THF
OH + PCly; ——— OPCl,
rt

17 18
Scheme 6. The preparation of chiral phosphorus tricoordinated compound.

Compound 18 then reacted with rac-binaphthol 11 leading to a 1:1 mixture of
diastereomers (R)-19 and (S5)-20 in quantitative yield. Complete separation of the two
diastereomers was achieved in a single recrystallization from diethyl ether. Oxidation with
30% hydrogen peroxide led to the phosphites 21 and 22, which were reduced with LiAlH, to
afford enantiomerically pure (R)-binaphthol 12 and (S)-binaphthol 12 in 81% and 85%

overall yields, respectively (Scheme 7).

O. —_—
>P. T\
o~ \OMenthyI

H20, O

o~ OMenthyl

ol
e

(5)-20 (S)-22 (5)-12

Scheme 7. Reaction of rac-binaphthol with chiral phosphorus compound.

Interestingly, Chow et al. discovered a versatile method for the resolution of
disubstituted-1,1'-binaphthyl-2,2'-diols 23 by using (/S)-camphor-10-sulfonyl chloride 24 as

a chiral auxiliary (Scheme 8)."
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O

24
SO,CI
23 25 26
Entry [alp %yield [alp %yield
a) R = 3-Br +97.3 29 -1015 29
b) R = 4-Br +15.2 35 -9.3 34
¢) R =6-OMe + 46.6 47 -41.5 47

R* = (1s)-camphor-10-sulfonyl

Scheme 8. The resolution of disubstituted-1,1'-binaphthyl-2,2'-diols.

Not only could the rac-23 be resolved via its diastereomeric bis-(S)-camphor-10-
sulfonates 25 and 26, but the absolute configurations of the diastereomeric pairs 25 and 26
could also be inferred from their relative chromatographic mobility. In all of the less polar
bis-(camphor-10-sulfonate)-25a—, the diastercomeric methylene groups adjacent to the
sulfonyl moiety appeared as an AX system (J = 15 Hz) with a chemical shift difference of
less than 0.5 ppm, while those of the more polar diastereomeric 26 a—C compounds had a
significantly larger chemical shift difference of 1 ppm.

Furthermore, circular dichroism (CD) spectra of the hydrolyzed products derived
from the less polar diastereoisomers 25a—C all gave a negative first Cotton effect at around
236240 nm and a positive second Cotton effect at 224-228 nm. The observed Cotton effect
pattern is closely parallel to those previously reported by Mason'* and Harada."> In both 'H
NMR and CD spectra, the less polar diastereomers 25a—C could be assigned as having an (S)-
configuration.

Extensive studies of the convenient and highly efficient chromatographic resolution of
the rac-binaphthol 11 via esterification with N-protected-L-amino acid were reported by

Einhorn ef al. (Scheme 9).'
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L, L, QO

+ N-protected-L-amino acid —— + OR*

11 (R)-27 (S)-28
Entry Amino acid derivative Ry 27 R¢ og a,
1 N-Boc-phenylglyciene 0.76 0.74 1.03
2 N-Boc-phenylalanine 0.78 0.70 1.11
3 N-Cbz-phenylalanine 0.80 0.74 1.08
4 N-(@)-Boc-tryptophan 0.54 0.26 2.15
5 N-(a)-Cbz-tryptophan 0.68 0.36 1.89

a) a defined as seperation factor, @ = Rs7 / Riog

Scheme 9. TLC data for diester of rac-binaphthol and N-protected-L-amino acid.

Ry values and separation factors (o) were determined by TLC analysis, in order to
select the most promising candidates for efficient separation. N-(a)-Boc-tryptophan was
shown to be an excellent resolving agent for the resolution of binaphthol 11. After hydrolysis,
the less polar isomer, (R)-(+)-11, was obtained in 91% yield (100% ee) and the more polar
isomer, (S)-(—)-11, was obtained in 93% yield (100% ee). However, the effect of the
resolving agents on the different polarities of the diastereomeric pairs was not explained.

The resolution of binaphthol derivatives, using (1S)-camphanoyl chloride 29 as a
resolving agent was first investigated by Fuji er al.'® in 1998 and it was found the
applications in the field of asymmetric synthesis as well as chiral molecular recognition.
Chiral recognition of amino acid derivatives by optically active 8,8'-dihydroxy-1,1'-
binaphthyl 30 was used as a chiral derivatizing agent for the "H NMR determination of the
absolute configuration of carboxylic acids."

For the resolution of compound 30, mono-acylation of racemic 30 with (15)-
camphanoyl chloride 29 gave a mixture of diastereoisomers 31 and 32 in 32% and 21%

yields, respectively (Scheme 10).%
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OH _ OH oA OH o
OH NEts, DMAP o * o
CH,Cl, o) o)
31 32

Scheme 10. Resolution of 8,8'-dihydroxy-1,1'-binaphthyl.

Diastereoisomer 31 was reported to have a larger Ry value than its corresponding
isomer 32. After chromatographic separation, the camphanate moieties in 31 and 32 are
readily removed in aqueous KOH to give the optically pure (5)-30 and (R)-30, respectively.

Moreover, a series of 8'-alkoxyl-1,1'-binaphthalen-8-ols was investigated by Hua.
Enantiopure 8'-alkoxy-8-hydroxy-1,1'-binaphthyl (R)-36 or (5)-37 were obtained from rac-33

as described in Scheme 11.%

OR g EB l OR OR
N
OH NEts;, DMAP
CH,Cl,

33 a) R=Me
D ¢ OO
OR o KOH OR
o OH
YOI 90
34

b) R= Et

AT = &4

Scheme 11. Resolution of 8'-alkoxyl-1,1'-binaphthalen-8-ols with (15)-camphanate.
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Interestingly, all of the faster running isomers 34 had an (R)-configuration. These
results controverted to those from the resolution of 8,8'-dihydroxy-1,1'-binaphthyl 30 which
indicated that the fast running on TLC, less polar isomer had an (S)-configuration.
Apparently, types of substituted groups at position 8 might affect the different polarity of the
diastereomeric pairs of compounds 30 and 33.

Our interest then focused on the resolution of the binaphthol derivatives which would
be derived from the reactions of chiral a-alkoxa bicyclic acid chloride 38 and binaphthols 39.
The resolution of 7,7'-disubstituted binaphthols at the 2,2'-position of binaphthyls 39 (entry
1-5) by using (R)-(—)-2,3-dihydro-1,4-epoxynaphthalene-1(2H)-carboxylic acid 4 (refer to
compound 4 in Scheme 1, PART I) as a new resolving agent was carried out. Treatment of
binaphthols 39 with (R)-(—)-acid chloride 38 in dichloromethane in the presence of
triethylamine and a catalytic amount of DMAP afforded a diastereomeric mixture of (R,R)-40
and (R,S)-41 in good yields. It was found that the isomers 40 had larger Ry value than their
corresponding diastereoisomers 41 (Scheme 12). %Yields, Rr values and separation factors of

diastereomers 40 and 41 are summarized in Table 1.

0
Oe Peovs
(R) (-)-38 R o)
OH Et N, DMAP R OH
CHZCIZ rt, 24 h

39 a) R=H
b) R=OMe
¢) R=OEt
d) R=S"Pr
e) R=S"Bu

Scheme 12. Resolution of binaphthols with (R)-(—)-acid chloride 38.
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Table 1. Separation factors (@), %yields and Ry values of diastereomers 40 and 41.

Entry %VYield of R¢ of %VYield of R¢ of a
(R,R)-39 (R,R)-39 (R,S)-40 (R,S)-40 | (Rts9/R40)
1.a) R=H 48 0.46 43 0.34 1.35
2. b) R=OMe 45 0.45 42 0.35 1.29
3.¢) R=OEt 47 0.60 45 0.49 1.22
4.d) R=S"Pr 24 0.46 25 0.37 1.24
5.e) R=S"Bu 22 0.45 20 0.37 1.21

Careful examination of the '"H NMR spectra of all diastereoisomers revealed an
interesting feature. For example, '"H NMR spectra of compound 40b and 41b, displayed in
Figure 4, showed a significant difference of chemical shifts of their methylene groups on the
a-alkoxa bicyclic acid. It could be observed that methylene protons (a) and (b) of compound
41b were upfield shifted by diamagnetic anisotropic effect of naphthalene moiety when

compared to its diastereomer 40b.

H3CO’

HoCO OO bandd

|
, i
: H ” \".la" l.’ __ | ; af \

| e/ gl N Elely #

41b

C d
RN L b

a07%_
1.0204

B B T o B T A o A B i i i e R N R R
7 5 4 3

Figure 4. The difference on the '"H NMR spectra of compounds 40b and 41b.
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Chemical shifts of the methylene protons of the other derivative compounds are
summarized in Table 2. In all case, chemical shifts of H, and Hy, of 40 were all shifted lower

field than those of 41.

Table 2. Chemical shifts of methylene protons of compounds 40a—e and 41a—e.

Chemical shift (ppm)

Entry Compound 40 Compound 41
Ha Hb Hc Hd Ha Hb Hc Hd
1.a) R=H 1.49 1.29 | 2.01 1.29 1.33 0.95 2.05 1.22

2.b)R=OMe | 145 | 1.30 | 2.05 | 1.30 1.35 0.99 2.05 1.25
3.¢) R=0OEt 146 | 1.25 | 2.02 | 1.25 1.31 0.95 2.01 1.20
4. d)R=S"Pr | 1.52 | 1.23 | 197 | 1.23 1.23 0.70 1.93 1.15
5.)R=S"Bu | 1.64 | 1.28 | 2.16 | 1.28 1.30 0.90 2.02 1.20

Chiroptical properties of all diastereomers 40a—e and 41a—e

Circular dichroism of each diastereomer was then determined. The faster moving
isomer 40a displayed first positive Cotton effect at 278 nm and second negative Cotton effect
at 242 nm as demonstrated in Figure 23. On the other hand, ester 40b showed first negative
Cotton effect at 326, 277 nm and strong negative Cotton effect at 249 nm, which was similar
in shape to the CD spectra of compound 40c, which showed negative Cotton effect at 329,
278 nm and strong negative Cotton effect at 251 nm (Figures 5-7). Esters 40d—e showed first
negative Cotton effect at 307 nm and a negative second Cotton effect at 264 nm (Figures 8—
9).

CD spectra of compounds 41a—e appeared rather like mirror image of those of their
corresponding diastereomers 40a—e. For isomer 4la, it displayed a negative first Cotton
effect at 282 nm and a positive second Cotton effect at 239 nm. In contrast, 41b—c showed
positive Cotton effect at 326, 278 nm and strong positive Cotton effect at 247 nm. The esters

41d-e similarly exhibited a first positive Cotton effect at 307 nm and a negative second
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Cotton effect at 265 nm. The observed bathochromic shift in CD spectra could be from the

effect of substituents on binaphthols.

Circular dichroism (CD) spectra of diastereomeric compounds 40 and 41.

CD spectra ofcompounds 40a and 41a

300000 -
200000 -
100000 -
0 ,{;/\\ /_x._.—_.-ﬁﬁ_ | 40a
100000220 P40/ 260 280 300 320 340 360 41a

[CD]

-200000 ~

-300000 -
wavelength

Figure 5. CD spectra of compounds 40a and 41a.

CD spectra of compounds 40b and 41b

100000 -

50000 -

0 -+

— |——40b

380 41b

[CD]

23
-50000 +

-100000 -

-150000 -

wavelength

Figure 6. CD spectra of compounds 40b and 41b.
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CD spectra of compounds 59¢ and 60c
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O 50000 - 59c
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Figure 7. CD spectra of compounds 40c and 41c.
CD spectra of compounds 40d and 41d
o —40d
S ———41d

wavelength

Figure 8. CD spectra of compounds 40d and 41d.
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CD spectra of compounds 40e and 41e
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Figure 9. CD spectra of compounds 40e and 41e.

Moreover, the specific rotations [a]p of compounds 40 and 41 were recorded as

shown in Table 3.

Table 3. Specific Rotation of diastereomers 40a—e and 41a—e in CH3CN.

Entry [a]o of compound 40 | [e]o of compound 41
1.a) R=H —48.66 -95.12
2. b) R=OMe -62.63 —16.98
3. c) R=OFt —279.76 +10.62
4. d) R=S"Pr —496.80 -3717.57
5.e) R=S"Bu -497.14 -399.92

Absolute Configuration Assignment

The absolute configurations of each diastereoisomer were determined by converting
them to the corresponding binaphthols 42. To recover the enantiopure (R)-and (S)-42, esters
40a—e and 4la—e were hydrolyzed with KOH in methanol and dioxane to yield binaphthol
derivatives (R)-42a—e and (S)-42a—e (Scheme 13).
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Scheme 13. Formation of the optically active binaphthols 42.
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%Yield and the optical rotation of all hydrolyzed binaphthols (R)-42 and (S)-42 were

summarized in Table 4 and 5, respectively.

Table 4. % Yields of compounds (R)-42 and (S)-42.

Entry %Y ield of (R)-42 | %Yield of (S)-42
1.a) R=H 84 85
2. b) R=OMe 91 87
3. ¢) R=OFt 87 92
4. d) R=S"Pr 89 79
5.e) R=S"Bu 82 86
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Table 5. Specific ontiyoi rotations of compounds (R)-42 and (S)-42 in CH;CN.

Entry [a]p of compound (R)-42 [a]p of compound (S)-42
1.a) R=H +45.32%at 25.2°C,c=1.00 | —43.82at25.9°C,c=1.00
2.b) R=OMe | -119.97" at 25.9°C, ¢ = 1.00 | +117.95 at 25.7 °C, ¢ = 1.15
3.¢) R=OEt | -218.50°at25.5°C,¢=1.02 | +217.12 at 25.8 °C, ¢ = 1.03
4.d) R=S"Pr | -334.52°at 25.8°C, ¢ =10.80 | +375.68 at 26.0 °C, ¢ = 0.60
5.€) R=S"Bu | —132.98 at 26.2 °C, ¢ =1.00 | +190.63 at 26.1 °C, ¢ = 0.80

a Ref. 26: (R)-42a; [a]p= +43.0 (c=0.19, THF) and (S)-42a; [a]p = —95.5 (c=1.1, benzene)
b Ref. 13: (R)-42; [a]p = —125.5 (¢=0.17, CHCls) and (S)-42b; [a]p = +127.4 (¢=0.17, CHCly)
¢ Ref. 25: (R)-42C; []p= —196.0 (¢=0.27, CH;CN) and (S)-42¢; [op = +193.6 (c=0.27, CH;CN)
(R)-42d; [ = —300.5 (c=0.20, CH;CN) and (S)-42d; [a]p = +300.4 (¢=0.20, CH;CN)
By direct comparison between [a]p of the samples and values in the literature,'>***
the absolute configurations of both enantiomers of (R)-42a—d and (S)-42a—d could then be
assigned. However, more evidences were still required for the stereochemical assignments of
(R)-42a—e and (S)-42a—e. Circular dichroism spectra of all (R)-42 and (S)-42 were therefore
determined (Figures 10-14). In fact, all compounds assigned as (S)-configuration displayed
similar CD curves with first negative Cotton effect around 300-350 nm, while compounds
assigned as (R)-configuration showed the mirror image curves in comparison to the (S)-
isomer, giving CD curves with the first positive Cotton effect. These results were in good
agreement with the results reported by Areephong.® Accordingly, the conclusion of the
absolute configuration of binaphthol derivatives could be assured and related to the chiral
sense of both binaphthols 40 and 41.
Consequently, the faster moving, less polar, isomers 40a—e consist of (R)-binaphthol
whereas binaphthols of the slow moving, more polar isomers 4la—e, have an (S)-

configuration.
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Figure 10. CD spectra of compound (R)-42a and (S)-42a.
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Figure 11. CD spectra of compound (R)-42b and (S)-42b.
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CD spectra of compounds (R)-42c and (S)-42c
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Figure 12. CD spectra of compound (R)-42¢ and (S)-42c.
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Figure 13. CD spectra of compound (R)-42d and (S)-42d.
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CD spectra of compounds (R)-42e and (S)-42e
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Figure 14. CD spectra of compound (R)-42e and (S)-42e.

The extended study of the resolution by using (S)-(+)-2,3-dihydro-1,4-
epoxynaphthalene-1(2H)-carboxylic acid 4 with 7,7’-Dimethoxy-[1,1’]-binaphthalenyl-2,2’-
diol was also performed to compare the results with those of (R)-(—)-acid 4. A mixture of
chiral acid chloride (S)-(+)-38, rac-binaphthol 39b, NEt; and DMAP in CH,Cl, was stirred
for 24 h, yielding a diastereomeric mixture of esters. The mixture was separated by PLC on
silica gel (hexane: EtOAc 85:15; separation factor « = 1.32) (Scheme 14). The first-eluted
ester 43 (46%, [a]p —3.74 (¢ = 1.50 w/v, CH3CN)) and the second one 44 (42%, [a]p —17.23
(c =1.50 w/v, CH3CN)) were obtained.

O
Q
@0 Q% @0
S)-(+)-38
MeO' ( )-()- MeO MeQO O
+
MeO. Eth DMAP MeOQO MeO. OH
CH2C|2 rt, 24 h
44
46 % 42 %
Rf =0.49 Rf =0.37

Scheme 14. Resolution of binaphthols 39b with (S)-(+)-acid chloride 38.
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'H NMR signals of esters 43 and 44 similarly showed a significant difference of
chemical shifts of their methylene group on the a-oxa acid (Table 3). Chemical shift of
methylene protons (H, = 1.23 and Hp = 0.89) of compound 44 were upfield shifted by
diamagnetic anisotropic effect of naphthalene moiety when compared to its diastereomer 43
(H,=1.40 and Hy,= 1.25).

In addition, CD spectra of the first-eluted ester 43, was directly opposite to 40D, i.e. it
displayed first positive Cotton effect at 326, 277 nm and strong positive Cotton effect at 248
nm. Moreover, CD of ester 44 was opposite to the CD spectra of compound 41b, displayed
first negative Cotton effect at 327, 277 nm and strong positive Cotton effect at 250 nm
(Figure 15).

CD spectra of compounds 40b, 41b, 43 and 44
150000
100000%
40b
50000 -
o 41b
= o\ ‘ 0 380 4C 43
50000240 /260. 280300 320" 340 360 380 400
44
-100000
-150000
wavelength

Figure 15. CD spectra of compound 43 and 44 from (S)-(+)-acid 4 compared with compound
40b and 41b from (R)-(—)-acid 4.

The absolute configuration of each diastereoisomer was determined by converting
them to the corresponding binaphthol. Esters 43 and 44 were hydrolyzed with KOH in MeOH
and dioxane to give binaphthol derivatives (5)-42b (79% yield) and (R)-42b (82% yield),
respectively (Scheme 15).
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43 (S)-42b
Q
MeO i E of Zo _KoH _ weo i l OH
MeO OO OH MeOH/dioxane ~ MeO OO OH
44 (R)-42b

Scheme 15. Formation of optically active binaphthols 42b from (S)-(+)-acid 4.

The optical rotations of binaphthols (R)-42b and (S)-42b from (R)-(-)-acid and (S)-
(+)-acid 4 were also exhibited in Table 6.

Table 6. Specific optical rotations of 7,7'-Dimethoxy-[1,1']-binaphthalenyl-2,2'-diols (R)-
42b and (S)-42b, hydrolyzed from (R)-(-)-acid and (S)-(+)-acid 4.

Entry [a]b of binaphthol (R)-42b | [a]o of binaphthol (S)-42b

1.From (R)-(-)-acid | —119.97at25.9°C,c=1.00 | +117.95at25.7°C, c = 1.15

2.From (S)-(+)-acid | —132.44at25.6°C,c=1.20 | +103.57 at25.7 °C, ¢ = 1.10

Based on the CD analysis, the faster moving, less polar isomer 43, suggested (S)-
binaphthol 42b, while binaphthol of the slow moving, more polar isomer 44, has an (R)-

configuration (Figure 16).

85



CD spectra of compounds (R)-42b and (S)-42b
from (S)-(+)- acid 47
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Figure 16. CD spectra of compound (S)-42b and (R)-42b from (S)-(+)-acid 47.

It is clear that (S)-(+)-acid 47 can be used as a chiral derivatizing agent in the same
manner as its corresponding isomer, (R)-(—)-acid, does.

In addition to the CD analysis, compounds with good quality crystals, i.e. 40a, 40b,
40c, 41b and 41c, were then subjected to X-ray diffraction analyses. Molecular structures
were as shown in Figures 17-21. X-ray data clearly confirmed the assignment of absolute

stereochemistry of binaphthols.

Figure 17. X-ray structure of compound (R, R)-40a.
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Figure 18. X-ray structure of compound (R,R)-40b.

Figure 19. X-ray structure of compound (R,S)-41b.

87



Figure 20. X-ray structure of compound (R,R)-40c.

Figure 21. X-ray structure of compound (R,S)-41c.
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It is remarkable that all diastereomers with similar chirality display the same
chromatographic behavior. Thus, not only that the X-ray data provided the absolute
configuration of binaphthol derivatives, but it also displayed the orientation of a-oxa bicyclic
acid group over binaphthol moiety. Models to provide rationalization of this observation were
then constructed, as analogy to the camphanate-binaphthol system.”> Considering the
structure of a-oxa acid-binaphthol derivatives (Figure 22), the orientation of a-oxa acid with
respect to the binaphthol system was determined by the dihedral angles about four single
bonds a, b, ¢, and d. The angles could be defined as follows: a (O=C-Ca-0), b (C2-O—
C=0), ¢ (C1-C2-0-C), and d (C2—C3—C4-C5) and the dihedral angle parameters a, b, c,

and d were then studied from the X-ray analyses and the results were listed in Table 7.

Figure 22. Defined parameters for conformational analysis.

Table 7. Structural parameters for binaphthol-(R)-a-oxa bicyclic acid according to X-ray

Diffraction Analyses.
X-ray
Entry " 5 S .
40a 5.29 —6.16 | —83.85 | —87.19
40b 11.57 | -10.35 | —-88.29 | —102.11
40c 6.10 -11.18 | -92.57 | -96.55
41b -5.39 -2.59 106.16 | 109.95
41c -17.21 | -7.86 102.59 | 110.27
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The preferred conformation of bond a was proposed by Mosher” that the ester
carbonyl and methoxy groups of the mandelic acid moiety lie in the same plane (Figure 23).
The calculations on this mandelate derivative reveal that the mandelic acid moiety is in the
conformation that dihedral angel a (O=C-C,~OCHj3;) is 0°. Because of the high EN of
oxygen, the stereoelectronic effect would present the orientation in the way that the electron
poor (C—0) o bond will align in perpendicular to C—O ©n* bond. Thus C—OMe bond should

either be syn- or antiperiplanar to C=0O group.

OOMe
o H
HaCO 2 O'bor;\d
< X Yo7, =
s\ % Phy =
Q Z
PR"  H Lt % o

Figure 23. The stable conformation of mandelate model.

As expected, bond a in X-ray data shows its angle= 0+17° which greatly resembles
the mandelic ester model.

The preferred conformation of bond ¢ was clearly reported. The carbonyl group of
ester would not lie in the plane of the benzene ring due to the steric repulsion between the
carbonyl oxygen and the phenyl’s C-1 hydrogen. Thus the C=0 of the ester bond, in Figure
40, must point either up, away from the binaphthol moiety (exo), or point down, toward the
aromatic ring (endo). From the X-ray data, the preferred angles of bond ¢ would most likely
be perpendicular to the aromatic plane, being 90+ 16° or —-90+2° (exo).

The ester bond b, in general, is planar and resumes s-trans configuration rather than s-
cis. This can be attributed to the stereoelectronic effect from the lone pair electron of oxygen
ether which is oriented antiperiplanar to the C—O o bond of the carbonyl group. This orbital
can therefore overlap with the antibonding orbital (c*) of the carbonyl, or in other words, the
hyperconjugation between an ether oxygen lone pair and a 6* orbital of the carbonyl group as
shown in Figure 24.%” Thus the dihedral angle b in the binaphthol structure should be 0+5°.
From the X-ray structures, the C=0 bond of diastereomers 40 and 41 would most likely be
planar, being 0+11°.

90



—~ ~— O
© /
R
s-trans S-Cis

(5%
g

Q ’
R———C

ONNE
PN

Figure 24. Favored configuration of ester bond.

For binaphthol derivatives, their structures, especially bond d are not
conformationally rigid. They can therefore exist in both cisoid and transoid conformations.*®
The X-ray crystallographic studies for binaphthol derivatives showed the dihedral angle d in
the range of 96-110° (transoid) except ester 40a displayed the dihedral angle d = 87°
(cisoid).

Apparently X-ray analysis gave information on key dihedral angles on each
binaphthol derivatives. Unlike helicene-camphanate system,'’ this analysis did not provide
sufficient evidence to explain the difference in polarity of each diastereomeric pair. Detailed

molecular structures, derived from the NMR data, implemented with computational

chemistry calculations, are still required.
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Figure Al. "H NMR spectrum of compound 40a.
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Figure A2. '"H NMR spectrum of compound 40b.
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Figure A13. '"H NMR spectrum of compound (R)-42a.
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Part I11. Oxidative photocyclization of diaryl sulfides:

A new approach towards new thiophene-based organic materials

During the study of the preparation of binaphthol derivatives and the synthesis of oxa-
[5]-helicenes, it was found that our chemistry on the acid catalyzed nucleophilic substitution
of phenols could lead to the synthesis of dinapthothiophene derivatives. Thus this part of this
report then described briefly the investigation of this chemistry.

Introduction

Due to the high polarizability of sulfur electron in the thiophene ring which resulting
in the great intermolecular interactions such as Van der Waals interactions, n—m or
sulfur—sulfur interaction, sulfur containing heteroaromatic molecules are of great interest due
to their potential application for organic light emitting diodes (OLEDs)' or organic field-
effect transistors (OFETs).>” For example, thieno[3,2-£4,5-]bis[1] benzothiophene (syn-1)
and thieno[2,3-7:5,4-f'|bis[ 1 ]benzothiophene (anti-1) have recently been characterized as new

P-type organic semiconducting materials for OFETs (Figure 1.}

J X S S
syn-1 anti-1

Figure 1. Thieno[3,2-£:4,5-f"]bis[ 1 ]benzothiophene (syn-1) and Thieno[2,3-£:5,4-f"bis[1]
benzothiophene (anti-1).

Furthermore, the applications of the fused ring thiophene derivatives have been found
in the asymmetric catalysis. Dinaphtho[2,1-b:1',2'-d]thiophene 2, for example, was used as a
precursor for the synthesis of axially chiral binaphthyl derivative 3, a chiral building block

for the catalytic asymmetric reactions (Scheme 1).**
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Scheme 1. Dinaphthothiophene 2 and its Nickel-catalyzed asymmetric Grignard cross-
coupling to form axially chiral binaphthyl ligand 3.

Accordingly, it is of great interest to study the synthesis of fused ring thiophene
derivatives, such as dinaphthothiophene 2. Previous reports described many procedures for
the synthesis of dinaphthothiophene 2. For example, Tedjamulia and co-workers reported that
iodine-catalyzed oxidative photocyclization of 2-styrylnaphtho[2,1-b]thiophene 5 in the
presence of iodine in cyclohexane for 4 hours provided dinaphtho[2,1-b:1',2"-d]-thiophene 2
in 45% yield (Scheme 2).”

oy L, CO
av

cyclohexane 4 h.

o

2
45 %

Scheme 2. lodine-catalyzed oxidative photocyclization of stilbene analogue compound 5.
Later, Fabbri and co-workers reported the preparation of enantiomerically pure (R)-
1,1'-binapythyl-2,2'-dithiol 9 from (R)-1,1'-binaphthalene-2,2'-diol 6 via Newman-Kwart

rearrangement (Scheme 3).® Thermal rearrangement of (R)-thiocarbamate 7 provided the

product (R)-8 in 70% yield and also dinaphthothiophene 2 in 20% yield.*’
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rearrangement
(R)-7 (R)-8 2
70 % 20 %

Scheme 3. Newman-Kwart rearrangement of (R)-7.

In 1999, Imamura and co-workers reported an application of the flash vacuum
pyrolysis to synthesize sulfur containing heteroaromatic system.'’ Pyrolysis of bis-ethynyl
thiophene 10 could afford not only the desired compound 2 but also the fused compound 11
(Scheme 4).

o el ®
\ / 800 °C, 0.01 Torr ‘
> S + S
2 1
50 % 1%

10

Scheme 4. Flash Vacuum Pyrolysis (FVP) of compound 10.

The methodology was inspired by the work of Zeller, et al. which reported that

diphenyl sulfide 12 could undergo oxidative photocyclization in the presence of iodine to
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yield dibenzothiophene 13."" The mechanism of this photocyclization was proposed to occur
via the electrocyclic ring closure of diphenyl sulfide 12 followed by oxidation of cyclic

intermediate 14 by iodine to provide dibenzothiophene 13 and hydrogen iodide (HI) as a by-
product (Scheme 5)."!

S
S hV, |2 o
cyclohexane Q O

12 13 54 %

hv

-2HI

electrocyclic
ring closure Cg)
H H

14

Scheme 5. Todine-catalyzed oxidative photocyclization of diphenyl sulfide 12.

Accordingly, this oxidative photocyclization of diphenyl sulfide 12'' could be an

alternative approach for the synthesis of dinaphthothiophene 2 and its derivatives.
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Results

The structure and our retrosynthetic strategy of dinaphtho[2,1-b:1',2'-d]thiophene 2 is

as shown below (Scheme 6).

R Mg

Scheme 6. The structure and retrosynthetic analysis of dinaphthothiophene 2.

Disconnection at the C1-C1' bond of dinaphthothiophene 2 indicated that the possible
precursor for the oxidative photocyclization could be dinaphthyl sulfide 15 which could be
synthesized from 2-naphthol 16 and 2-naphthalenethiol 17 through the acid-mediated

nucleophilic aromatic substitution.

v

Lo

16 toluene propylene oxider S
+ reflux 2 h. cyclohexane O
SoN
2
17 97 % 79-86 %

48-92 % conversion

Scheme 7. The novel synthetic route of dinaphthothiophene 2.

Thus, as shown in Scheme 7, treatment of 2-naphthol 16 with 2-naphthalenethiol 17
in the presence of p-TsOH under refluxing toluene for 2 hours gave the desired dinaphthyl
sulfide 15 in 97% yield."> The next step of this synthetic route is the iodine-catalyzed
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oxidative photocyclization reaction.'"® The solution of disulfide 15, iodine and propylene
oxide in cyclohexane was purged with argon gas and irradiated in a photochemical reactor
with Hanovia 450 watt medium pressure mercury lamp to provide dinaphthothiophene 2 in
79-86% yield (48-92% conversion). Conditions for the oxidative photocyclization process,

%conversions and %yields were as summarized in Table 1.

Table 1. Iodine-catalyzed oxidative photocyclization of dinaphthothiophene 2 in various

conditions.

Entry (m-:-rilrStees) (ec;Si?/gint) (ec?uri(\)/g)llgt]?ooi)ggiie) Yeconversion | %%yield
1 10 1.0 10.0 48 79
2 20 1.0 10.0 80 83
3 30 1.0 10.0 87 85
4 40 1.0 10.0 89 84
5 60 1.0 10.0 88 86
6 30 0.8 10.0 86 82
7 30 1.2 10.0 01 85
8 30 15 10.0 92 84
9 30 1.2 0.0 80 81
10 30 12 5.0 90 85

Accordingly, the optimal condition for the iodine-catalyzed oxidative
photocyclization of dinaphthyl sulfide 15 could be deduced. The reaction could be carried
out in the presence of 1.2 equivalent of iodine and excess propylene oxide in cyclohexane
under a stream of argon gas for 30 minutes (Entry 7).

The mechanism of the reaction was assumed to be similar to that reported by Zeller
(Scheme 8).'" Sulfide 15 underwent electrocyclic ring closure to provide the cyclic

intermediate 18 which was then oxidized by iodine to give dinaphthothiophene 2 along with
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HI as a by-product. Propylene oxide was used to consume hydrogen iodide (HI) that was

formed in the reaction.

S —>
'{ electrocyclic

ring closure
15

. S

— S
-2HlI
oxidation CO

2

Scheme 8. The mechanism of oxidative photocyclizaion of dinaphthothiophene 2.

Later, the oxidative photocyclization procedure was applied for the synthesis of other
dinaphthothiophene derivatives 19, 20 and 21 in 84%, 83% and 80% yields, respectively
(Figure 2).

OMe Meoolvle MeO OMe
oY oY oV

84 % 83 % 80 %

Figure 2. Oxidative photocyclizaion products 19, 20 and 21.

Furthermore, the oxidative photocyclization would also be used in the synthesis of a
more complex skeleton such as compound 24. Indeed, the acid-mediated nucleophilic
aromatic substitution of 2,3-dihydroxynaphthalene 22 with 2-naphthalenethiol 17 in refluxing
toluene provided disulfide compound 23 in 87% yield. The oxidative photocyclization of 23
then yielded compound 24 in 83% yield (Scheme 9).
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17 Q
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Scheme 9. The synthetic route of M-like molecule 24.

Structure of 24 could be recrystallized from CH,Cl, : MeOH providing a yellow
needle crystal and its X-ray analysis was shown below (Figure 3). Detailed investigation of

this molecule as a new type of organic materials is currently in progress.

Figure 3. X-ray structure of M-like molecule 24.

In conclusion, an alternative, highly efficient synthesis of dinaphthothiophene 2 and

its analogues was achieved by using the oxidative photocyclization reaction as the key step.'*
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A short and efficient synthesis of dinaphthothiophene and its derivatives was achieved by employing oxi-
dative photocyclization of the corresponding dinaphthyl sulfides as a key step.
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1. Introduction

Dinaphthothiophene 1 can be classified as a sulfur-containing
heteroaromatic system with a unique structure. Despite its helical
structure, the molecule does not exhibit optical activity due to ra-
pid racemization at ambient temperature.”? The molecule has re-
ceived much attention recently due to its potential as a precursor
for the synthesis of axially chiral binaphthyl derivatives, which
are effective chiral building blocks in asymmetric reactions.?>

A number of dinaphthothiophene syntheses have been reported
in the literature as outlined in Scheme 1. For example, in chrono-
logical order, Tominaga and co-workers reported the synthesis of
dinaphthothiophene derivatives via the photocyclization of 2.# La-
ter Murata et al. reported that the reaction between the lithiated
binaphthyl 3 and sulfur provided dinaphthothiophene 1 in 19%
yield.> De Lucchi et al.° and Smith et al.” reported the application
of the Newman-Kwart thermal rearrangement of the dimethyl-
thiocarbamate of binaphthol 4 to provide the desired product 1.
This approach was later improved by Hayashi and co-workers
and the yield was increased to 68%.> In 1999, Otsubo and co-work-
ers® reported an approach via the flash vacuum pyrolysis of diethy-
nyl thiophene 5. Finally, Matzger and co-workers® employed a
cascade Bergman cyclization of 6 to furnish dinaphthothiophene
1 in trace amount.

Our research focuses on the development of new methodology
towards helical conjugated structures.'® Interestingly, it was re-
ported, by Zeller and Petersen,!! that the oxidative photocycliza-
tion of diphenyl sulfide could lead to dibenzothiophene. It was
envisioned that such an approach could be applied for the direct
synthesis of dinaphthothiophene 1. Retrosynthetic disconnection
at the C1-C1’ bond of dinaphthothiophene suggested that the pre-
cursor for photochemical reaction could be dinaphthyl sulfide 7
which could be derived straightforwardly from the acid-mediated

* Corresponding author. Tel./fax: +66 2 201 5139.
E-mail address: tettp@mahidol.ac.th (T. Thongpanchang).

0040-4039/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Scheme 1. Reported syntheses of dinaphthothiophene 1.

nucleophilic aromatic substitution between 2-naphthol 8 and 2-
naphthalenethiol 9 (Scheme 2).

2. Result and discussion

The reaction of 2-naphthol 8 and 2-naphthalenethiol 9 was thus
carried out in the presence of p-TsOH in refluxing toluene for 2 h to pro-
vide the desired dinaphthyl sulfide 7 in 97% yield. The sulfide 7 was
then subjected to oxidative photocyclization in the presence of I, and
propylene oxide (PO), Scheme 3.'"!3> Conditions for the oxidative
photo-cyclization process and yields are summarized in Table 1.
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Scheme 2. Retrosynthetic analysis of dinaphthothiophene 1.

L, 0
8 p-TsOH hv
+ N S — S
) 90 96
9 7

1

H Toluene, reflux

97% 79-86%

Scheme 3. Synthesis of dinaphthothiophene 1.
Table 1

Conditions and yields of the oxidative photocyclization reaction of dinaphthyl sulfide
76

Entry Time (min) I, (equiv) PO (equiv to 1) Yield % (conversion %)°
1 10 1.0 10.0 79 (48)
2 20 1.0 10.0 83 (78)
3 30 1.0 10.0 85 (87)
4 40 1.0 10.0 84 (89)
5 60 1.0 10.0 86 (88)
6 30 0.8 10.0 82 (86)
7 30 1.2 10.0 85 (91)
8 30 1.5 10.0 84 (92)
9 30 1.2 0.0 81 (80)

10 30 1.2 5.0 85 (90)

2 The reaction was conducted in a 1 L Hanovia 450 W medium pressure Hg lamp
photochemical reactor. All experiments were performed on 1 mmol scale at a
concentration of 1 mM.

> The % conversion refers to the percentage of reacted starting material; the %
yield refers to the percentage of the product from the reacted starting material.

It was found that a stoichiometric amount of I, was required for
the reaction. On 1 mmol scale, the appropriate reaction time was
30 min. A shorter reaction time led to a decreased percent conver-
sion whilst prolonged irradiation did not increase the yield and %
conversion, but did result in the formation of a brownish stain
on the surface of the quartz tube and reactor. Addition of propylene
oxide did not significantly improve the percent yield and conver-
sion, but it did influence the purity of the crude product.

o0, L, [ ] CC
“

—_— S
OO 90
Scheme 4. Mechanism of the oxidative photocyclization.

1

The mechanism of the reaction is proposed to be similar to that
reported by Zeller and Petersen!! (Scheme 4). Electrocyclic ring
closure of dinaphthyl sulfide 7 provided the cyclic intermediate
10 which, upon reaction with I,, yielded the dinaphthothiophene
1. Propylene oxide served as a HI-quencher.'® The decreased extent
of aromatic energy in naphthalene is believed to facilitate the
photo-electrocyclic process and this provides a rationalization for
the better yield and higher conversion when compared to the reac-
tion of diphenyl sulfide.

This oxidative photocyclization was a very efficient and conve-
nient procedure for the construction of other dinaphthothiophene
derivatives. For example, compounds 11, 12 and 13 could be pre-
pared by photocyclization of their corresponding dinaphthyl sul-
fides in 84%, 83% and 80% yields, respectively.

o o,
H,CO
S S S

84% 83% 80%

OH s h S
“ OO — 1
p-TsOH, I2
Tquene reflux l l /S o , l ! S

15 16

Scheme 5. Two-step synthesis of 16.

Figure 1. ORTEP diagram of compound 16.
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Compounds with complicated skeletons, such as 16, could also
be accessed via this oxidative photocyclization method. Indeed,
treatment of 2,3-naphthalenediol 14 with 2-naphthalenethiol 9
in refluxing toluene in the presence of p-TsOH yielded 15 (87%),
which upon oxidative photocyclization by the aforementioned pro-
cedure provided 16 in 83% yield (Scheme 5).

X-ray analysis of compound 16'* (Fig. 1) revealed an interesting
structural feature where the product adopted a conformation that
possessed a plane of symmetry, rather than a C,-axis. A detailed
investigation of this molecule as a new type of organic material
is currently in progress.

In conclusion, an alternative synthesis of dinaphthothiophene
has been described. The method is highly efficient and can be ap-
plied to the synthesis of a variety of dinaphthothiophene
derivatives.

3. General procedures'®
3.1. Synthesis of dinaphthyl sulfide 7

A solution of 2-naphthol 8 (1.24 g, 8.60 mmol) and 2-napht-
halenethiol 9 (2.07 g, 12.90 mmol) in the presence of p-TsOH
(1.64 g, 8.60 mmol) was refluxed in toluene for 2 h. The reaction
was cooled down and then quenched with saturated NaHCO5 solu-
tion. The mixture was then extracted with CH,Cl, (3 times), and
the combined organic extracts were washed with H,0, dried over
Na,SO4 and then evaporated to dryness. The crude product was
purified by column chromatography (SiO,, hexane as eluent) to
yield dinaphthyl sulfide 7 (2.39 g, 97% yield).

3.2. Oxidative photocyclization of diaryl sulfide: synthesis of
dinaphthothiophene 1

A solution of dinaphthyl sulfide 7 (300 mg, 1.05 mmol) and I,
(320 mg, 1.26 mmol) in cyclohexane (1000 mL) was charged into
a 1 L Hanovia photochemical reactor equipped with a 450 W med-
ium pressure Hg lamp. The solution was purged with argon for
20 min. Then, propylene oxide (366 mg, 0.44 mL, 6.30 mmol) was
added and the solution was irradiated for 30 min. Upon comple-
tion, the solution was evaporated to dryness and the crude product
was subjected to column chromatography (SiO,, hexane as eluent)
to yield dinaphthothiophene 1 (228 mg, 85% yield, 90%
conversion).
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Compound characterization: Dinaphthy! sulfide 7: '"H NMR (300 MHz, CDCls, §/
ppm): 7.48-7.55 (m, 6H, Ar-H); 7.76-7.78 (m, 6H, Ar-H); 7.94 (br s, 2H, Ar-H).
13C NMR (75 MHz, CDCls, 6/ppm): 133.8, 133.1, 132.3, 129.8, 128.9, 128.7,
127.7, 127.4, 126.6, 126.2. MS (EI [70 eV], m/z (%)): 286 (100) [M*]; 252 (34)
[{M—H,S}"]. CHN: Required for C,oH14S: C, 83.88; H, 4.93. Found: C, 83.72; H,
4.53. Melting point 157-160 °C.

Dinaphthothiophene 1: 'H NMR (300 MHz, CDCls, §/ppm): 7.60 (m, 4H, Ar-H);
7.95 (d,] = 8.6 Hz, 2H, Ar-H); 7.99 (d, ] = 8.6 Hz, 2H, Ar-H); 8.06 (m, 2H, Ar-H);
8.90 (m, 2H, Ar-H). '3C NMR (75 MHz, CDCls, §/ppm): 138.5, 132.1, 131.4,
129.9, 128.6, 127.4, 126.1, 125.2, 124.8, 120.8. MS (EI [70 eV], m/z (%)): 284
(72) [M"]. CHN: Required for CyoH;,S: C, 84.47; H, 4.25. Found: C, 84.92; H,
4.18. Melting point 213-216 °C.

6-Methoxy-dinaphthothiophene 11: 'H NMR (300 MHz, CDCls, §/ppm): 4.20 (s,
3H, OCHs); 7.26 (s, 1H, Ar-H); 7.47 (m, 1H, Ar-H); 7.54-7.62 (m, 3H, Ar-H);
7.93-8.07 (m, 4H, Ar-H); 8.85-8.94 (m, 2H, Ar-H). '*C NMR (75 MHz, CDCls, 5/
ppm): 152.5,139.0, 134.1, 133.4,132.2, 131.7, 131.6, 130.0, 128.6, 127.6, 127 4,
126.2, 126.0, 125.9, 125.5, 125.2, 124.8, 122.5, 121.1, 103.5, 55.9. MS (EI
[70eV], m/z (%)): 314 (100) [M*]; 282 (60) [{M-CH30H}"]. CHN: Required
for C,1H140S: C, 80.22; H, 4.49. Found: C, 80.57; H, 4.41. Melting point 190-
192 °C.

3,6-Dimethoxy-dinaphthothiophene 12: 'H NMR (300 MHz, CDCls, §/ppm): 4.02
(s, 3H, OCHs); 4.17 (s, 3H, OCH3); 7.12 (dd, ] = 2.69, 9.21 Hz, 1H, Ar-H); 7.18 (s,
1H, Ar-H); 7.33 (d, J=2.65, 1H, Ar-H); 7.56-7.62 (m, 2H, Ar-H); 7.93 (d,
J=8.65Hz, 1H, Ar-H); 7.98 (d, ] = 8.64 Hz, 1H, Ar-H); 8.04 (m, 1H, Ar-H); 8.77
(d, J=9.21 Hz, 1H, Ar-H); 8.89 (m, 1H, Ar-H). '*C NMR (75 MHz, CDCls, 6/
ppm): 157.4,153.1,139.0, 135.7, 133.5, 132.1, 131.5, 130.3, 129.2, 128.6, 127.5,
127.3,126.0, 125.1, 124.8, 121.1, 120.9, 113.4, 107.2, 103.1, 55.9, 55.4. MS (EI
[70 eV], m/z (%)): 344 (100) [M*]; 312 (20) [{M-H30H}"]. CHN: Required
for CyH160,S: C,76.72; H,4.68. Found: C, 76.97; H, 4.65. Melting point 213-
216 °C.

2,6-Dimethoxy-dinaphthothiophene 13: '"H NMR (300 MHz, CDCl5, 5/ppm): 3.89
(s, 3H, OCH3); 4.17 (s, 3H, OCH3); 7.23-7.26 (m, 2H, Ar-H); 7.58-7.62 (m, 2H,
Ar-H); 7.87 (d, J=8.88Hz, 1H, Ar-H); 7.94-8.08 (m, 3H, Ar-H); 8.18 (d,
J=2.27 Hz, 1H, Ar-H); 8.92 (m, 1H, Ar-H). '*C NMR (75 MHz, CDCls, é/ppm):
155.4, 151.0, 138.9, 132.5, 132.2, 132.0, 131.6, 129.7, 129.0, 128.7 (2C), 127.2,
126.7,126.6, 125.2,124.3,121.1, 117.3, 106.6, 103.6, 55.9, 55.4. MS (EI [70 eV],
mfz (%)): 344 (100) [M*]. CHN: Required for CyH;60,S: C, 76.72; H, 4.68.
Found: C, 76.38; H, 4.57. Melting point 184-186 °C.

2,3-Dinaphthyl disulfide 15: "H NMR (300 MHz, CDCls, §/ppm): 7.43 (m, 2H, Ar—
H); 7.48-7.55 (m, 6H, Ar-H); 7.64 (m, 2H, Ar-H); 7.74-7.80 (m, 4H, Ar-H);
7.83-7.88 (m, 4H, Ar-H); 7.93 (br s, 2H, Ar-H). '3C NMR (75 MHz, CDCls, 6/
ppm): 135.3,134.0, 132.8, 132.5, 132.2, 130.9, 130.6, 129.0, 128.9, 127.8, 127.5,
127.1, 126.5, 126.3. MS (EI [70 eV], m/z (%)): 444 (75) [M*]; 284 (100) [{M-
C10HgS}']. CHN: Required for C3oHyS: C, 81.04; H, 4.53. Found: C, 80.46; H,
4.52. Melting point 122-125 °C.

Compound 16: 'H NMR (300 MHz, CDCls, §/ppm): 7.57 (m, 2H, Ar-H); 7.65 (m,
4H, Ar-H); 7.98 (d, J = 8.68 Hz, 2H, Ar-H); 8.03 (d, J = 8.63 Hz, 2H, Ar-H); 8.09
(m, 2H, Ar-H); 8.98 (m, 2H, Ar-H); 9.05 (m, 2H, Ar-H). '*C NMR (75 MHz,
CDCls, 6/ppm): 137.9, 133.3, 132.3, 131.7, 131.6, 129.7, 129.3, 128.8, 127.5,
126.4, 126.1, 125.5, 125.3, 124.7, 120.9. MS (EI [70 eV], m/z (%)): 440 (100)
[M*]. CHN: Required for C3oH16S,: C, 81.78; H, 3.66. Found: C, 81.91; H, 3.55.
Melting point 316-318 °C.
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The chemistry of oxiranyl remote anions derived from o,B-epoxypyridines is investigated. Deprotonation
of o,B-epoxy pyridines at the B-position and reactions of the corresponding anions with a variety of
electrophiles are found to be highly regioselective, possibly as a consequence of stabilization from the
chelation between lithium and the pyridine moiety in the form of a five-membered cyclic intermediate.

© 2009 Elsevier Ltd. All rights reserved.

The chemistry of oxiranyl remote anions, although in its early
stage, has received significant attention due to unique and fasci-
nating chemical characteristics and its high potential as a new
approach towards substituted epoxides, which are key precursors
in natural products synthesis.!”? As revealed in the literature, the
generation of oxiranyl remote anions and their reactions can be
exemplified as shown in Scheme 1. It was suggested that the stabil-
ity of the anions could be promoted by chelation between lithium
and the carbonyl oxygen of ketone 2,2 ester 4,! lactone or imide 6,*
or the nitrogen of oxazoline 8.2 These groups apparently used lone
pair electrons to promote anion stabilization via chelation.

Pyridine is a fundamentally important heterocyclic aromatic
compound which has been used as a directing group in coordina-
tion chemistry.® In principle, the pyridyl group attached to an
epoxide would also serve as a lithium-chelator and thus stabilize
the oxiranyl remote anion 10 (Scheme 1). To further extend the
chemistry and synthetic utility of the oxiranyl remote anion inter-
mediates, we report here our investigations on the pyridine stabi-
lized oxiranyl remote anion and its reactions with electrophiles.

In analogy to compound 1, epoxypyridine 9 in which the stabi-
lizing group is pyridine instead of a ketone was prepared following
the reaction summarized in Scheme 2. Treatment of 2-picoline 11
with n-BuLi then with PhCHO gave, after dehydration, alkene 13.
Two-step epoxidation of 13 with NBS in dioxane-H,0 (2:1), fol-
lowed by base-induced epoxide ring closure gave the desired prod-
uct 9.

Treatment of epoxypyridine 9 with lithium 2,2,6,6-tetrame-
thylpiperidide (LTMP) in the presence of a variety of electrophiles,
including TMSCI, Etl, MeCOMe, MeCONMe, and cyclohexanone,
gave the substituted products 14a-e in moderate® to good yields
as shown in Table 1. The regiochemistry of the substituted
products 14, wherein Hy was abstracted and replaced by an elec-

* Corresponding author. Tel./fax:+66 2 201 5139.
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trophile, could be deduced by HMBC in which the key correlations
were those between Hy and pyridine carbons C3, C4 and C5 (Fig. 1).

In principle, two major factors that govern the regioselectivity
of the deprotonation could be envisioned; (i) a-stabilization from
the phenyl group’ and/or (ii) p-stabilization through coordination
between the pyridine nitrogen and lithium in the form of a five-
membered cyclic chelate (intermediate 10, Scheme 1). To substan-
tiate the significance of each factor, the chemistry of the oxiranyl
remote anion derived from epoxypyridine 15 of which the phenyl
group was relocated to the a-position of the epoxypyridine was
investigated.

Epoxypyridine 15 could be prepared straightforwardly via the
Corey-Chaykovsky reaction between 2-benzoylpyridine and trim-
ethylsulfoxonium iodide.® Treatment of epoxy-pyridine 15 with
LTMP in the presence of a variety of electrophiles including TMSCI,
PhCOPh, MeCOMe and CICO,Et yielded substituted products 16a-d
as summarized in Table 2.

Interestingly, the reaction provided the products in which the
substituents were oriented regioselectively syn to the pyridine
group as confirmed by NOESY experiments (Fig. 2). For example,
in the case of 16a, correlations between a methyl of the TMS group
and H, and H;, of the pyridine ring as well as between Hy and Hp of
the phenyl ring were observed. Moreover, the observation of the
disubstituted product 16d, entry 4, could be rationalized consider-
ing that the first deprotonation-substitution occurred at Hy (via
the B-anion, governed by the pyridine moiety), followed by depro-
tonation-substitution at Hy (via the o-anion of the ester group).

The regiochemical outcomes of the aforementioned reactions
unambiguously demonstrate the significance of the chelation
effect from pyridine in the induction of the regioselectivity of
B-deprotonation. However, the decrease in yield compared between
the reaction of compounds 9 (Table 1)and 15 (Table 2)also alludes to
participation in anion stabilization of the phenyl group.

To establish that the regioselectivity of deprotonation in 9 was
indeed a consequence of the stabilization effect from pyridine
through chelation, cis-epoxide 20 was prepared. As shown in
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Scheme 1. Formation of remote stabilized oxiranyl anions.

Scheme 3, Wittig reaction of 18 with 2-pyridinecarboxaldehyde
yielded cis-adduct 19 in 64% yield. Alkene 19 was then subjected
to epoxidation with NBS, dioxane-H,O (2:1) and finally, base-cata-
lyzed epoxide ring closure, to afford the desired product 20 in 33%
yield.

Treatment of epoxide 20 with LTMP and then quenching with
CD30D yielded ketone 21 exclusively, without any deuterium
incorporation (Scheme 4). The regiochemistry of the product was
assigned by HMBC experiments of which correlations between
the o-methylene proton and the phenyl carbons were observed
exclusively (Fig. 3).

Formation of 21 could take place via a mechanism similar to
that reported by Hodgson et al.® as shown in Scheme 5. In this
case, due to the diminishing chelation by the pyridine moiety,
the regioselectivity of the deprotonation was thus influenced by
the acidity of protons Hy and H,. Because of its greater acidity,'°
proton abstraction from epoxide 20 occurred at the a-position to
the pyridine group (Hy-abstraction). The lithiated species then
directed the addition of LTMP to the epoxide regioselectively at
the carbon adjacent to the pyridine group, leading to the epoxide
ring opening to afford dianion 22. Elimination of Li,O from dianion
22 gave enamine 23. Upon normal work-up, ketone 21, in which
the carbonyl group is adjacent to the pyridine group was thus
obtained. This finding confirmed that the highly regioselective

1. n-BuLi/-78 “Cto 0 °C | N OH
® ih . W
~ r o
N™ "CH3 2. PhCHO/-78 °C/5h
1 12 (66%)

p-TsOH/ toluene

reflux/ 6 h
1. NBS/ dioxane-H,0/
rt/ 15 h | N H
< P
2.1 N NaOH/ i-PrOH/ N
/5h H
9 (59%) 13 (96%)

Scheme 2. Preparation of epoxypyridine 9.

deprotonation at Hy of epoxypyridine 9 was the result of the
chelation effect from the pyridine and lithium in the form of
five-membered cyclic intermediate, instead of the acidity of
protons Hy or Hy.

Table 1
Lithiation and substitution reactions of o,p-epoxypyridine 9
® ®
N/ Hy 3 eq LTMP/ 3.6 eq electrophile N/ gy
Hy THF/-78 °C/5h E
9 14a-14e
Entry Electrophile Product (%yield)
| X
N7 eH 14a (94)
1 TMSCI (0)
T™MS
N
I At
2 El 0 14b (44)
Et
X
I At
B MeCOMe HO (0] 14c (55)
Me Me
X
L
4 MeCONMe, N To 14d (56)
Me
(0}
N
LA n
5 Cyclohexanone HO. O 14e (67)
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14a

Figure 1. Key HMBC correlations in compound 14a.

Table 2
Lithiation and substitution reactions of o,p-epoxypyridine 15
® ®
NG 3 eq LTMP/ 3.6 eq electrophile NG
(0] - (0]
H ™ Hy THF/-78 °C/5h E7 THy
15 16a-16d
Entry Electrophile Product (%yield)
| S
1 TMSCI N7
0 16a (73)
TMS H
X
I e
2 PhCOPh
HO (o) 16b  (77)
Ph Ph
X
|
3 MeCOMe N" o 16c  (29)
HO.
Me’ H
Me
X
L
4 CICO,Et N - 16d  (16)
Et0,C~ “CO,Et

Figure 2. Key NOE correlations in compound 16a.

In conclusion, this investigation has described the highly
regioselective formation of oxiranyl remote anions derived from
o,B-epoxypyridines. It was also found that the stabilization from
the chelation between the lithium and the pyridine moiety in the
form of a five-membered cyclic intermediate played a key role in
the regioselectivity. In addition, the phenyl group at the B-position
of the o,B-epoxypyridine could also facilitate the formation of the
oxiranyl anion, thus enhancing the yields of the substituted
products.

General procedure for lithiation and substitution reactions of o, -
epoxypyridine 9. To a solution of LTMP (1.52 mmol, generated
in situ from n-BuLi (1.33 N in hexanes, 1.14 mL, 1.52 mmol) and

® [S) n-BuLi O
PhyPCH,PhBr ——— | PhsPCHPh
78 “Ctort/ 1h
17 18
AN
| _
N” “CHO
78 Ctort/5 h
BN AN
| I 4 1.NBS/ dioxane-H,0/ L 4
N o /15 h N
H 2 1 NNaOH/ i-PrOH/ H
W5 h
20 (33%) 19 (64%)

Scheme 3. Preparation of epoxypyridine 20.

| N
p Hy
N o 1. LTMP/ -78 °C/ 30 min | N
T Z
Hx 2 cp,op/-78 °ci5h N
o)
20 21 (75%)

Scheme 4. Deprotonation of epoxypyridine 20 with LTMP.

B SN TMP
NG (")'v LTMP/ -78 °C N
H, 30 min H,y
OLi
20 22
N Li,0
T™P = T
B
D A _vp
~
N work-up |
o}
21 23

Scheme 5. Proposed mechanism for the generation of ketone 21.

2,2,6,6-tetramethylpiperidine (0.32mL, 1.90 mmol) in THF
(7 mL)) was added a solution of trans-2-(3-phenyloxiran-2-yl)pyr-
idine 9 (100.0 mg, 0.51 mmol) and freshly distilled trimethylsilyl
chloride (0.23 mL, 1.82 mmol) in THF (3 mL) at —78 °C. The reac-
tion mixture was stirred at —78 °C for 5 h before quenching with
saturated ammonium chloride solution. The crude mixture was
extracted with 20 mL CH,Cl, thrice and the combined organic layer
was washed with H,0, dried over Na,SO4 and the mixture was
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evaporated to dryness. Purification by preparative thin layer chro-
matography (SiO,; 5% EtOAc/hexane) gave 2-(3-phenyl-3-(tri-
methylsilyl)oxiran-2-yl)pyridine 14a (129.5 mg, 0.48 mmol, 94%
yield) as a white solid. mp 48-51 °C. 'TH NMR (300 MHz, CDCl5):
6 —0.10 (s, 9H, Si(CHs)3), 4.24 (s, 1H, Hy), 7.32-7.39 (m, 2H,
1ArH, Hp), 7.42-7.47 (m, 2H, 2ArH), 7.53-7.59 (m, 3H, 2ArH, Hq),
7.80 (td, J=7.68, 1.46 Hz, 1H, H,), 8.74 (d, J=4.87 Hz, 1H, H,);
13C NMR (75 MHz, CDCl;): 6 —2.0, 63.2, 65.5, 121.6, 122.6, 126.0,
126.5, 128.0, 136.1, 142.7, 148.9, 156.9; IR (cm™'): 3057, 3023,
2900, 1590, 1568, 1494, 1471, 1446, 1432, 1247, 839, 776, 755,
703; exact mass: m/z [M+H"] found 270.1141.
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