substrates prepared above under the same reaction conditions as those in Entry 7 of Table 2 and the results
were summarized in Tabie 3.

Table 3. The effect of the 2-aryl substituents to the enantioselective protonation.”
0

)J\)f_n 2 Sml, /(l)@p‘r
e (U

[ ] A+ (RS)}-DHPEB (D z

THF
~~ -45°C
1a-K 1'a-K
Entry . X Substrate Product
’ - Y Yied (%) %ee®  Config
1 Ph OMe 1a 70 87 R(#)
2 Ph Br 1b 87 91 R+
3 Ph cl 1c 79 82 R(+)
4 Ph OAc 1d 83 83 R(+)
5 p-MeO-CgH,- OMe le 79 87 R\
6 p-Me-CgHy- OMe If 75 94 R
7 p-Cl-CgH- OMe 1g 78 83 R+
8 1-Naphthyl OMe 1h 81 16 RO
9 2-Naphthyl OMe 1i 86 90 R+
10 p-Me-CgH,- Br 1j 84 92 R@&Y
1 p-Cl-CgH,- Br 1k 77 84 R+

4 The reacuons were carried out using 2.0 mol equiv. of the chiral proton source and 2.4 mol equiv.
of Sml,. b Determined by HPLC analysm using DAICEL CHIRALCEL OD-H ,(’Enmes 1-6,9 and
10) and OJ (Entries 7, 8 and 11). ¢ Specific rotation was measured in benzene. “ The configuration
was determined by comparing the CD spectra of the product to that of (R)-(+)-1a”.

As seen from Table 3, high enantiomeric excesses were obtained in general except for I-naphthyl
derivative (1h) (Entry 8) and p-methyl derivative (1f) gave the best result (94% ee, Entry 6)."®  The large
difference in enentioselectivity between 1h and 1i may be ascribable to the different steric demand of the
hthyl groups of the substrates at the protonating transition state as will be mentioned later.  The

nan th
SRS =i o

variation of the leaving groups (X) resulted in small and unpredictable difference in enantioselectivity.
Bromo derivative 1b gave the higher enantioselectivity than methoxy derivative 1a in Entries 2 and 1,

respectively.  However, the tendency was reversed in the case of 1f vs. 1j (Entries 6 vs. 10).

1 [ TRN

Since it was demonstrated that 2-heterosubstituted-2-arylcyclohexanone (1a-g, 1i-k) gave the high

—4620 4601
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enantioselectivities in general, we next examined the reaction by using 2-alkyicyciohexanone derivatives
obtained above and the resuits were summarized in Table 4.

Table 4. The effect of the 2-alkyl substituents to the enantioselective protonation.”

O X 0
S 2 Smi, R
[ T +ces = (
n ?'
~ -45 °C or -78 °C—=rt ~
2a-e 2a-e
Entry R x  Substate CPS® Temp Product
No. (Time) yieud (%) %ee” Config?
1 Me  Br 2a L Bt 69 12 S+
2 Me  Br 2a (R,S)-DHPEB (I) Bis 55 55 o)
3 nPr Br 2b L Ahy 63 31 5+)
4 Pt Br 2b (RSyDHPEB(® {5 75 65 St
5 ‘Bu  OMe 2¢ L B 79 2 R(+)
6 Bu OMe 2  (RSDHPEBM B 81 65  R®
7 Bn Br 2d L 45 °C 72 20 R (+)
- <1 - A
8 Bn B 24 RSDHPEBM € 71 7 R
9 Bn  OMe 2 L By 74 5 R®
10 Bn  OMe 2 (R.S)-DHPEB (I) Bt 70 80 R()
11 Bn  OMe 2 DHPEX (A) By 76 3 RM®
12 Rn OMe 2a \/ _t}n -O\C 72 21 R(+)
1 Ghy 72 81 +)
13 Bn  OMe 2 (RSDHPEB @M  &Cosrt 66 7% R@)
4  Bn  OMe 2  (RSDHPEB®) TBHET 8 R

? The reactions were carried out under the same conditions as those in Entry 7 of Table 2 except for Entries 13 and 14.

b CPS=chiral proton source. ¢ Determined by comparison of the speCIﬁc rotation with reponed data (Entries 1-6) and
by HPLC analysis using DAICEL CHIRALCEL OJ (Entries 7-11). 4 The configuration of the product was determined

PRNpGLY .~ SR PP S gy

Uy apc\.un. 1OV,

The enantioselectivity was increased with increasing bulkiness of the substituent R and high

enantioselectivities were brought about when benzyl substrate 2e and the proton sources I and M were used

€S W
far tha sanntinne (Fn

for the reactions (Entries 10 and 12). The hlghest enantiomeric excess was obtained when the reaction was
4 . - £ . __-:.._ e A O Tt 1 A | P R oy
carried out from -78 °C to room temperature for 2 h by using I and 2e (83% ee, Eniry 14).  In conirast to

the results in Table 2, the chiral proton sources L and DHPEX (A) resuited in the low enantiomeric excesses
even in the case of substrate 2e.  The different configuration of the products in Entries 1-4 is due to the
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stereochemistry upon the protonation of the samarium enolates are the same in all substrates in both Table 3

and Table 4.

Finally, we examined the reaction by using the substrates such as acyclic 2-heterosubstituted ketones
(3a and 3b), 2-heterosubstituted tetralone (3d) and 2-bromo-2-aryl-3-valerolactone (3¢) under the same
reaction conditions as those in Entry 7 of Table 2 and the results were summarized in Table 5.

1

ctive protonation of the samarium enolate derived from ketones and 5-lactone.?
Product
Yield (%) %ee®  Config?

* © PEPR |
€ J. £NRanuosc

e cpsb

Ph L 42 20 R()
MeO
a -,
Me 3,
2 3a (R.S)-DHPEB (1) 35 35 S+
Q
3 Ph L 79 30 R()
A ‘éf\Y\Pr
Me 3p
A Th (DY NUDED /I a1 A LA ITRY
4 o) (G U isigwis RS a1 42 2T
0
i} Br
5 od.,ph DHPEX (A) 84 49 R+
3c
6 3 (R.S)-DHPEB (1) 81 28 R+
7 3¢ L 88 72 R{+f
 Br

8 M—Me (R,S)-DHPEB (I) 91 24 S)

L 79 13 56)

¢ The reactions were carried out under the same conditions as those in Entry 7 of Table 2. b
CPS=chiral proton source. ¢ Determined by HPLC analysis using DAICEL CHIRALCEL OD
(Entries 1 and 2), OB’ (Entries 3, 4, and 5-7) and OD-H (Entries 8 and 9). d The configuration of

alll £, VD (EIUIGS J 4a1ia LAL7-01 AEITIES 6 alld

the product was determined by specific rotation except for 3¢’. ¢ The configuration was determined
by specific rotation of 1,5-diol derived from the product by reduction: See Ref. 27.

Acyciic ketones 3a and 3b gave low enantiomeric excesses probably because of low E/Z selectivities
of the samarium enolates (Entries 1-4). It is interesting that the 3-valerolactone (3c) afforded rather high
enentiomeric excess (72% ee, Entry 7) when L was used as the chiral proton source, although I was
ineffective (Entry 6).

Stereochemistry at the protonating transition state:
We have already proposed a model of the protonating transition state in which a chiral proton source

\.
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N

for &-lactone derivative (3¢) in Table 5. In Fig. 1, the

1a and the chiral proton source (R,S)-DHPEB (I) are depicted as a

"ﬂ
CD
wn
=
c
w
g
o
-
o

two transition state
typical model.

transition state T3-1a

Fig. 1

In the transition state T;-1a, the substituent at C-2 position of the enolate is far apart from the benzene
ring at the left side of (R,S)-DHPEB (I) and thus has no repulsive interaction with it.  Consequently,
protonation by OH group at the right side takes place from the si face at C-2 position of the enolate to give
the product of (R)-configuration, for example in the case of the substrate 1a. On the contrary, in
transition T,-1a, the repulsive interaction between the benzene rings at C-2 position of the enolate and on the

1aft cida AF Y malrac tha Arnnfasmatinn sinctnhla MNn tha Athae hand tha Aftecrnimotanmnac ara Aiffavant feam
1CIL S1UC U1 4 IHIaRCy UIU CUNMNIULINIauUil uliduavic Il uwiC UuiCt niaiil, ulC CHOuiidlaiictd aiv Glicicin 1ol
P P S . oab . o L AR £L o1 A d M4 ~ O T
mose dbove 11 e C4SC O 1n I Bnuy o OI 140 C J, DCLdUSC me bICnC mnarance GUC io C-8 ﬂy(ll'OgCD o1

naphthyl ring of 1h against the enolate plane forces the naphthyl ring orthogonal to the enolate plane.
Therefore, the transition state T, for the substrate 1h must be more unstable compared to T;-1a because the
steric repulsion between the naphthyl ring and the right side framework of I becomes serious in transition T.
The lower enantioselectivities in Table 4 compared to those in Table 3 can be explained in the same way for
the smaller substituents of the substrates. If the substituent at C-2 position is small, then the difference in
free energy between T, and T, becomes small to result in a low enantioselectivity. The biphenyl auxiliary
13a.c4 and hence, Pmulv adjustable to the favorable conformation T;-1a in Fw 1.

n M is chirallv flexible orable conforma 1

S chral Q) ACAIVIC 0 QIR0 RS, sl QL

However, the model can not explam the enantioselectivities of the products of the tetralone substrate
t

e I, SRR L, Tl it io
L~Z pOSIuon. nus, it is

A Foms P

3d. 3d has a benzene ring in &
expected that T, is rather stable than T, to give the product of (R)-configuration.  In addition, the high
enantiomeric excesses were brought about in all cases only when a samarium iodide solution was added to
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an important role to construct a highly ordered transition state during the formation of the samarium enolate.
The fact that two equivalent of samarium iodide are required to form the samarium enolate also raises a
question about the role of the samarium ion other than the one coordinated to the chiral proton source in T,
and T,.

Therefore, we are now reexamining the reaction pathway from the different view points in order to get
a more precise model at the transition state which can explain the enantioselectivity even in the case of

tetralone substrate and answer the question about the role of samarium ions.

General. The meiting point was determined by a Yanagimoto micro-meiting point apparatus and was
uncorrected. The IR spectra were recorded on a Perkin-Elmer 1720-X FT-IR spectrometer. The 'H NMR
spectra were obtained on a JEOL-FX 200 and JEOL JNM-A400 spectrometer in CDCl, with
tetramethylsilane as internal standard. The optical rotations were measured with a Perkin Elmer 241
polarimeter and CD spectra were recorded on a JASCO J-40C spectrometer.  Mass spectra were measured
on a Hitachi M-2500 double focusing mass spectrometer. HPLC analysis was performed with Hitachi L-
7100 flow system and L 7400 detector using DAICEL CHIRALCEL OB’, OD, OJ, or OD-H column.

Dranarativa TT (™ wara min an Walbnaal R_SE and aaliimn cheamatageanhy wao marfasmad moin g Walagal O
ricparauye iia. WOIC Uil Ui vwarkUgh D-or aill COauliil Cnidinaidgiapiny was perioiica umng WARKOECT LU~
TN | SO, NS ¥ SRt FUS oS I & o WNVIEGRGISE LIPS | P Y PR o i ¢ m_._ 1 2

AUV, DIMEINyNnormamiac (UIvic) was aistiiiea mom can 2 in vacuo. Teirz nyaroiuran (ll‘ﬂ") was disiilled

prior to use from sodium benzophenone ketyl under argon. Jones reagent was prepared according to his
literature.'* 0.1 M samarium iodide THF solution was prepared from samarium metal and diiodoethane
according to Kagan’s method.”> 1-Phenyl-1-cyclohexene and 2-methyl-1-tetralone were purchased from
Aldrich Chemical Co., Inc. 2-Propylcyclohexanone was purchased from Tokyo Kasei Kogyo Co., Ltd. 1-
(4-Methylphenyl)1-cyclohexene,™ 1-(4-Methoxyphenyl)-1-cyclohexene, 1-(2-Naphthyl)-1-cyclohexene,™
1-phenyl-1,2-epoxycyclohexane,® 2-chloro-2-phenylcyclohexanone (1c),* 2-bromo-2-methylcyclohexanone
one (3a),'® and 2-bromo-2-phenyl-8-valerolactone (3¢)'! were

(22)°? 2-methoxv-1 2-dinhenvl-1-nron n

(za),” Z-methoxy-1,2-dipnenyl-1-propanone (Sa) omo-Z-pnenyl-o-vaileroiactone (3¢)
nerannerad ananeding ta tha litaratiaran

reparead accoraing to tne iteratures

Preparation of olefins: typical procedure for 1-(4-chiorophenyi)-1-cyclohexene'

To a solution of cyclohexanone (1.70 g, 17.3 mmol) in ether (50 mL) was added 4-chlorolphenyl
magnesium bromide (generated from Mg (0.88 g, 36.2 mmol) and 4-bromochlorobenzene (6.7 g, 35.0
mmol) in ether (20 mL)) at 0 °C. After stirring overnight at room temperature, the reaction mixture was
poured onto ice. 3 N-hydrochloric acid was added to the mixture until a homogeneous solution of water
layer was obtained. The aqueous layer was separated and extracted with ether (30 mLx2). The combined

Ariand Avvar amhyrde~nne RASQMN Fltarad and Annrantratad tn riva an nil Th a anhiitinn nf tha recnlting nil Iin
UlICuU vuvel allllyuluua 1V150U4, TG AllU VULV alcu w slVU ail vl 1V Q dULIUUIVIL ULl LV 1LoUliLilg VUl 1l

¥ PR I L PPty VR RPUR PRI [ i . PRy FOT. PR geupany o B BN Y T o
Denzﬁne {"'U ml_.) was aﬂﬂ d[aly(l(. amount oOf p- (o] ﬁncbullo“lb duu mononyaraie (¢a v.i g). 1nc

mixture was refluxed in a Dean-Stark apparatus for 1 h while water was removed. The solvent of the
mixture was removed in vacuo. The product was purified by column chromatography on silica gel to give
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A Alhlaonlabhane

1 . PAYE BPTT
1-{*F-CinuivLpt My rmi-wysw

(KBr) 3048, 3026, 292 5
'H NMR (400 MHz) 8 1.62-2.39 (m, 8H,
(d, 2H, ArH, J=8.8 Hz).
1-(1-Naphthyl)-1-cyciohexene: 79% yield; mp 40-43 °C (crude crystals); IR (KBr) 3049, 2925, 2854,
2834, 1590, 1504, 1436, 1390, 797, 778, 478 cm™’; '"H NMR (400 MHz) § 1.54-2.39 (m, 8H, (-CH,-),), 5.76
(m, 1H, =CH-), 7.25-7.47 (m, 4H, ArH), 7.71-8.02 (m, 3H, ArH).
1-(i-Butyl)-1-cyclohexene: 1-(i-Butyl)-1-cyclohexanol was prepared according to the procedure

described abov hat cyclohexanone (1.7 g, 17 mmol) and i-butylmagnegium bromide (prepared from

ed above excent that cve
Xxceptinat oy cl onexan mmoi) and AFRCESIUIN DIOMMECe (preparee 11om

Mg (0.99 g, 41 mmol) and 1-bromo-2-methylpropane (4.8 g, 35 mmol) in THF (30 mL)) were used. The
alcohol was dehydrated for 1 h at 160 °C in the presence of catalytic amount of p-toluenesulfonic acid
monohydratc (ca 0.1 g) without soivent. Purification of the product on a silica gel column (pentane)
yielded the olefin as a colorless oil (0.68 g, 28% yield). 15% of i-butylidenecyclohexane was included in the
oil; IR (neat) 2995, 2927, 2836, 1463, 1383, 1366, 920, 793 cm™; 'H NMR (200 MHz) 5 0.84 (d, 5.1 H,
endo olefin’s ~CH,, J=6.4 Hz), 0.92 (d, 0.9H, exo olefin’s —-CH3, J=6.8 Hz), 1.40-2.60 (m, 11H, exe olefin’s
(-CH-)s and —-CH-(CH3);, and endo olefin’s (-CH;-)4 and -CH,-CH-(CH3),) 4.89 (d, 0.15H, exo olefin’s

=CH-, J=9.0 Hz), 5.37 (s, 0.85H, endo olefin’s =CH-).
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1.Benzyl-1.cyclohexene: 1-Benzyl-1-cyclohexanol was prepared according to the procedure
Aacrrhad ahava avrant that ruslahavanane (1 7 o 17 mmnl) and hanoul maognacinm shlarida (nranarad fram
GESCNOEE asOVe CROCPT uiay CYGiOnlRanind (1.7 g, 17 MiinGy) anG SCiiZy: Maghisivim Ciulnal (propaia o
IV IO U I R RTR PR AA o AE o]y S LI £AN T AN cirmea sccm [o & TR B R S
4 g, 00 MIMOL) I 1 Ar {2V [Mliu)) Were usea 1N aiConoi was

dehydrated for 1 h at 160 °C in the presence of catalytic amount of p-toluenesulfonic acid monohydrate (ca
0.1 g) without solvent. Purification of the product on a silica gel column (hexane) yielded the olefin as a
colorless oil (1.22g, 41% yield). 16% of benzylidenecyclohexane was included in the oil; IR (neat) 3026,
2998, 2926, 2856, 2835, 1494, 1453, 1438, 1081, 919, 738, 699 cm™'; 'H NMR (400 MHz) § 1.51-2.02 (m,
8.32H, benzylidene derivative’s (-CH,-)s and cyclohexene’s (-CH)-)s), 3.24 (s, 1.68H, -CH,Ph), 5.46 (m,

0.84H, cyclohexene’s =CH-), 6.23 (s, 0.16H, benzylidene derivative’s =CH-), 7.16-7.32 (m, 5H, ArH).

8

mixture of m-chioroperbenzoic acid (70% purity, 1.36 g, 5.5 mmoi) and NaHCO; (0.84 g, 10 mmol) in
hexane (20 mL) at 0 °C. The mixture was stirred at room temperature for 1.5 h and then was filtered. The
filtrate was concentrated to give an oil. The product was purified by short column chromatography on
silica gel (deactivated with Et;N) to give 1-(4-methylphenyl)-1,2-epoxycyclohexane as a colorless liquid (0.5
g, 53% yield): IR (neat) 3055, 3029, 2989, 2941, 2861, 1730, 1515, 1445, 1435, 1362, 1258, 1130, 1114,
996, 975, 920, 855, 828, 814, 792, 763, 558, 537 cm™'; '"H NMR (400 MHz) & 1.28-2.31 (m, 8H, (-CH»-)y),
2.33 (s, 3H, -CH;), 3.06 (m, 1H, -CHQ-), 7.14 (d, 2H, ArH, J=8.3 Hz), 7.26 (d, 2H, ArH, J=8.3 Hz).

t-

ST By PR3y TR L)y QNS (RARy 222 LA Q.0 1147

1.(4_ f‘hlnvnnhonul\ 1 2.onavvrvclahavanas QOR% visld: cnlarlace nrieme fram hevane a
’ 4 .. ~ A PR AN 7 E R L

AS T vl Pll"“:'l","‘-‘l-' AYLyLivnLCAGLIV, (s %) Ivid, VUIVIIVOS PRISIIIS 1XVIM K

mp 46-48 °C; IR (KBr) 3087, 3045, 2979, 2954, 2931, 2862, 1488, 1456, 1445, 1433, 1401, 1360,

AnE o o~ g ~ omAm -1 lyr mymavs sann 2 ovT 2

1089, 1013, 995, 975, 852, 827, 812, 768, 722, 547, 502, 465, 423 cm™; H NMR (400 MHz) & i.28-
(m, 8H, (-CH,-)4), 3.03 (m, 1H, -CHO-), 7.30 (s, 4H, ArH).
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1T (1 Ml bgbh .l 1A e b e OT 221X nTmoTne amoalo . Loecme o 4 FaSk -7 o N Ve |
A {A-INAPHULYI =1, L=CPUAYLYLIULICAAIIC, 7170 YICIU, COLULICYY PIISIS HOM NCXAne dt —Lu O, mp 01-
63 °C; IR (KBr) 3054, 2980, 2938, 2912, 2856, 1509, 1435, 958, 859, 802, 775, 757, 738, 564, 541, 450,
o 19 ¢(

427 cm™; 'H NMR (400 MHz)
7.76-8.03 (m, 3H, ArH).

1-(2-Naphthyl)-1,2-epoxycyclohexane: 86% yield; colorless prisms from hexane, mp 56-58 °C; IR
(KBr) 3057, 2978, 2940, 2913, 2855, 1601, 1505, 1430, 1361, 1353, 1193, 1135, 979, 963, 900, 965, 854,
821, 803, 763, 750, 653, 542, 512, 480 cm™; 'H NMR (400 MHz) & 1.32-2.44 (m, 8H, (-CH,-)y), 3.16 (m,
1H, -CHQO-), 7.43-7.49 (m, 3H, ArH), 7.80-7.85 (m, 4H, ArH).

.(r-Rnh.r“.l d.ennvvevelohevanes 7% vield: colarlece nil TR (meat) 297 28AR 1466 11IRA QRA
IRV )T ATV UAY VY WAVIAVALIIVe U /U JIVIU, WULIVLIMSOS Vily v JIVALY] LT U Ty LOUD, LTV, LU0V, JUV,
922, 877, 844, 764 cm™; '"H NMR (200 MHz) & 0.91 and 0.94 (dx2, 3Hx2, -CH;x2, J=9.3 Hz), 1.20-2.00

{m, i1H, (-CH,-)4 and -CH,-CH-{CHs), ), 0 (dd, 1H, -CHO-, J=1.2 and 3.4 Hz).
1-Benzyl-1,2-epoxycyclohexane: 68% yield; colorless oil, IR (neat) 3028, 2935, 2857, 1729, 1496,

1455, 1435, 1295, 1284, 1259, 1031, 986, 973, 945, 928, 870, 847, 752, 677 cm™'; 'H NMR (400 MHz) &
0.88-1.96 (m, 8H, (-CH;-),), 2.80 and 2.87 (dx2, -CH,Ph, J=14.2 Hz), 3.02 (d, 1H, -CHO-, J=2.9 Hz), 7.17-
7.40 (m, 5H, ArH).

2-Phenyl-2,3-epoxyhexane:

To a suspension of n-butylmphenylphosphomum bromide (10 g, 25 mmol) in THF (50 mL) was added

i 0

dronwise 1 .47 M n-Buli solution in hexa (17 ml.. 25 mmol) at 0 °C under aroon After stirring 30 min

dropwise M n-Dulil soiution in hes mi, mmol) at C unger argon.  Alter stirring 30 mun,

a enhiatinn Af aratnanhanana M o I8 mmall in TR (9D oI )Y wone ndAdnd tn tha eanntinn mivéies Aftae

a SCiulidn O1 aCCiopnenone (5 g, <5 M) 1l 1r {4y ifinj Was aGaca 0 i€ reacton mixiur AIET
"N oM al . _at Ty 1

S(ll'l'll’lg IOl' bV l'Illﬂ at U “, tn€ rcacuon was qucncncu w1m aamratea aqucous 1‘1114 SOlquﬂ [DU mL).

The reaction mixture was extracted with Et;0 (50 mLx3), and the organic layer was washed with brine (30
mLx2), dried over anhydrous MgSO,, and concentrated in vacuo to give an oil. The oil was passed
through a short silica gel column (hexane) to give crude 2-phenyl-2-hexene as a colorless oil (3.6 g, 90%
yield). To a suspension of the oil (3.6 g, 23 mmol) and NaHCO; in hexane (50 mL) was added m-
chloroperbenzoic acid (70% purity, 6.6 g, 27 mmol) at Q °C. The reaction mixture was stirred for 2 h at
room temperature, and then the insoluble material was filtered off. The filtrate was concentrated in vacuo

to give an oil, which was purified on a silica gel column (hexane: Etzn:?.() 1) to afford 2-phenyl-2,3-
epoxyhexane as an oil (3.6g, 91% yield). The product was a ure of (R*,R*)- and (R*, $*)-isomers
-~ N, AN T2t V2 AN 1 MNO™T A Iﬂﬂf\ 1 ANy T A AL tANL ~OA 1C

(major isomer:minor isomer=82:18): IR (nea y 3030, 2962, 2931, 2874, 1732, 1497, 1446, 1295, 1284, 1259,
1075, 1058, 1027, 859, 766, 702, 579 cm’ ; 'H NMR (400 MHz) & 0 83 (t, 2.46H, major isomer’s -CH,,
J=7.3 Hz), 1.01 (t, 0.54H, minor isomer’s -CH,, J=7.3 Hz), 1.12-1.71 (m, 4H, (-CH-),;), 1.65 (s, 2.46H,
major isomer’s -CHs), 1.65 (s, 0.54H, minor isomer’s -CH,), 2.82 (t, 0.18H, minor isomer’s -CHO-, J=5.9

Hz), 3.04 (t, 0.82H, major isomer’s ~-CHO-, J=5.9 Hz), 7.24-7.40 (m, 5H, ArH).

l-(4-Methoxyphenyl) -1,2-epoxycyclohexane:'

,\.4

L PS4 ~

A

°C. The reaction mixture was stirred at room temperature for 3 h,
and then the aqueous 1ayer was separated. The remaining H,O, in the organic phase was decomposed by
stirring with a catalytic amount of MnO; (ca 5 mg). The mixture was dried over anhydrous MgSO,, and
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column chrom Uglapuy on silica g"'

s dete A

concentrated in vacuo. The residue was purified by sho
(deactivated with Et;N) to give i-(4-methoxyphenyi)-1,2-epoxycyciohexane as a coioriess solid (354 mg,
87% yield): colorless plates from pentane at —20 °C, mp 47-49 °C; IR (KBr) 3040, 2934, 2857, 1513, 1450,
1439, 1183, 1173, 1036, 830, 572 cm™'; '"H NMR (400 MHz) & 1.27-2.28 (m, 8H, (-CHy-)¢), 3.07 (m, 1H, -
CHO-), 3.80 (s, 3H, -OCH,), 6.87 (d, 2H, ArH, J=9.0 Hz), 7.28 (d, 2H, ArH, J=9.0 Hz).

Preparation of 2-aryl- and 2-alkyl-2-methoxyketones: typical procedure for 2-methoxy-2-

ph vicvclohexanone

Ny Cycionexanone
A solution cf 1-p anvl_1 '),pr\nvuﬁuﬁ‘nhpvﬂnp (349 mao 2.0 mmaol) a r'nfnlvhrl amnnnt nf  cone
r» x 2L p yll\/ll]l Jl,ﬁ VPVA VJ“‘V“VA“‘.V \J_'/ A1, 6 b RRAX .Ml CERENS \‘m: SRIRNIBIIL UL SRR .
H,S0, (ca 50 mg) in methanol (10 mL) was stirred at O °C for 30 min. Methanol was removed in vacuo in

I emn P Yat

the presence of NaHCO; (300 mg). The residue was dissolved with ether (30 mL), and then after filtration
of the mixture, the filtrate was concentrated in vacuo. A solution of the residue in acetone (10 mL) was
treated with Jones reagent (0.4 mL) at O °C for 1 h and then excess Jones reagent was quenched with 2-
propanol (1 mL). The precipitates were filtered off, and the filtrate was added to a saturated aqueous
NaHCO; solution (20 mL). After removing the organic solvent in vacuo, the aqueous solution was
extracted with ether (20 mLx3). The organic layer was washed with brine (20 mL) and dred over
anhydrous MgSO,. Concentration of the ether solution in vacuo gave an oil, which was purified on a silica

ogel column (hevana: athar=10:1) ta ogive 2-methnyv-?2.nhenvicvelnhexanone (1a) ac calarlece cvriim (342 mo
6\11 WwAFAABELAAE \l‘vl\wl‘fl WwiiiWwi l\lvl/ s &l ¥ b LBEWALE UI\J st t}.l.lleJ I.UJ ACIAVES LI XS LV, L \.“l RALT WATRUIE AT} \,Jll‘ll \ llllll
QAL wrialdN. TD fmaatl 2NV)T7 DI0QAN NLCAK NONC 1794 1AQK 14477 14A9Q 19K7 11977 11NA 1NAS 1NANE QNOK
0470 Yi€iQ). In \NI€al) SUL/, 2744, 2000, £0L0, 1124, 1473, 145/, 19440, 1257, 1147, 1104, 1U0), 10D, 655,
OnMN - L 72 %1 0N 4 -1 ,,,“li l"' RYTR ST £ AMMN A ATTY o 1 L ™o s Qrr 7 AT AR -~ N~ s ~TY Fraval S SN
dUU, /D0, /U3, J3U, D14 Cm NIVIK (4UU VIHZ) 0 1.00-£.006 (M, of1, (- 2-)4), 3.U/ (S, OH, -UC13),
7.31-7.41 (m, 5H, ArH); HRMS m/z calcd for C;3H;0,: 204.1150, found 204.1163

2-Methoxy-2-(4-methoxyphenyl)cyclohexanone (le): 78% yield; colorless plates from hexane at
-20 °C, mp 31-33 °C; IR (KBr) 3066, 2998, 2988, 2935, 2867, 2830, 1719, 1617, 1519, 1459, 1441, 1311,
1284, 1261, 1176, 1130, 1103, 1080, 1061, 1049, 1035, 1014, 996, 829, 806, 560, 540 cm™'; '"H NMR (400
MHz) 6 1.68-2.63 (m, 8H, (-CH,-)y), 3.05 (s, 3H, -OCH;), 3.82 (s, 3H, -OCH,), 6.92 (d, 2H, ArH, J=8.8
Hz), 7.26 (d, 2H, ArH, J=8.8 Hz); HRMS m/z calcd for C;,H;30;: 234.1256, found 234.1242,

F<1 9 W O IiL) Ll UL Lqally L0, TUUNIA £

NOQOLA o7 177952 1818 1ACN 1470 19&7 1107 1117£ 11N 1NLA oL O1 ELY L&EN -~ D
L0V, 0L/, 1743, YJ1J, 190V, [4£0, 120/, 110/, 114U, 11V4L, 1UUS, OT7U, O1/, JUT, JJ& LI, 11 IVIVIIN
4N R XYY N\ . NnoA AN OYT 7 /NYY N\ \ N A= o AT Y Pl s e X Y2 ATT MNTT N Y AN 71 AYY A LTY Y _OQ
) 8-2.88 (m, 8H, (-CHj-)4), 2.35 (s, 3H, -CH,), 3.06 (s, 3H, -OCH,), 7.20 (d, 2H, ArH, /=8.8

3 (d, 2H, ArH, J=8.8 Hz); HRMS m/z calcd for C;4H,30,: 218.1307, found 218.1336.
2-(4-Chlorophenyl)-2-methoxycyclohexanone (1g): 88% yield; colorless syrup; IR (neat) 3065,
3025, 2942, 1723, 1492, 1129, 1094, 1063, 926 cm™'; 'H NMR (200 MHz) 3 1.61-2.78 (m, 8H, (-CH,-)a),
3.08 (s, 3H, -OCHs5), 7.28 (d, 2H, ArH, J=8.8 Hz), 7.37 (d, 2H, ArH, J=8.8 Hz); HRMS m/z calcd for
Ci3H;5Cl0,: 238.0761, found 238.0758.

caled for C”ng()z. 254.1307, found 254.1330.
2-Methoxy-2-(2-naphthyl)cyclohexanone (1i): 84% yield; colorless syrup; IR (neat) 3057, 2940,



Y. Nakamura et al. / Tetrahedron 55 (1999) 45954620 4609

2864, 1723, 1506, 1448, 1274, 1259, 1186, 1125, 1101, 1063, 898, 855, 822, 798, 748, 479 cm™'; '"H NMR
(200 Miiz) 6 1.68-2.75 (m, 8H, (-CH»-)4), 3.10 (s, 3H, -OCH,), 7.41-7.53 (m, 3H, Arf), 7.83-7.85 (m, 4H,
ArH); HRMS m/z calcd for C;H,30,: 254.1307, found 254.1293.

2-(i-Butyl)-2-methoxycyclohexanone (2c): 54 % yield; colorless oil; IR (neat) 2953, 2829, 1718,
1463, 1367, 1168, 1119, 1075, 807 579, 543 cm™; '"H NMR (400 MHz) & 0.94 and 0.95 (dx2, 3Hx2, -CH,
x2, J=6.3 Hz), 1.44-2.19 (m, 9H, -CH,-x4 and -CH-(CH3;),) 2.31 (m, 1H, -CH>-), 2.62 (m, 1H, -CH,-), 3.15
(s, 3H, -OCH;); HRMS m/z calcd for C;1Hy0,: 184.1463, found 184.1454.

2-Benzyl-2-methoxycyclohexanone (2¢): 52% yield; colorless oil; IR (neat) 3029, 2942, 2864 2828,
1714, 1497, 1454, 1432, 1312, 1112, 1095, 1068, 1051, 755, 703, §18 cm™; 'H NMR (400 MH2) § 1.36-

1.66 (m, 3H,-CH,- and one proton of another ~CH;-), 1.84-2.02 (m 3H, -CH,- and one proton of another —

Py

T -, ) 2.84 and 2.15 (uxz_ 1Hx2,
-CH,Ph, j=149 Hz), 3.31 (s, 3H, -OCH,), 7.17-7.29 (m, 5 |
218.1307, found 218.1312.

2-Methoxy-2-phenylhexan-3-one (3b): 76% yield; colorless oil; IR (neat) 3060, 3027, 2962, 2937,
2876, 2830, 1718, 1494, 1448, 1369, 1295, 1284, 1259, 1197, 1182, 1135, 1112, 1077, 1050, 1013, 753,
702 cm’'; '"H-NMR (400 MHz) & 0.75 (t, 3H, -CH,, J=7.6 Hz), 1.43 (m, 2H, -CH,-), 1.65 (s, 3H, -CH,),

2.46 (m, 2H, -CH;-), 3.28 (s, 3H,- OCH}3), 7.25-7.41 (m, 5H, ArH).

DPranaratinn af Y_aryl, and Y. allyl VY _heamanvoslnhavananas tunical nrasadima far 2 _hrama )
A ACPALalIVII UL &Taik J.- [yt y ‘-“.ny =% Ulllu\.] CIVIIVAGIIVIIV 1 .‘lwl Pl VLLMULY 1VUL UL VIV e~
b LB Rk (EL\
puaenyicycionxanone (ipj

A solution of 1-phenyl-1,2-epoxycyclohexane (1.74 g, 10.0 mmol) in chloroform (70 mL) was stirred
with 48% hydrobromic acid (30 mL) at room temperature for 30 min. The organic layer was separated and
the aqueous layer was extracted with chloroform (10 mLx2). The combined organic layer was washed with
saturated aqueous NaHCOQ; (20 mL), and dried over anhydrous MgSQO,. After concentration of the solvent in
vacuo, a solution of the residue in acetone (40 mL) was treated with Jones reagent (4 mL) at 0 °C for 1 h,
and then the reaction was quenched with 2-propanol (4 mL). The precipitates were filtered off, and the
filtrate was added to a saturated aqueous NaHCO; (50 mL). After removmg the orgamc solvent in

nnnnnnnn enlutian wac trantad
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purified on a silica gel column (hexane: ether=10:1) to give coloriess crystals. Recrystailization from
heptane gave 2-bromo-2-phenylcyclohexanone (1b) as a colorless prisms (1.41 g, 59% yield): mp 59-60 °C
(lit. mp 74-77 °C or 98-101 °C™); IR (KBr) 3059, 2944, 2866, 1707, 1498, 1446, 1255, 1233, 1206, 1138,
1119, 1069, 956, 838, 775, 708, 696, 681, 640, 557 cm’'; "H NMR (400 MHz) & 1.81-3.03 (m, 8H, (-CH,-
Y1), 7.26-7.44 (m, SH, ArH);, HRMS m/z calcd for Cj,H;3BrO: 252.0150, found 252.0124.
2-Bromo-2-(4-methylphenyl)cyclohexanone (1j): 71% yield; colorless prisms from hexane, mp 73-

75 °C; IR (KBr) 3028, 2962, 2948, 2876, 1723, 1511, 1446, 1421, 1053, 981, 939, 777, 747, 606, 542, 511
cem’l TH NMR (400 MHZ2) 8§ 1.82-3.05 (m. 8H. (-CH»-)4). 2.35 (5. 3H. -CH-). 7.19 (d. 2H. ArH. J=8.5 Hz)
il PY ALK INAVEAN \"VUU l"llll.nl WV 1.OL™V.VUJ \lll, U1, \ 7 ¥ ,4}, PATXe pv g \D, ~Jh Ly \.nl,l_,,, Foh 7 \\O3, LAy INRid, .. iy,
7.31 (d, ArH, J=8.5 Hz); MS (EI) m/z (relative intensity) 266 (M*, 39), 184 (88), 158 (100), 131 (51), 106
(a7

2-Bromo-2-(4-chlorophenyl)cyclohexanone (1k): 76% yield; colorless plates from hexane, mp 67-
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L0 0N, TD /DN AINLE ANETY NNAIA 173N 1 ANL VALO 1AAL 1ANL 1AM1T 11182 11MA1 1TNT1 1A1A NON OAaNn
07 U, IN {NDI) JUUJ3, 4735, £Y34, 1/.U, 1470, 1409, 1440, 14U0, 1221, 111D, 11Ul 11U/}, 1ULZ, 980, 82Y,
767, 718, 698, 569, 507 cm™; 'H NMR (400 MHz) & 1.57-3.12 (m, 8H, (-CH,-)s), 7.34 (d, 2H, ArH, J=8.8
Hz), 7.38 (d, 2H, ArH, J=8.8 Hz); MS (EI) m/z (relative 1ntens1ty) 286 (M*, 2), 207 (100), 179 (75), 125

2-Benzyl-2-bromocyclohexanone (2d): 42% yield; colorless oil, IR (neat) 3030, 2943, 2865, 2837,
1713, 1496, 1453, 1430, 1256, 1232, 1124, 1083, 766, 756, 726, 702, 583, 524 cm™; 'H NMR (400 MHz) &
1.40-2.18 (m, 6H, -CH,-x3), 2.40 (m, 1H, one proton of -CH,-), 3.25 (m, 1H, another proton of -CH;-), 3.44
(s, 2H, -CH,Ph), 7.23-7 .47 (m, SH, ArH); HRMS m/z calcd for C;;H;<BrQ: 266.0306, found 266.0305.

2-Acetoxy-2-phenylcyclohexanone (1d):

A solution of I-phenyl-1,2-epoxycyclohexane (1.0 g, 5.7 mmol) in acetic acid (20 mL) was treated
with three 4 mL portions of 5% CrO, solution in acetic acid at 10 min intervals at 80 °C. After 30 min, the
reaction solution was diluted with water (100 mL), and extracted with ether (30 mLx3). The combined
extract was washed with saturated aqueous NaHCO; (30 mLx3), and dried over anhydrous MgSO,.
Concentration of the ether solution in vacuo to give an oil, which was purified on a silica gel column
(benzene:acetone=10:1) gave 2-acetoxy-2-phenylcyclohexanone (1d) as a colorless syrup (255 mg, 19%
yield): IR (neat) 3061, 3028, 2943, 2868, 1742, 1723, 1496, 1449, 1369, 1230, 1200, 1123, 1041, 955, 757,

700. 610. 554 cm™: '"H NMR (400 MHz) 8 1.75-2.69 (m. 8H. (-CH,-)). 2.13 (s. 3H. -COCH.). 7.28-7.45 (m
/O, 01U, Do4cm ', HNMR T MEZ) 0 1.70-2.0% (M, 8K, (-CH-)4), 2.12 (8, 2R, -COLM;), 1.28-7.40 (M,
S ArEN: MC (BT /> fralativa intancite) 232 (MY N &Y 172 710N 144 (8QY 116 (AT
Ly, NI ], IVED VUl ) L ICAaU VL HIRCIDILY ) L4 \UVE , ULJD ), LTI (1VUU), 195 (J0), LIV (/).

2-Bromo-2-(n-propyl)cyclohexanone (2b):°

To a solution of 2-propylcyclohexanone (1.4g, 10 mmol) in dry Et;O (30 mL) was slowly added
bromine (1.6 g, 10 mmol) at 40 °C. The reaction mixture was stirred for 30 min at —40 °C, and washed
with a 5% aqueous NaHCO; solution (10 mILx3). The organic layer was dried over anhydrous MgSO, and
concentrated in vacuo. The residue was purified on a silica gel column (pentane:Et;0=20:1) to give -
bromo derivative 2b as a pale yellowish oil ( 1.46 g, 67% yield); IR (neat) 2960, 2875, 1714, 1450, 1430,
1318, 1247, 1229, 1125, 1102, 906, 838, 815, 547 cm™'; '"H NMR (400 MHz) § 0.98 (t, 3H, -CHj, J=7.3 Hz),

1 2Q VAN v 1TTLT Auma ;mentan ~F M1 (I N and I N 271 fovn T anathar mentan ~F I Y. AAC
1.00-4.%V (i1, 1111, UVLIC LULULL UL LI, \"\di7 )4 allu ~\oiI3~), J.41 (11, 151, allvuivl PIUL 11 Ul ‘\4112'}, 1vED
Fa wi 5% 7 re | A 1“ I‘l“* N B L BV s B 130D 1NN 11N /™MON
(EI) m/z (relative intensity) 218 (M", 2), 177 (63), 138 (100), 110 (78)

2-Bromo-2-methyl-1-tetralone (3d):

To a solution of 2-methyl-1-tetralone (1.68 g, 10.5 mmol) in dry Et,0 (35 mL) was added bromine
(1.67g, 10.5 mmol) at -40 °C. The reaction mixture was stirred for 20 min, washed with a 5% aqueous
NaHCO; solution (10 mLx3) and then dried over anhydrous Na,SO,. Concentration of the solution in
vacuo gave an oil, which was purified on a silica gel column (hexane:EtOAc=100:1) to give o-bromo
derivative 3d as crystals (1.94 g, 77% yield). Colorless prisms from hexane, mp 65-66 °C; IR (KBr) 3060,
3004, 2971, 2951, 2901, 1684, 1600, 1448, 1420, 1380, 1356, 1301, 1230, 1179, 1068, 854, 803, 743, 636

AT ry IRy AT FRULVLVN Ty, A SO, RSOV, AO0VA, L0V, 22 FRELVN Y OV, LIV,

472 cm™; IH-NMR (200 MHz) & 2.03 (s, 3H, -CHs), 2.19 (ddd, 1H, -CH,-, J=4.6, 11.5 and 14.9 Hz), 2.51

1A 0N TY 10Y Ny 1'1 II\ ’I’DE l.l.l..l 11

{ddd, 1H, -CH,-, /=24, 4.6 and 14.9 Hz), 2.91 (ddd, 1H, -CH,-, /=24, 4.6 and Hz),
CH,-, J=4.6, 11.5 and 17.3 Hz), 7.26 (d, 1H, ArH, J=7.6 Hz), 7.35 (dd, 1H, ArH, J. 76
(ddd, 1H, ArH, J=1.5, 7.6 and 7.6 Hz), 8.12 (dd, 1H, ArH, J=1.5 and 7.8 Hz); MS (E
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(5)-2-Phenyl-2-tetrahydropyranyloxy-1-p-teluenesulfonyloxyethane (4b):

To a solution of 4a'’ (6.5 g, 29.2 mmol) in pyridine (20 mL) was added p-toluenesulfonyl chloride
(6.1g, 32.0 mmol) and stirred for 5 h at room temperature. The reaction mixture was poured onto ice and
extracted with CHCl; (50mLx3). The organic layer was washed with brine (30 mIL.x3) and dried over
anhydrous MgSQO,. Concentration of the solution in vacuo gave tosylate 4b as a colorless crystals (9.0g,
82% yield): IR (KBr) 3032, 3009, 1986, 2956, 2937, 1456, 1441, 1378, 1353, 1205, 1193, 1173, 1123,
1099, 1040, 1020, 964, 933, 922, 874, 858, 820, 782, 706, 664, 557, 546 cm™'; '"H NMR (400 MHz) § 1.40-
1.85 (m, 6H, THP’s -CH,-x3), 2.44 and 2.45 (sx2, 3H, Ts’s -CH,), 3.40-4.05 (m, 2H, THP’s -OCH,-), 4.06-

A A 7 ALY ral £ 3 2. YA\ A NY AN Lo 11T TLINY aYal® /oYY A O &E NN £ 1LY Fal 2 75 YA N Ba Ts Be BEs Yo TV VSRR, § ) |
4.25 (m, 20, -CU,U-), 4.25-4.50 (m, In, 1nr s -UCauU-), 4.602-5.00 (m, 1N, -CrU-), 7.25-7.32 (m, 7H,

H), 7.72-7.80 (m, 2H, ArH).

(R)-2,2’-Di[(S)-2-hydroxy-2-phenylethoxy]-1,1’-binaphthyl (I):

To a solution of (R)-1,1’-binaphthyl-2,2’-diol (100 mg, 0.349 mmol) in DMF (1 mL) was slowly
added sodium hydride (60%, 28 mg, 0.70 mmol) at 0 °C, and stirred for 30 min at room temperature. To
the suspension was added tosylate 4b (289 mg, 0.768 mmol) at room temperature.  After stirring for 7 h at
80 °C, Et,0 (50 mL) was added to the reaction mixture at room temperature, and then the mixture was

washed with water (10 mL) and then with brine (10 mLx2). The organic layer was dried over anhydrous

E.

ater (1 prine (10U miJy organic laver aried over 1Va
[y ] . an Ay ~ancentrate, ln V1110 e} ﬂi\lp SN 2 CUMIn wae ﬂl!l‘i 10, 0NN a C; i(‘Q oap ~oalhntmn
NS} d th trated 1, Th 1 1 1
i Leuv‘ CRALANS UIRLUI VUKW WIIULQALWAL BT YUAL AW LV 6!'\/ OJlUllo ER YL 4 OJAU}I Y LD Y“llilw VIE 4 OilivG Ebl WwASEARILE
fManswrnmn: TN A A_TN 1Y 4 Taice £ TLID Jdaviernétern ~F ¥ A nmlictimen ~f thha Aaznd 2ea svmntlene~l 7 T
-4 .
UIiCXancC CtUuACTIvUNL ) 10 PIOVIGE DIS U-1rnir GEMivaiive O1 8. A SO1Ution o1 in€ prodguct in meénano: (J L)

and p-toluenesulfonic acid monohydrate (50 mg, 0.26 mmol) was stirred for 2 h at room temperature.
After removing methanol in the presence of NaHCO; (1 g), Et;0 (50 mL) was added to the residue and the
insoluble material was filtered off. The filtrate was concentrated in vacuo to give a syrup, which was
purified on a silica gel column (benzene:acetone=4:1) to afford the diol I as a colorless solid (95 mg, 52%
yield): colorless prisms from EtOAc-hexane, mp 171-172 °C; [a]p?* +31.9° (¢ 1.03, CHCl,); IR (KBr) 3438,
3031, 2930, 1621, 1591, 1510, 1452, 1265, 1242, 1089, 1058, 1019, 810, 756, 746, 700 cm™; 'H NMR
(400 MHz) 8 3.07 (d, 2H, -OH, J=2.5 Hz), 4.02 (dd, 2H, one proton of -OCH,-, /=8.8 and 9.8 Hz), 4.14 (dd,

2H, another proton of -OCH,-, J=2.7 and 9.8 Hz), 4.64 (ddd, 2H, -CHO-, J=2.5, 2.7 and 8.8 Hz), 7.09-7.29

ATY IN T I AT T ALY T £ Q . d QNLTNY T AV /A ALY ALY T_QO N Y12 7T QN /A ﬁn A<LT F_O 72
n, mn) 1.3¥ (U4, L1, ALLL, J=-0.0 dilU 0.V 114), /.93 (U, 4TI, Alll, y=7.U nZj, 1.72(Q s All1, J=0.0

1
1, 1

1z),

1/-\

&4
8 A oo YTy rrTLa Aoy

00 (d, ZH, ArH, J=8.8 Hz); HRMS m/z calcd for C3¢H3¢04: 526.2144, found 526.2111.
(5)-2,2°-Di[(5)-2-hydroxy-2-phenylethoxy]-1,1’-binaphthyl (J):

According to the procedure described for I, tosylate 4b (868 mg, 2.31 mmol) and (S)-1,1’-binaphthyl-
2,2’-diol (300 mg, 1.05 mmol) reacted with sodium hydride (60%, 92 mg, 2.3 mmol) yiclded diol J as an
amorphous solid (370 mg, 51% yield): [a]p? +9.0° (¢0.55, CHCLy); IR (neat) 3544, 3401, 3058, 2922, 2873,
1592, 1508, 1454, 1331, 1272, 1244, 1224, 1089, 1019, 809, 749, 700 cm™'; '"H NMR (400 MHz) 8 2.56 (d,

2H, -OH, J=3.2 Hz), 3.92 (dd, 2H, one proton of -CH,0-, J=8.4 and 9.8 Hz), 4.29 (dd, 2H, another proton
z), 7.08-7.12 (m, 4H, ArH), 7.18-

(R)-2-(2-Chlorophenyl)-2-tetrahydropyranyloxy-l-p -toluenesnlfonyloxyethane.
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Methyl (R)-2-chioromanderate was obtained by reaciion of {R)-2-chioromanderic acid (2.0g, 10.7
mmol) with methanol (10 mL) in the presence of p-toluenesuifonic acid monohydrate (204 mg, 1.07 mmoi)
in carbon tetrachloride (40 mlL) by azeotropic dehydration using Soxhlet’s extractor type column packed
with MS3A for 4 h. After usual work up to give the ester. To a solution of the ester in dichloromethane
(30 mL) were added 2,3-dihydropyran (1.35 g, 16.1 mmol) and pyridinium p-toluenesulfonate (200 mg,
0.796 mmol) with stirring at room temperature.  After 3 h, the mixture was purified on a silica gel column
(hexane: EtOAc=10:1) to give THP ether as a colorless oil. A solution of the oil in THF (30 mL) was treated

with lithium aluminum hydride (610 mg, 16.1 mmol) for 12 h at room temperature. Usual work up

i Aix Qauazi A 2aap,

i L&)
k} rrnkh nnl t fﬁnl-nvdv nuranulavuvathannl Tha alanhnl wac roantad writh »n

menviAad 7es x
Ul luyylml]lUA]blllallUl. P iy aivuLIvL wao 1OV ILAS YYiLli l’-

provide 1
toluenesulfonyl chloride (2.3 g, 12 mmol) in pyridine (15 mL) for 6 h at room temperature. The reaction
mixture was diluted with Et,O (100 mL), and washed with brine (25 mix4). The organic iayer was dried
over anhydrous MgSO, and evaporated in vacuo. The resulting oil was purified on a silica gel column
(hexane:EtOAc=10:1) to afford the tosylate as a colorless syrup (3.95 g, 90% overall yield): IR (neat) 3067,
2946, 2872, 1364, 1178, 1121, 1098, 1080, 1035, 980, 816, 760, 554 cm™; '"H NMR (400 MHz) & 1.40-
1.85 (m, 6H, THP's —CH,-x3), 2.44 (s, 3H, Ts’s —CH,), 3.25-3.60 (m, 2H, THP’s -OCH;-), 3.98-4.23 (m,
2H, -OCH,-), 4.48 (t, 0.5H, THP’s ~-OCHO-, J=2.9 Hz), 4.91 (t, 0.5H, THP’s -OCHO-, J=3.4 Hz), 5.28 (dd,
0.5H, -CHO-, J=2.9 and 7.8 Hz), 5.36 (dd, 0.5H, -CHO-, J=3.4 and 7.3 Hz), 7.20-7.31 (m, 6H, ArH), 7.42

(dd, 0.5H, ArH, J=2.4 and 7.3 Hz), 7.59 (dd, 0.5H, ArH, J=2.0 and 7.8 Hz), 7.73 (d, 0.5H, ArH, J=8.8 Hz),
7.74 (d, 0.5H, ArH, J=8.3 Hz).

------ » rwry

($)-2,2°-Di[(R)-2-hydroxy-2Z-(Z-chiorophenyi)ethoxy]-1,i’-binaphthyi (K):

K was prepared according to the procedure described for I except that (R)-2-(2-chlorophenyl-2-
tetrahydropyranyloxy-1-p-toluenesulfonyloxyethane (1.72 g, 4.19 mmol) and (§)-1,1’-binaphthyl-2,2’-diol
(500 mg, 1.75 mmol) were used. Purification of the crude product on a silica gel column (benzene) yielded
diol K as a colorless solid (500 mg, 48% yield): colorless prisms from EtOAc-hexane, mp 150-152 °C;
[o)p? —74.4° (¢0.524, CHCL); IR (KBr) 3431, 3056, 2928, 1592, 1508, 1474, 1438, 1329, 1271, 1244,

1148, 1088, 1034, 1019, 809, 751 cm™; 'H NMR (400 MHz) 5 2.88 (d, 2H, -OH, J=3.4 Hz), 3.84 (dd, 2H

one proton of -CH,0-, J/=8.3 and 9.8 Hz), 4.29 (dd, 2H, another proton of -CH,0-, J=2.4 and Hz), 5.04
(ddd, 2H, -CHO-, J=2.4, 3.4 and 8.3 Hz), 7.11-7.45 (m, 16H, ArH), 7.92 (d, 2H, ArH, J= 8.4 Hz), 8.01 (d,

2H, ArH, J=8.8 Hz); HRMS m/z calcd for C36H3Cl,04: 594.1363, found 5
1,2-Di[(S)-2-hydroxy-2-phenylethoxy]benzene (L):
To a suspension of cesium carbonate (3.25 g, 9.98 mmol) in DMF (5 mL) was added catechol (500 mg,
4.54 mmol) at room temperature and the reaction mixture was stirred vigorously for 30 min. To the
suspension was added tosylate 4b (3.76 g, 9.99 mmol) at room temperature and the reaction mixture was
stirred for 6 h at 80 °C.  After cooling, the reaction mixture was diluted with Et,O (100 mL) and washed

with water (20 mL) and then with brine (20 mLx2). The organic layer was dried over anhydrous MgSO,

-toluenesulfonic acid monohydrate (300

0
the presence of NaHCO; (2 g), Et;0 (100 mL) was added to the residue and the insolubl
filtered off. The filtrate was concentrated in vacuo to give syrup, which was purified on a silica gel column

(hexane:EtOAc=10:1) to afford diol L as a colorless solid (1.24 g, 78% yield): colorless needles from
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EtOAc-hexane, mp 100-101 °C; [0)p2 +85.7° (¢1.00, CHCly); IR (KBr) 3684, 3664, 3642, 3058, 3026,

~OAN N s ~A1 AR AR 1«.' ATR AYS AN R ATT ~n o~

2930, 1599, 1499, 1363, 1244, 1199, 1116, 1066, 1003, 741, 700, 637 cm™; "H NMR (400 MHz) 8 3.87 (d,
2H, -OH, J=2.4 Hz), 4.06 (dd, ZH, one proton of -CH,0-, /=8.8 and 9.8 Hz) 4.16 (dd, 2H, another proton
of -CH,0-, J=2.9 and 9.8 Hz), 5.11 (ddd, 2H, -CHO-, J=2.4, 2.9 and 8.8 Hz), 6.98 (s, 4H, ArH), 7.25-7.44
(m, 10H, ArH); HRMS m/z calcd for Cy,H»,O4: 350.1518, found 350.1504.
2,2’-Di[(S)-2-hydroxy-2-phenylethoxy]-1,1’-biphenyl (M):
According to the procedure described for L, 2,2’-biphenol (1.50 g, 8.06 mmol) and tosylate 4b (6.75 g,

17.9 mmol) were reacted with cesium carbonate (5.77 g, 17.7 mmol) in DMF (20 mL) for 6 h at 90 °C.

Durmfinatinn Aaf tha neadiat Aan a cilicra ool ~nliy hoavana WHYA ceeA 1) yrialdad Aial A an ne ameneel
X ulillhﬂ‘.lull Vi Ww ylwu\/‘ Vil a Jl1iva 5\4] \—Ululllu \llbl\all\i ‘J‘Un\t—"' l} JICIUW WUiVL 1V ad ail d.lllUll!llUl-lb

solid (2.04 g, 59% yield): [a]p?* +40.1° (c0.551, CHCI,); IR (neat) 3436 3062, 3030, 2926, 2868, 1594,
1504, 1483, 1441, 1284, 1262, 1111, 1053, 1027, 1003, 754, 701, 681 cm HN_MR (400 MHz) & 3.64 (bs,
2H, -OH), 3.97 (dd, 2H, one proton of -OCH,-, /=9.3 and 9.3 Hz), 4.12 (dd, 2H, another proton of -OCH>-,
J=2.4 and 9.3 Hz), 4.89 (dd, 2H, -CHO-, J=2.4 and 9.3 Hz), 7.01 (d, 2H, ArH, J=8.1 Hz,), 7.12 (dd, 2H,
ArH, J=7.6 and 7.6 Hz), 7.25-7.39 (m, 14H, ArH); HRMS m/z calcd for Cy;gHy0O4: 426.1831, found

426.1771.

(S,5)-1,2-Diphenvl-2-methoxvmethvloxvethanol (4d)

>~ = r v ' v v - \T¥s
T'o a solution of (§,5)-1,2-diphenylethane-1,2-diol (200 mg, 0.933 mm!) and Et;N (0.38g, 3.76 mmol)
an MUY 77 aanl \ cermn PGS 5 PP BN PRIy St J DRSSPI MU DU PR RS S Y oV o WSVURUIEE T I, W RS o o o P BRSSP Y. V]
11 110 (4 H1L) wWadd aull a dYOIULLVII Ul CIHOUIUILK ulyllllCllllelllUl \VU mg, 1.14 [l Ul} i inr \l lllL) al v o

and the reaction mixture was stirred for 3 h at room temperature. The reaction mixture was diluted with
EtOAc (30 mL) and washed successively with water (10 mL) and with brine (10 mLx2). The organic layer
was dried over anhydrous MgSO, and then concentrated in vacuo. The resulting oil was purified on silica
gel column (hexane:EtOAc=1:1) to afford mono ether 4d as a colorless syrup (176 mg, 73% yield): [a)p?
+63.0° (c0.506, CHCl,); IR (neat) 3462, 3031, 2891, 2845, 2824, 1495, 1455, 1198, 1150, 1102, 1068,
1022, 970, 918, 765, 700, 566 cm™; '"H NMR (400 MHz) § 3.31 (d, 1H, -OH, J=1.5 Hz), 3.33 (s, 3H,

=225/

Hs), 4.61 (s, 2H, -OCH;0-), 4 62 (d, 1H, -CHOCH,-, J=1.8 Hz), 477 (4d, 1H, -CHOH, J=15 an
IT.N T NL T IT AITY
nzj, 1.uo-/.

o
15y
\ P

;i
I p—
<

P

o
—

D

o,0’-Dif(18,28)-2-hydroxy-1,2-diphenyiethyij-o-xyienedioxide (C):

To a suspension of sodium hydride (60%, 30 mg, 0.75 mmol) in THF (0.5 mL) was added a solution
of alcohol 4d (176 mg, 0.68 mmol) in THF (0.5 mL) at 0 °C and the reaction mixture was stirred for 30 min
at room temperature under argon. To the suspension was added o,o’-0-xylyldibromide (90 mg, 0.34 mmol)
and stirred for 30 min. After refluxing for 10 min, EtOAc (30 mL) was added to the reaction mixture at
room temperature and the solution was washed successively with water (5 mL) and with brine (5 mL). The

d b s SRR/

concentrated in vacun A
1 concentrated in vacuo., !
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h. After removing methanoi in the presence of NaHCO, (100 mg), EtOAc (30 mL) was added to the
residue and the mixture was filtered. The filtrate was concentrated in vacuo to give syrup, which was
purified on a silica gel column (hexane:EtOAc=4:1) to afford diol C as an amorphous solid (124 mg, 67%
yield): [o]p? +63.4° (c0.435, CHCLy); IR (neat) 3436, 3062, 3030, 2874, 1454, 1198, 1118, 1072, 1024,
766, 699, 566 cm™'; '"H NMR (400 MHz) & 4.42 (d, 2H, -CHO-, J=8.4 Hz), 4.52 and 4.73 (dx2, 2Hx2, -

CH,0-, J=11.2 Hz), 4.76 (s, 2H, -OH), 4.82 (d, 2H, -CHO-, J=8.4 Hz), 6.98-7.42 (m, 24H, ArH).
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of alcohol 4a (3.85 g, 17.3 mmol) in THF (0.5 mL) at 0 °C and the reaction mixture was stirred for 40 min

at room temperature under argon. To the suspension was added a,o’-m-xylyldichloride (1.46 g, 8.31
mmol) and stirred for 2 min.  After refluxing for 5 h, Et,0 (100 mL) was added to the reaction mixture at
room temperature and the solution was washed successively with water (20 mL) and with brine (20 mL).
The organic layer was dried over anhydrous MgSO, and then concentrated in vacuo. A solution of the

residue and p-toluenesulfonic acid monohydrate (300 mg, 1.58 mmol) in methanol (30 mL) was stirred at
I e of NaHCQ. (1 o). Et.O (100 ml)) was

removing methan 1 the prese o INanmitls DL U mL
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which was purified on a silica gel column (hexane:EtOAc=4:1) to afford diol F as a coloriess syrup (2.5 g,
79% yield): [ah,“‘ +42.4° (c0.571, CHCI;); IR (neat) 3420, 3062, 3031, 2902, 2861, 1494, 1454, 1359,
1198, 1157, 1109, 1028, 757, 701 cm™'; 'H NMR (400 MHz) 3 2.85 (s, 2H, -OH), 3.52 (dd, 2H, one proton
of -CH,0-, J=8.8 and 9.8 Hz), 3.65 (dd, 2H, another proton of -CH,0-, J=3.4 and 9.8 Hz), 4.60 (s, 4H, Ph-
CH,0-), 4.93 (dd, 2H, -CHO-, J=3.4 and 8.8 Hz), 7.25-7.45 (m, 14H, ArH).

2,6-Di[(S)-2-hydroxy-2-phenylethyloxylpyridine (G):

According to the procedure described for F, alcohol 4a (923 mg, 4.15 mmol) and 2,6-
hicthromamathulinuridina (SN mo T Q0 mmal) wore reantad with endinm hudrida (AN 1A mao A 18§
Ulo\ululll\nll\-ul]l}ll 11U \JUV ILlE, 1.07 HHHVI) Wlldb Ivavivild Witlil QUALULILL LTyulluy (VU /Y, TUV llls’ “c.1J
PR, | U e i § »l 1 N G U YUt S RN I | 1 1 £ AN " Vo of ;. AN 15 | WP PR, SR

Hnot) ) al TO0I CHIpCraluic 10 yicid diol U (407 Ing, D07 YyICIA) as Crysiais. COIOrIess

needies from EtOAc-hexane, mp 104-105 °C; [a]p™ +136° (c1.06, CHCLy); IR (KBr) 3361, 3197, 3059,
3029, 2900, 2872, 1598, 1579, 1494, 1461, 1362, 1340, 1237, 1199, 1137, 1117, 1096, 1083, 1063, 1024,
998, 905, 885, 803, 766, 751, 699, 639, 542 cm™'; 'H NMR (400 MHz) § 3.65 (dd, 2H, one proton of -
OCH;-, J=9.0 and 10.3 Hz), 3.85 (dd, 2H, another proton of -OCH,-, J=2.7 and 10.3 Hz), 4.76 (d, 2H, one
proton of -OCH,-Py, J=13.4 Hz), 4.82 (d, 2H, another proton of -OCH,-Py J=13.4 Hz), 5.03 (dd, 2H, -
CHO-, J=2.7 and 9.0 Hz), 5.51 (bs, 2H, -OH), 7.21-7.42 (m, 12H, ArH), 7.71 (t, 1H, ArH, J=7.6 Hz).

A AP THI/ QL hvdrave Y nhanviathull. A A?_diticanranviathvlanadiamine (K)s

ANV SAZAI\DI Iy VA VAY &SPV Y ICUA YR J5i Vs V SURISUP LU Y AU ARy sV TGRRRERZAL (AY)e

A ¥ at o O AT AP B D] § TR I )., SN P A TL e AN LD SN e P

A SOHIION O1 [V,iv ~uuboprupylcmylcncmdlmnc [OUU mg, 4.10 mmoi) and (i )-8 _yrt:nc 0xiae \1 UU g,

8.32 mmol) in DMF-H,0 (10:1, 3.3 mL) was stirred for 14 h at 100 °C. The reaction mixture was diluted
with EtOAc (50 mL) and the solution was washed with brine (15 mLx2) and then dried over anhydrous
MgS0O,4. Concentration of the solution in vacuo gave an oil, which was purified on a silica gel column
(hexane: EtOAc=5:1) to afford diamino diol E as a viscous syrup (835 mg, 52% yield); [o)p2 —137°
(c0.448, CHCl,); IR (neat) 3333, 3064, 3030, 2970, 2932, 2836, 1452, 1387, 1366, 1337, 1202, 1162, 1083,
1059, 895, 763, 700 cm™; '"H NMR (400 MHz) § 1.07 (d, 6H, -CHa, J=6.8 Hz), 1.11 (d, 6H, -CH,, J=6.8

H2) 246 (Ad YH ana neatan of .CHN. I-=103 and 137 H2) 2 862 RS (m AH NCH.CH.-N-Y 7 AR (dd
TRLjy &Y (U, &3, VIV PRVIVIL Ul SAdd 7137, 7 —2V0 QI 2007 AR4)y & JUT & U \AREy TaRy TANNCAATNARATINT Jy &0UT (N2,
ATTY sl s L SVIT NS I_ 0 .01 1277 172N 2 10N flneméas VT fal s /el J__&Z O LI ATO 7144 LI
<0, anowner proton o1 -LUiipiN-, y=£.7 ana 13./ nij, 5.1V (nepicy, «n, -was.-, /=0.0 riZ), 4.7/0 (44, i, -
CHO-, J=2.9 and 10.3 H2), 5.90 (bs, 2H, -OH), 7.24-7.41 (m, 10H, ArH)

(S)-2-Phenyl-2-tetrahydropyranyloxy-S-acetyl-1-ethanethiol (4e):
A solution of tosylate 4b (2.0 g, 5.3 mmol) and potassium thioacetate (1.54g, 13.5 mmol) in DMF (5
mL) was stirred for 2 h at 80 °C. Et,0 was added to the reaction mixture at room temperature and the
solution was washed with brine (15 mLx2). The organic layer was dried over anhydrous MgSO, and then
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eifind ~n
i U

cannanteatad S vras Tha racidna wnag = N oo ~ro oal M A~ N.1Y + ron
wULIVOIILL AV l,L VaGciio, LO¢ ICSiGuc was PULLLIU vl o a va 551 Uil (ncAquec. LivAL—iIuv. 1) U BIVC
4'_:-;_4L4A ______ - f1 A ney ot T AN, FYS s _a\ NYNL o Vat AMNAN NOMTIA L e 1 4=~ L Y- |
noace e€asa )’CllOWlSﬂ Syrup (1.41 g, Y370 ylelﬂ): < {(ncaw) »2uoy, 2L ‘)l LYYL, LBTH, 10YD, 140D, 1504,

1202, 1118, 1079, 1023, 978, 918, 871, 733, 701, 631 cm’'; '"H NMR (400 MHz) & 1.18-1.90 (m, 6H,
THP’s —-CH,-x3), 2.32 (s, 1.05H, -COCH;), 2.33 (s, 1.95H, -COCHs), 3.16-4.07 (m, 4H, THP’s -CH,0-
and —-CH,S-), 4.45 (t, 0.65H, THP’s -OCHO-, J=2.9 Hz), 4.72 (dd, 0.35H, -CHO-, J=4.9 and 6.8 Hz), 4.77
(dd, 0.65H, -CHO-, J=4.4 and 8.8 Hz), 4.93 (t, 0.35H, THP’s -OCHO-, J=3.4 Hz), 7.26-7.41 (m, 5H, ArH).
0.,0°-Di[(S)-2-hydroxy-2-phenylethyl]-o-xylenedithioate (B):
To a solution of thiolacetate 4e (1.0 g, 3.6 mmol) in dry methanol (4 mL) was added sodium hydride
(60%, 157 mg, 3.93 mmol) at 0 °C and the reaction mixture was stirred for 1 h at room temperature.  After

removing methanol azeotoropic distillation was carried out with benzene (2 mLx3) in vacuo. To a solution
of the residue in THF (4 mL) was added o, 0’ -0-xylyldibromide (470 mg, 1.78 mmol) at 0 °C and stirred for
1h at room temperature. The reaction mixiure was diiuted with Et,O (60 mL) and the mixture was washed
successively with water (20 mL) and with brine (20 mLx2). The organic layer was dried over anhydrous
MgSO, and then concentrated in vacuo to give a syrup. The syrup was purified on a silica gel column
(hexane:EtOAc=10:1) to provide bis THP ether derivative (945 mg). A solution of the bis THP ether
derivative and p-toluenesulfonic acid monohydrate (100 mg, 0.526 mmol) in methanol (15 mL) was stirred
at room temperature for 3 h. After removing methanol in the presence of NaHCO, (1 g), Et,;O (100 mL)

was added to the residue and the mixture was filtered. The filtrate was concentrated in vacuo to give syrup,

{
Z‘

which was purified on a silica gcl column (hexane:EtOAc=4:1) to afford diol B as an amorphous solid (639
mg, 44% yield): [a)p™ +78.1° (c0.558, CHCL,); IR (neat) 3258, 3029, 2949, 2913, 2879, 1493, 1455, 1434,
1 4" 1 41 1 1mN1 A ¥atats) 1TNn1 " T ~ e YNy Plave NnmMmn fdeva) l" RAYTR FYY 7 AN XYY _\ O
1424, 1411, 1464, lélb LUL, 1ULY, 1V1L, 17U, /DU, L3, 0YY, YLIY, OYY, 343 cm H NMK (4 MﬂZ) (o]

2H f -CH i (dd, 2H, another prolon of -CH,S-, J=3.7 and

2.73 (dd, 2H, one proton of -CH,S-, J=9.0 and 13.9 Hz), 2.86
13.9 Hz), 2.93 (d, 2H, -OH, J=2.4 Hz), 3.90 and 3.95 (dx2, 2
CHO-, J=2.4, 3.7 and 9.3 Hz), 7.22-7.36 (m, 14H, ArH).
2,6-Di[(S)-2-hydroxy-2-phenylethylthiomethyl] pyridine (H):
According to the procedure described for B, thiolacetate 4e (923 mg, 4.15 mmol) and 2.,6-
bis(bromomethyl)pyridine (500 mg, 1.89 mmol) were reacted with sodium hydride (60% 166 mg, 4.15

mmel) in THF (10 mL) at room temperature to provide diol H (469 mg, 66% yield) as a viscous syrup.
The syrup was gradually crystallized: [ap” +97.2° (c0.631, CHCI;), IR (neat) 3388, 3083, 2909, 2780,
1595, 1573, 1459, 1339, 1203, 1086, 1061, 1003, 810, 763, 730, 721, 702, 517 cm’'; 'H NMR (400 MHz) §
2.82 (dd, 2H,one proton of -CH,S-, J=8.8 and 14.4 Hz), 2.94 (dd, 2H, another proton of -CH,S-, J=3.6 and

14.4 Hz), 3.98 (s, 4H, Py-CH,S-), 4.86 (dd, 2H, -CHO-, J=3.6 and 8.8 Hz), 5.08 (bs, 2H, -OH), 7.20-7.37
(m, 12H, AtH), 7.67 (t, 1H, ArH, J=7.6 Hz).

Typical procedure for the enantioselective protonation of the samarium enolate derived from 1a
with (R.S)-DHPEB I:

(54 ing, v.204 uuuun) an {R,S)‘ HP mg, 29 mmc!) in THF (5 rﬂL) with stirring unger
AL O ALs e mdlomtomie £ M L nd tlhhn bamrsnmncnbizen tha sanatinm miviiirea ac nuanshad with N1 J

argon at —4J "C AICT SUITING 101 2 11 dl uiC ICHIPTIatuic, Uil Icattiin AL was quintiict wiul v.1 N
3 1 W1 TV N 1 T S | P e PRy - § 4l Loolon o

hydrochloric acid (4 mL) and extracted with Et;0 (15 mix3). The organic layer was washed with brine
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\ nh ALAACMN and ...,.,.M_‘,_”‘Nl P L R
1Oy, aild ConcenuaiCa in vacuo. 1in€ Crud de proauct was purmea Dy

(15 mL), dried over anhydrous M
preparative TLC (hexane:EtOAc=8:1) to give 2-phenyicyciohexane (i’a) (32.2 mg, 70% yieid) in 87% ee as
a colorless solid: {oc].;,20 +84.1° (c0.350, benzene). The absolute configuration was determined to be R by
comparison of its optical rotation with the reported one (lit. [a]p”® +114.7° (¢0.17, benzene) for (R)-1a,'®
[o]p” —88.9° (c1.0, CHCly) for 87% ee of ($)-1’a’). CD spectrum of the product (c0.091, MeOH) Aext
289 nm, Ae +1.2. The enantiomeric excess (ee) was determined by HPLC analysis using a chiral column
(DAICEL CHIRALCEL OD-H, hexane:2-propanol=95:5, flow rate=0.5 mL/min): tz=14.7 min (S-isomer);

=15.8 min (R-isomer). The chiral diol I was recovered almost guanti tatlvelv without a loss of nnn(‘al

1oURLICE LUC i AL VLEILLD 222I00aL [Raniiiss asatliNe ARSBS

'12 :u

ritv
unty.

W 20 0N Q0 £\ VAL b\ £ slen o £ oMoy

3 (A RAnth nwermndhnsverllaern a
e): [o]p” +80.9° (0.346, benzene) for the product of 87%

2-(4-Methoxyphenyljcycioh
ee (lit.[a)p” -70° (c1.0, CHCL,) for (-)-1%¢ of 81% ee™); CD (c0.023, MeOH) Aext 287 nm, As +2.2 for the
product of 86% ee. The absolute configuration was assigned to be R based on the similarity of the CD
spectrum to that of (R)-1’'a. The ee was determined by HPLC analysis using a chiral column (DAICEL
CHIRALCEL OD-H, hexane:2-propanol=95:5, flow rate=0.6 mL/min): 1,=21.9 min (S-isomer); t,=28.1 min
(R-isomer).

2-(4-Methylphenyl)cyclohexanone (1°f): [0]p2° +75.4° (c0.349, benzene) for the product of 94% ec
(lit. [ah—.” —60.0° (c0.75, CHCl,) for (-)-1’f of 75% eezq) CD (c0.090, MeOH) Aext 289 nm, Ae +1.5 for the

13/ A Jiaj]

product of 92% ee. The absolute configuration was assigned to be R based on the similarity of the CD

enactiim tn that AF (DY 1%  Tha an wae datacminad hy DI O analuvelis soing a ahlioal (MATOET
SpLLiiuill W o UIatl Ul (o1 a. 1nv Wad ULLICLHUNIICU DY 110 LA. alldlydsld Usllig a Liiial bUll.llllll WAL,
SOOI TETY AY Y7 ATy I L 1 Nnc. .- £ . o a N oA T 1t N\, . 190~ ___"* Ve o ~m

CHIKALAEL UL-H, DEXANnC. 2-propanoi=¥,:), [1OW raté=u.4 mi/sminj: ip=1o./ mn (- 1somer), fg=22.U min

(R-isomer).

2-(4-Chlorophenyl)cyclohexanone (1°g):" [a]p™® +47.7° (c0.346, benzene) for the product of 83%
ee; CD (c0.086, MeOH) Aext 288 nm, Ae +1.0 for the product of 80% ee. The absolute configuration was
assigned to be R based on the similarity of the CD spectrum to that of (R)-1’a. The ee was determined by
HPLC analysis using a chiral column (DAICEL CHIRALCEL OJ, hexane:2-propanol=9:1, flow rate=1.0

mL/min): t=10.1 min (R-isomer); tp=14.1 min (S-isomer).
2-(1-Naphthvl)cvelohexanone (1°h):2 a1+, —8.0° (c0.21. benzene) for the product of 14% ee: CD
2-(1-Naphthyl)cyclohexanone (I’h):™ [al,™ —8.0° (0.21, benzene) for the product of 14% ee; CD
(AN NTT RANII M ave VQL mmm A 1N LA fae tha mendnnt ~AF KTOL an Tha naheoalivta Aanfiairatinn wwnas
\tv.vi7, ivituUuil) Al 20U 11, A TU.US 1Vl Ui plUuuLtL Ut U/ /U oo, 111G UdUIUIC Lulitlgulativil w
assigned to be R based on the similarity of the CD spectrum to that of (R)-1’a. The ee was determined by
HPLC analysis using a chiral column (DAICEL CHIRALCEL OJ, hexane: z-propanol—S 2, flow rate=1.0

mL/min): tz=16.0 min (R-isomer); tg= 23.0 min (S-isomer).

2-(2-Naphthyl)cyclohexanone (1’i): [a]Dm +70.5° (c0.380, benzene) for the product of 90% ee
(lit.[o]p>" —97.9° (c0.64, CHCLy) for (-)-1’i of 99% ee™); CD (c0.017, MeOH) Aext 285 nm, Ae +1.5 for the
product of 90% ee. The absolute configuration was assigned to be R based on the similarity of the CD
spectrum to that of (R)-1’a. The ee was determined by HPLC analysis using a chiral column (DAICEL
CHIRALCEL OD-H, hexane:2-propanol=9:1 flow rate=0.5 mIL/min): 1z=18.3 min (S-isomer); tg= 21.7 min

7 0
f.d

ethn 2
2-M ‘y cycmnexanone (2’a): [U.JD +

2-Propylcyclohexanone (2°b): (a]D22 +18.4° (c0.423, MeOH). The absolute configuration and ee
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were determined by comparison of its optical rotation with the reported one.
D evalabo o ms n o 22 . . . o i .
2-(i-Butyi)cyciohexanone (2°c): [ap ™~ +28.7° (c0.417, MeOH). The absoluie configuration and ee

were determined by comparison of its optical rotation with the reported one.”

2-Benzylcyclohexanone (2%¢): [a]p? +36.8° (c0.332, MeOH) for the product of 80% ee. The
absolute configuration was determined to be R by comparison of its optical rotation with the reported one.**
The enantiomeric excess (ee) was determined by HPLC analysis using a chiral column (DAICEL
CHIRALCEL 01J, hexane:2-propanol=99:1, flow rate=0.6 mL/min): tp=17.9 min (R-isomer); #5=20.4 min (S-
isomer).

propanol=100:1, flow rate=0.5 mi/min, the sampie was dissolved in a mixture of hexane:Et,0=10:1, no
separation was observed if the sample was dissolved only in hexane): 1xz=15.9 min (S-isomer); 7z=18.8 min
(R-isomer).

2-Phenylhexan-3-one (3°b): [ot]p>> —96.4° (c0.165 ,toluene) for the product of 30% ee. The absolute
configuration was determined to be R by comparison of its optical rotation with the reported one.”® The ee
was determined by HPLC analysis using a chiral column (DAICEL CHIRALCEL OB’, hexane, flow
rate=1.0 mL/min): tz=13.5 min (S-isomer); 1,=19.7 min (R-isomer).

2-Pheny! 3-valerolactone (3’¢):'" [a]p™ +32.6° (c0.424, CHCL,) for the product of 72% ce. The
absolute configuration was determined (o be R by comparison of the optical rotation of 2-phenyl-1,5-
pentanediol from 3’c with the reported one.”’ The ee was determined by HPLC analysis using a chiral

column (DAICEL CHIRALCEL OB’, hexane:2-propanol=8:2, flow rate=1.0 mL/min): 7=29.9 min (R-
isomer); tg=34.0 min (S-isomer).

2-Methyl-1-tetralone (3’d): [o]p'® ~17.0° (¢0.335, dioxane) for the product of 32% ee; CD (c0.031,
MeOH) Aext 308 nm, Ae -0.24 for the product of 48% ee. The absolute configuration was determined to
be S by comparison of its optical rotation with the reported one.28 The ee was determined by HPLC
analysis using a chiral column (DAICEL CHIRALCEL OD-H, hex propanol=100:1, flow rate=1.0

allai a chiral column AL SR Ledy W2 A ALA 235 33 el diotis

ml/min):
my/minj:
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