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A series of original atropisomeric iminothiazolines1 in which X ) OH or (and) Y) OH were prepared
from the corresponding methoxy precursors. The resolution of the atropisomeric enantiomers on chiral
support is reported, and the barriers to enantiomerization are given. These barriers were determined either
by off-line racemization studies or by treatment of the plateau-shape chromatogram during chromatography
on chiral support. When X) OH, the barriers are quite low due to the development of a hydrogen bond
between the proton of the OH group and the nitrogen of the imino group. For these compounds, plateau
shape chromatograms were obtained during HPLC on chiral support. DFT calculations confirmed the
occurrence of hydrogen bonding all along the rotation process and produced calculated barriers in close
agreement with the experimental data. Compound1i (OH, OH) in which both X and Y are hydroxy
groups was particularly easy to prepare by demethylation with BBr3 of the dimethoxy precursor. Since
the above-mentioned precursor is readily available fromN,N′-bis(2-methoxyphenyl)thiourea and
1-chloropropan-2-one,1i (OH, OH) is a good candidate for further functionalization. Atropisomerism in
a 12-membered bridged bisether prepared from1i (OH, OH) is reported as an illustrating example.

Introduction

Atropisomerism about theN-aryl bond has been the focus of
considerable interest during the last two decades.1-5 These
studies were highly facilitated thanks to the development of
liquid chromatography on chiral support during the same period.
Particularly interesting are the cases in which the nitrogen atom
of the N-aryl bond belongs to an amide, a carbamate, or their
thio analogues. The nitrogen atom may either be included in a
five-6 or six-membered heterocyclic framework7 or belong to
open chain analogues.8,9 The aryl group bears an ortho-

substituent such as an alkyl, halogen, or methoxy group in order
to fill the steric gap required to yield atropisomerism. To the
best of our knowledge, very little attention has been paid to
N-aryl ortho-substituents such as hydroxy or amino groups.10

Atropisomerism inN-(2-hydroxy or 2-aminophenyl)thiazoline-
2-(thi)ones has recently been reported.11
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SCHEME 1. General Structure of
2-Arylimino-3-arylthiazoline Derivatives
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2-Arylimino-N-arylthiazoline derivatives1 are accessible
thanks to a single-step reaction between a halogeno-ketone and
an N,N′-diarylthiourea. This simple reaction involving readily
available starting materials offers a large source of molecular
diversity. When X and (or) Y are hydroxy groups,1 may
constitute an original framework (Scheme 1) in which, in
addition to the highly basic nitrogen atom of the imino group,
one or two oxygen binding sites are organized in a spatial
arrangement suitable for binding. Ortho-substitution on the
heterocyclicN-aryl group may lead to atropisomerism, and thus
iminothiazolines1 in which X and (or) Y are hydroxy groups
might afford a chiral ligand.12 Very little is known about
atropisomerism in 2-arylimino-3-arylthiazoline derivatives. Lim-
ited information came from our previous paper which described
the synthesis, the resolution on chiral support, and the stereo-
dynamics of1a (X ) Y ) Me), 1b (MeO, Me),1c (Me, MeO),
and1d (MeO, MeO).13

A study has appeared recently which focuses on atropisom-
erism in a 2-arylimino-3-arylthiazolidine-4-one series. In that
series, the substituents situated in the ortho-position of the
rotating phenyl group were chlorine, methoxy, or methyl
groups.14

We were interested in the transformation of the methoxy
group into a hydroxy group in1b (MeO, Me),1c (Me, MeO),
and1d (MeO, MeO) to produce better binding sites.1b (MeO,

Me) and1c (Me, MeO) gave1e (OH, Me) and1f (Me, OH)
respectively.1d (MeO, MeO) afforded1g (MeO, OH),1h (OH,
MeO), and1i (OH, OH) in different ratios depending on the
selectivity of the transformation. We report here the synthesis,
resolution on chiral support, and stereodynamics of a focused
series of atropisomeric iminothiazolines1e-i (Scheme 2).
Compound1i (OH, OH) was used to prepare the cyclic ether
1j (OCH2CH2CH2O).

Results

Synthesis.We have previously described the synthesis of1a
(Me, Me),1b (MeO, Me),1c (Me, MeO), and1d (MeO, MeO).
Iminothiazolines1a (Me, Me) and1d (MeO, MeO) were issued
from the respective symmetrical thioureas and were thus
obtained as single compounds. Access to1b (MeO, Me) and
1c (Me, MeO) required chromatographic separation since they
were simultaneously obtained when dis-symmetricalN-(2-
methoxyphenyl)-N′-(2-methylphenyl)thiourea was reacted with
1-chloropropan-2-one.13 Access to iminothiazolines1e-i was
designed through demethylation of the methoxy analogues.

(1) (a) Mintas, M.; Orhanovic, Z.; Jakopcic, K.; Koller, H.; Sthu¨ler, G.;
Mannschreck, A.Tetrahedron1985, 41, 229-233. (b) Vorkapic-Furac, J.;
Mintas, M.; Burgemeister, T.; Mannschreck, A.J. Chem. Soc., Perkin Trans.
2 1989, 713-717. (c) Vorkapic-Furac, J.; Mintas, M.; Kastner, T.;
Mannschreck, A.J. Heterocycl. Chem.1992, 29, 327-333. (d) Bringmann,
G.; Tasler, S.; Endress, H.; Kraus, J.; Messer, K.; Wohlfarth, M.; Lobin,
W. J. Am. Chem. Soc.2001, 123, 2703-2711. (e) Kamikawa, K.; Kinoshita,
S.; Matsuzaka, H.; Uemura, M.Org. Lett. 2006, 8, 1097-1100. (f)
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1037-1040.

(2) (a) Shinkai, S.; Nakao, H.; Kuwahara, I.; Miyamoto, M.; Yamaguchi,
T.; Manabe, O.J. Chem. Soc., Perkin Trans. 11988, 313-319. (b)
Kawamoto, T.; Taga, T.; Bessho, K.; Yoneda, F.; Hayami, J. I.Tetrahedron
Lett. 1994, 35, 8631-8634. (c) Ohno, A.; Kunitomo, J.; Kawamoto, T.;
Tomishima, M.; Bessho, K.; Yoneda, F.Tetrahedron Lett.1994, 35, 9729-
9732. (d) Ohno, A.; Kunitomo, J.; Kawai, Y.; Kawamoto, T.; Tomishima,
M.; Yoneda, F. J. Org. Chem.1996, 61, 9344-9355. (e) Ohno, A.;
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(3) (a) Tachibana, K.; Ohnishi, A.J. Chromatogr. A2001, 906, 127-
154. (b) Machida, Y.; Nishi, H.; Nakamura, K.; Nakai, H.; Sato, T.J.
Chromatogr. A1998, 805, 85-92.
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1995, 7, 248-256.
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J. H. Chirality 1996, 8, 364-371.
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1988, 53, 5076-5080. (b) Roussel, C.; Djafri, A.New J. Chem.1986, 10,
399-404. (c) Roussel, C.; Chemlal, A.New J. Chem.1988, 12, 947-952.
(d) Roussel, C.; Stein, J.-L.; Beauvais, F.; Chemlal, A.J. Chromatogr.1989,
462, 95-103. (e) Roussel, C.; Stein, J.-L.; Beauvais, F.New J. Chem.1990,
14, 169-173. (f) Tambute´, A.; Siret, L.; Begos, A.; Caude, M.Chirality
1992, 4, 36-42. (g) Roussel, C.; Lehue´dé, S.; Popescu, C.; Stein, J.-L.
Chirality 1993, 5, 207-212. (h) Pirkle, W. H.; Welch, C. J.Tetrahedron:
Asymmetry1994, 5, 777-780. (i) Pirkle, W. H.; Koscho, M. E.; Wu, Z.J.
Chromatogr. A1996, 726, 91-97. (j) Roussel, C.; Hart, N.; Bonnet, B.;
Suteu, C.; Hirtopeanu, A.; Kravtsov, V. C.; Luboradzki, R.; Vanthuyne, N.
Chirality 2002, 14, 665-673. (k) Hirtopeanu, A.; Suteu, C.; Uncuta, C.;
Mihai, G.; Roussel, C.Eur. J. Org. Chem.2000, 1081-1090. (l) Roussel,
C.; Suteu, C.Enantiomer1997, 2, 449-458. (m) Roussel, C.; Bonnet, B.;
Piederriere, A.; Suteu, C.Chirality 2001, 13, 56-61. (n) Wolf, C.; Pirkle,
W. H. J. Chromatogr. A1998, 799, 177-184. (o) Pirkle, W. H.; Brice, J.;
Terfloth, G. J.J. Chromatogr. A1996, 753, 109-119. (p) Fujita, M.;
Kitagawa, O.; Yamada, Y.; Izawa, H.; Hasegawa, H.; Taguchi, T.J. Org.
Chem.2000, 65, 1108-1114. (q) Godfrey, C. R. A.; Simpkins, N. S.;
Walker, M. D.Synlett2000, 3, 388-390. (r) Oguz, F. S.; Berg, U.; Dogan,
I. Enantiomer2000, 5, 405-412. (s) Oguz, F. S.; Dogan, I.Tetrahedron:
Asymmetry2003, 14, 1857-1864. (t) Sakamoto, M.; Shigekura, M.; Saito,
A.; Ohtake, T.; Mino, T.; Fujita, T.Chem. Commun.2003, 2218-2219.
(u) Ordu, O. D.; Dogan, I.Tetrahedron: Asymmetry2004, 15, 925-933.
(v) Demir-Ordu, O.; Yilmaz, E. M.; Dogan, I.Tetrahedron: Asymmetry
2005, 16, 3752-3761. (w) Sakamoto, M.; Utsumi, N.; Ando, M.; Saeki,
M.; Mino, T.; Fujita, T.; Katoh, A.; Nishio, T.; Kashima, C.Angew. Chem.,
Int. Ed.2003, 42, 4360-4363. (x) Dogan, H.; Pustet, N.; Mannschreck, A.
J. Chem. Soc., Perkin Trans. 21993, 1557-1560.

SCHEME 2. Structure of Atropisomers 1e-1l
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Several reagents for the demethylation of the methoxy group
have been described in the literature.15,16 Our main objective
was to obtain the targeted samples for separation on chiral
support followed by a racemization study; no special efforts
were devoted to the optimization of the synthesis. Using AlCl3/
NaCl, 1c (Me, MeO) afforded1f (Me, OH) in moderate
conversion, whereas1b (MeO, Me) remained unchanged under
these conditions, highlighting a large difference in reactivity
for the methoxy group in1c (Me, MeO) and1b (MeO, Me).
These conditions were applied to1d (MeO, MeO) but were
not selective since1g (MeO, OH) (40%),1h (OH, MeO) (27%),
and1i (OH, OH) (17%) were concomitantly obtained. It turned
out that it was the only way to obtain1h (OH, MeO). Using
AlCl3/EtSH or BCl3, 1d (MeO, MeO) was selectively converted
into 1g (MeO, OH) in 66 or 92% isolated yield, respectively.
Demethylation of 1d (MeO, MeO) with BBr3 selectively

afforded1i (OH, OH). Demethylation of1b (MeO, Me) was
successful with BCl3 to give 1e (OH, Me).

To sum up, the demethylation of the methoxy group situated
on the heterocyclicN-phenyl was much more difficult than the
demethylation of the methoxy group situated on the imino
N-phenyl. It resulted that iminothiazoline1h (OH, MeO) was
always obtained in an admixture and had to be isolated by
semipreparative chromatography.

Having 1i (OH, OH) in hand, it was tempting to obtain1h
(OH, MeO) by selective methylation of the exocyclic phenol.
Reaction of1i (OH, OH) with methyliodide in the presence of
K2CO3 afforded1g (MeO, OH) and1d (MeO, MeO). The higher
reactivity toward alkylation of the OH group on the heterocyclic
N-aryl group was also confirmed during our attempts to prepare
cyclic ethers from1i (OH, OH). Using 1,3-diiodopropane,1i
(OH, OH) was transformed into the cyclic ether1j (O-(CH2)3-
O). The isolated byproducts1k (OCH2CH2CH2I, OH) and1l
(OCH2CHdCH2, OH), which resulted from the elimination of
HI in 1k, confirmed the higher reactivity of theN-aryl hydroxy
group.

HPLC on Chiral Support and Barriers to Racemization.
We have already shown13 that compounds1a (Me, Me), 1b
(MeO, Me),1c (Me, MeO), and1d (MeO, MeO) gave rise to
atropisomerism and that the enantiomers could be separated by
HPLC on chiral supports. Semipreparative isolation of the
enantiomers allowed the determination of the first-order race-
mization rates and the barriers to rotation about the pivotN-aryl
bond. All the new iminothiazolines1e-1l were submitted to
HPLC on chiral support using a screening unit equipped with
10 commercially available chiral columns and chiroptical
detection (CD or polarimeter). Our objective was to find suitable
conditions for the isolation of the enantiomers in order to
determine their configurational stability by measuring the barrier
to racemization. In all cases, one or several columns allowed
the clean separation of the enantiomers using a classical mobile
phase composed of hexane and an alcoholic modifier. Selected
examples are given in Table 1. The sign of the first eluted
enantiomer reported in Table 1 is the sign given by the chirality
detector in the mobile phase.17

Iminothiazolines1 have to be sorted out in two classes: those
in which X is an ether or a methyl group and those in which X
is a hydroxy group. Two well-resolved peaks resulting from
atropisomerism were observed at room temperature for the
iminothiazolines of the former class; the enantiomers could be
collected without racemization, allowing off-line determination
of the barrier to racemization. The solvent was evaporated at
low temperature to ensure configuration stability. For those of
the latter class, plateau-shape chromatograms were obtained,
indicating a racemization process on the column and thus a much
lower barrier.18 As usual, the height of the plateau increased
with the temperature until the coalescence of the peaks occurred,

(7) (a) Rimböck, K. H.; Kastner, F.; Mannschreck, A.J. Chromatogr.
1986, 351, 346-350. (b) Koller, H.; Rimbo¨ck, K. H.; Mannschreck, A.J.
Chromatogr. 1983, 282, 89-94. (c) Rimböck, K. H.; Kastner, F.;
Mannschreck, A.J. Chromatogr.1985, 329, 307-310. (d) Rizzi, A. M.J.
Chromatogr.1990, 513, 195-207. (e) Jira, Th.; Schopplich, C.; Bunke,
A.; Leuthold, J.; Jungha¨nel, J.; Theiss, R.; Kottke, K.; Besch, A.; Beyrich,
Th. Pharmazie1996, 51, 379-386. (f) Mannschreck, A.; Koller, H.; Sthuler,
G.; Davies, M. A.; Traber, J.Eur. J. Med. Chem.1984, 19, 381-383. (g)
Ishikawa, A.; Shibata, T.J. Liq. Chromatogr.1993, 16, 859-878. (h)
Andersson, S.; Thompson, R. A.; Allenmark, S.J. Chromatogr.1992, 591,
65-73. (i) Zhang, T.; Kientzy, C.; Franco, P.; Ohnishi, A.; Kagamihara,
Y.; Kurosawa, H.J. Chromatogr. A2005, 1075, 65-75. (j) Thunberg, L.;
Andersson, S.; Allenmark, S.; Vessman, J.J. Pharm. Biomed. Anal. 2002,
27, 431-439. (k) Welch, W. M.; Ewing, F. E.; Huang, J.; Menniti, F. S.;
Pagnozzi, M. J.; Kelly, K.; Seymour, P. A.; Guanowsky, V.; Guhan, S.;
Guinn, M. R.; Critchett, D.; Lazzaro, J.; Ganong, A. H.; DeVries, K. M.;
Staigers, T. L.; Chenard, B. L.Bioorg. Med. Chem. Lett.2001, 11, 177-
181. (l) Newell, L. M.; Sekhar, V. C.; DeVries, K. M.; Staigers, T. L.;
Finneman, J. I.J. Chem. Soc., Perkin Trans. 22001, 961-963. (m) Chenard,
B. L.; Devries, K. M.; McKowan Welch, W., Jr. U.S. Patent 6380204, 2002.
(n) Donnecke, J.; Svensson, L. A.; Gyllenhaal, O.; Karlsson, K. E.; Karlsson,
A.; Vessman, J.J. Microcolumn Sep. 1999, 11, 521-533. (o) Mintas, M.;
Mihaljevic, V.; Koller, H.; Schuster, D.; Mannschreck,A.J. Chem. Soc.,
Perkin Trans. 21990, 619-624. (p) Sakamoto, M.; Iwamoto, T.; Nono,
N.; Ando, M.; Arai, W.; Mino, T.; Fujita, T.J. Org. Chem.2003, 68, 942-
946. (q) Armstrong, D. W.; Tang, Y.; Chen, S.; Zhou, Y.; Bagwill, C.;
Chen, J.-R.Anal. Chem.1994, 66, 1473-1484. (r) Sarac-Arneri, R.; Mintas,
M.; Pustet, N.; Mannschreck, A. Monatsh. Chem.1994, 125, 457-468.

(8) (a) Tian, Q.; Lv, C.; Wang, P.; Ren, L.; Qiu, J.; Li, L.; Zhou, Z. J.
Sep. Sci.2007, 30, 310-321. (b) Wang, P.; Jiang, S. R.; Liu, D. H.; Zhang,
H.; Zhou, Z.J. Agric. Food Chem.2006, 54, 1577-1583. (c) Francotte,
E.; Wolf, R. M. J. Chromatogr.1992, 595, 63-75. (d) Eckhardt, W.;
Francotte, E.; Herzog, J.; Margot, P.; Rihs, G.; Kunz, W.Pestic. Sci.1992,
36, 223-232. (e) Eckhardt, W.; Francotte, E.; Kunz, W.; Hubele, A.
European Patent 275523, 1988. (f) Lohmann, D.; Da¨ppen, R.Chirality 1993,
5, 168-172. (g) Lohmann, D.; Da¨ppen, R. European Patent 0375611, 1989.
(h) Blaser, H.-U.; Buser, H.-P.; Jalett, H. -P.; Pugin, B.; Spindler, F.Synlett
1999, 867-868. (i) Müller, M. D.; Poiger, T.; Buser, H. R.J. Agric. Food
Chem.2001, 49, 42-49. (j) Polcaro, C. M.; Berti, A.; Mannina, L.; Marra,
C.; Sinibaldi, M.; Viel, S.J. Liq. Chromatogr. Relat. Technol.2004, 27,
49-61. (k) Buser, H.-P.; Francotte, E.Chiral Separations: Applications
and Technology; American Chemical Society: Washington, DC, 1996; pp
93-138. (l) Welch, C. J.; Szczerba, T.Enantiomer1998, 3, 37-43.

TABLE 1. Selected Chiral HPLC Chromatographic Data for Atropisomers 1e-1l

compound X Y column eluent k1 k2 R
first

eluted

1f Me OH Chiralcel OJ hexane/2-PrOH 80:20 2.46 3.12 1.26 (-)a

1g MeO OH Chiralpak AD hexane/2-PrOH 90:10 1.57 2.39 1.53 (-)b

1h OH MeO Chiralcel OJ hexane/EtOH 50:50 plateau at 10°C
1i OH OH Chiralcel OD-H hexane/2-PrOH 90:10 plateau at 10°C
1e OH Me Chiralcel OD-H hexane/2-PrOH 95:5 plateau at 10°C
1j OCH2CH2CH2O Chiralpak AD hexane/2-PrOH 90:10 1.10 3.27 2.99 (-)b

1k OCH2CH2CH2I OH Chiralpak AD hexane/2-PrOH 90:10 1.81 2.29 1.27 (-)b

1l OCH2CHdCH2 OH Chiralpak AD hexane/2-PrOH 90:10 1.43 1.86 1.30 (-)b

a Sign given by the circular dichroism at 254 nm.b Sign given by the polarimeter.

Atropisomeric 2-Arylimino-N-arylthiazoline
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as illustrated in Figure 1 for compound1i (OH, OH). The CD
traces (Figures 2 and 3) confirm that the plateau corresponds

to the elution of a racemic mixture for compounds1e and1h,
respectively.

All the barriers to racemization were established using either
classical off-line racemization kinetics6a or the equation devel-
oped by Trapp and Schurig in the case of a plateau.19 The
barriers to rotation (enantiomerization) are collected in Table
2. The enantiomerization rate corresponds to the racemization
rate divided by a factor of 2. In Table 2, the barriers to rotation
available from our previous studies are included for comparison.

(9) (a) Cass, Q. B.; Degani, A. L. G.; Tiritan, M. E.; Matlin, S. A.; Curran,
D. P.; Balog, A.Chirality 1997, 9, 109-112. (b) Kitagawa, O.; Izawa, H.;
Sato, K.; Dobashi, A.; Taguchi, T.; Shiro, M.J. Org. Chem.1998, 63, 2634-
2640. (c) Kitagawa, O.; Kohriyama, M.; Taguchi, T. J. Org. Chem.2002,
67, 8682-8684. (d) Cass, Q. B.; Degani, A. L. G.; Cassiano, N. M.J. Liq.
Chromatogr. Relat. Technol.2000, 23, 1029-1038. (e) Kitagawa, O.; Izawa,
H.; Taguchi, T.; Shiro, M.Tetrahedron Lett.1997, 38, 4447-4450. (f)
Curran, D. P.; Liu, W.; Chen, C. H. T.J. Am. Chem. Soc.1999, 121, 11012-
11013. (g) Kieft, C.; Zinner, H.; Burgemaister, T.; Mannschreck, A.Recl.
TraV. Chim. Pays-Bas1996, 115, 125-132. (h) Kitagawa, O.; Momose, S.
I.; Fushimi, Y.; Taguchi, T.Tetrahedron Lett.1999, 40, 8827-8831. (i)
Hughes, A. D.; Price, D. A.; Simpkins, N. S. J. Chem. Soc., Perkin Trans.
1 1999, 1295-1304. (j) Kondo, K.; Fujita, H.; Suzuki, T.; Murakami, Y.
Tetrahedron Lett.1999, 40, 5577-5580. (k) Kondo, K.; Iida, T.; Fujita,
H.; Suzuki, T.; Yamaguchi, K.; Murakami, Y. Tetrahedron2000, 56, 8883-
8891. (l) Kondo, K.; Iida, T.; Fujita, H.; Suzuki, T.; Wakabayashi, R.;
Yamaguchi, K.; Murakami, Y.Tetrahedron2001, 57, 4115-4122. (m) Hata,
T.; Koide, H.; Taniguchi, N.; Uemura, M.Org. Lett. 2000, 2, 1907-1910.
(n) Koide, H.; Hata, T.; Uemura, M.J. Org. Chem. 2002, 67, 1929-1935.
(o) Koide, H.; Hata, T.; Yoshihara, K.; Kamikawa, K.; Uemura, M.
Tetrahedron2004, 60, 4527-4541. (p) Hata, T.; Koide, H.; Uemura, M.
Synlett2000, 1145-1147. (q) Rios, R.; Jimeno, C.; Carroll, P. J.; Walsh,
P. J. J. Am. Chem. Soc.2002, 124, 10272-10273. (r) Kitagawa, O.;
Takahashi, M.; Kohriyama, M.; Taguchi, T.J. Org. Chem.2003, 68, 9851-
9853. (s) Terauchi, J.; Curran, D.Tetrahedron: Asymmetry2003, 14, 587-
592. (t) Brandes, S.; Bella, M.; Kjoersgaard, A.; Jorgensen, K. A.Angew.
Chem., Int. Ed.2006, 45, 1147-1151. (u) Tanaka, K.; Takeishi, K.;
Noguchi, K.J. Am. Chem. Soc.2006, 128, 4586-4587. (v) Kitagawa, O.;
Yoshikawa, M.; Tanabe, H.; Morita, T.; Takahashi, M.; Dobashi, Y.;
Taguchi, T.J. Am. Chem. Soc.2006, 128, 12923-12931. (w) Brandes, S.;
Niess, B.; Bella, M.; Prieto, A.; Overgaard, J.; Jorgensen, K. A.Chem.s
Eur. J. 2006, 12, 6039-6052.

FIGURE 1. Evolution of the chromatographic profile of1i (OH, OH)
atropisomers as a function of temperature: Chiralcel OD-H, hexane/
2-PrOH (90:10), 1 mL/min, UV detection at 254 nm.

FIGURE 2. Plateau observed for1e (OH, Me) at 10°C: Chiralcel
OD-H, hexane/2-PrOH (95:5), 1 mL/min.

FIGURE 3. Plateau for1h (OH, MeO) at 10°C: Chiralcel OJ, hexane/
ethanol (1:1), 1 mL/min.

Roussel et al.

406 J. Org. Chem., Vol. 73, No. 2, 2008



All the compounds studied bear a methyl group at position 4
and an imino group at position 2 of the heterocycle, and thus
the substituent X in1 is responsible for the differences observed
in the barriers. The data may be sorted out in different families
according to the nature of X. For compounds1a (Me, Me) and
1c (Me, MeO) with a methyl group on the rotating phenyl (X
) Me), the mean value of the barriers was 122.1( 0.3 kJ/mol
at 78°C in EtOH. This highlights the very low contribution of
the remote Y on these rotation barriers when Y is not able to
produce hydrogen bonding.1f (Me, OH) exhibited a barrier
slightly lower than expected (the origin of that behavior has
not been yet elucidated).

For compounds1d, 1b, 1g, 1k, and1l, where X was either
a methoxy, an allyloxyl, or a 3-iodopropyloxyl group, all the
barriers were very comparable (109.6( 2 kJ/mol). In the case
of 1j (OCH2CH2CH2O), in which the ether is part of a large

cycle bridging X and Y, the barrier was higher (119.5 kJ/mol),
offering the atropisomers a good stability at room temperature.

For the last class composed of three compounds1e(OH, Me),
1h (OH, MeO), and1i (OH, OH), X was a hydroxy group. The
barriers were much lower (86.3( 2 kJ/mol), and, as was said
before, the barriers were derived from on-line plateau treatment.

Discussion

The barriers to atropisomerization depend on the interactions
of the flanking substituents around the pivot bond in a near-
planar transition state. For iminothiazolines1, two enantiomer-
ization pathways are possible: either the X group interacts with
the 4-methyl group or it interacts with the imino group.

It is well-established that, in the absence of particular
conformational effect (in the case of the methoxy group) or

(10) (a) Kawamoto, T.; Tomishima, M.; Kunitomo, J.; Yoneda, F.;
Hayami, J.-I.Tetrahedron Lett.1992, 33, 7173-7176. (b) Kawamoto, T.;
Tomishima, M.; Yoneda, F.; Hayami, J.-I.;Tetrahedron Lett.1992, 33,
3169-3172. (c) Brown, R. J.; Annis, G.; Casalnuovo, A.; Chan, D.; Shapiro,
R.; Marshall, W. J.Tetrahedron2004, 60, 4361-4375. (d) Roussel, C.;
Roman, M.; Andreoli, F.; Del Rio, A.; Faure, R.; Vanthuyne, N.Chirality
2006, 18, 762-771.

(11) Vanthuyne, N.; Andreoli, F.; Fernandez, S.; Roman, M.; Roussel,
C. Lett. Org. Chem.2005, 2, 433-443.

(12) Examples of chiral ligands based onN-aryl atropisomerism: (a)
Ferretti, R.; Gallinella, B.; La Torre, F.; Zanitti, L.; Bonifacio, F.; Piccolo,
O. J. Chromatogr. A1999, 795, 289-295. (b) Dai, X.; Wong, A.; Virgil,
S. C. J. Org. Chem. 1998, 63, 2597-2600. (c) Dai, X.; Virgil, S. C.

Tetrahedron: Asymmetry1999, 10, 25-29. (d) Mino, T.; Tanaka, Y.;
Yabusaki, T.; Okumura, D.; Sakamoto, M.; Fujita, T.Tetrahedron:
Asymmetry2003, 14, 2503-2506. (e) Mino, T.; Tanaka, Y.; Hattori, Y.;
Yabusaki, T.; Saotome, H.; Sakamoto, M.; Fujita, T.J. Org. Chem.2006,
71, 7346-7353.

(13) Bouchekara, M.; Djafri, A.; Vanthuyne, N.; Roussel, C.ARKIVOC
2002, X, 72-79.

(14) Erol, S.; Dogan, I.J. Org. Chem.2007, 72, 2494-2500.
(15) Ranu, B. C.; Bhar, S.Org. Prep. Proced. Int.1996, 28, 371-409.
(16) Review: Weissman, S. A.; Zewge, D.Tetrahedron2005, 61, 7833-

7863.
(17) Roussel, C.; Vanthuyne, N.; Serradeil-Albalat, M.; Vallejos, J.-C.

J. Chromatogr. A2003, 995, 79-85.

TABLE 2. Barriers to Rotation for Compounds 1a-1l

compound X Y
∆Gq

rot

(kJ/mol)
T

(°C) solvent t1/2

1a Me Me 122.3 78 EtOH 20 h, 28 min
1b MeO Me 109.7 58 EtOH 2 h, 49 min
1c Me MeO 121.8 78 EtOH 17 h, 30 min
1d MeO MeO 107.2 58 EtOH 1 h, 8 min
1f Me OH 112.4 78 EtOH 41 min
1g MeO OH 109.6 58 EtOH 2 h, 45 min
1h OH MeO 87.8 10 50:50 hexane/EtOH 15 min, 40 s
1i OH OH 86.5 10 90:10 hexane/2-PrOH 8 min, 47 s
1e OH Me

OH
OH

84.6 10 95:5 hexane/2-PrOH 2 min, 15 s
1j OCH2CH2CH2O 119.5 78 EtOH 7 h, 55 min
1k OCH2CH2CH2I 111.5 58 EtOH 5 h, 18 min
1l OCH2CHdCH2 110.2 58 EtOH 3 h, 20 min

2a 110.5 58 EtOH 3 h, 47 min

2b 87.3 15 90:10 hexane/EtOH 6 min, 25 s

3a 135.8 118 2-pentanol 15 h, 51 min

3b 127.7 118 2-pentanol 1 h, 20 min
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hydrogen bonding (in the case of the hydroxy group), MeO and
OH exhibit the same steric requirement and are smaller than a
CH3. This is clearly recognized in various steric scales derived
from conformational equilibrium20 or rotational barrier studies.
In the Sternhell’VdW scale derived from barrier to rotation in
the biphenyl framework, the following order in size was

obtained: Me(1.8)> OH(1.53)) MeO(1.52).21 The same holds
true for Taft’s steric scale where Me(-1.24)> OH(-0.55))
MeO(-0.55).22 In the iminothiazoline1 model, substituents X
rank in the following order: Me(122.1)> MeO(109.6)> OH-
(85.3). The values in parentheses are the mean values of the
experimental barriers. It is obvious that the contribution to the
barrier is much lower for the OH group than for the methoxy
group, contrary to what was expected on pure steric grounds.
The barrier gap (∆∆Gq, ca. 24 kJ/mol) between MeO and OH
demonstrates that an extra stabilization occurs in the quasi-planar
transition state when X) OH. The OH group develops a
stabilizing hydrogen bond with the imino group throughout the
rotation process, the stabilizing effect being maximal in the near-
planar transition state. The observed barrier gap due to the
presence or the absence of hydrogen bonding is very similar to
the one we have already observed when comparing the barriers
in thiazolin-2-ones2a and2b (∆∆Gq ) 23.2 kJ/mol).11

To evaluate the hydrogen bond hypothesis, calculations were
performed on compounds1a, 1c, 1e, and1h. The calculations
were carried out at the B3LYP/6-31G* level23 using the facilities
of the Gaussian 03 package.24 The structures have been
characterized as minima or transition state based on the number
of imaginary frequencies (0 or 1). The results are gathered in
Table 3 where the calculated barriers correspond to the rotation
through the imino group. The torsion anglesθ are defined by
the 2-1-1′-2′ atoms; one corresponds to the energy minimum,
θ min, and the other to the TS,θ TS.

The calculated values reproduce quite well the experimental
values, both are linearly related (eq 1).

The calculated barriers are related to the torsion angle of the
minimum θ min defined as 2-1-1′-2′ by eq 2.

(18) Examples of plateau during HPLC on chiral support: (a)
Chankvetadze, B.; Kartozia, I.; Yamamoto, C.; Okamoto, Y.J. Pharm.
Biomed. Anal.2002, 27, 467-478. (b) Pinkerton, T. C.; Howe, W. J.; Ulrich,
E. L.; Comisky, J. P.; Haginaka, J.; Murashima, T.; Walkenhorst, W. F.;
Westler, W. M.; Markley, J. L.Anal. Chem.1995, 67, 2354-2367. (c)
Cabrera, K.; Jung, M.; Fluck, M.; Schurig, V.J. Chromatogr. A1996, 731,
315-321. (d) Cabrera, K.; Jung, M.; Kempter, C.; Schurig, V.Fresenius’
J. Anal. Chem.1995, 352, 676-678. (e) Lötter, J.; Krieg, H. M.; Keizer,
K.; Breytenbach, J. C.Drug DeV. Ind. Pharm.1999, 25, 879-884. (f) Krieg,
H. M.; Lotter, J.; Keizer, K.; Breytenbach, J. C.J. Membr. Sci.2000, 167,
33-45. (g) Ute, K.; Hirose, K.; Kashimoto, H.; Nakayama, H.; Hatada,
K.; Vogl, O. Polym. J.1993, 25, 1175-1186. (h) Fischer, C.; Modler, A.;
Moinet, C.; Fiaud, J. C. J. Chromatogr. A1996, 728, 433-439. (i) Haglund,
P. J. Chromatogr. A1996, 724, 219-228. (j) Friary, R. J.; Spangler, M.;
Osterman, R.; Schulman, L.; Schwerdt, J. H.Chirality 1996, 8, 364-371.
(k) Oxelbark, J.; Allenmark, S.J. Chem. Soc., Perkin Trans. 21999, 1587-
1589. (l) Oswald, P.; Desmet, K.; Sandra, P.; Krupcik, J.; Armstrong, D.
W. Chirality 2002, 14, 334-339. (m) Kanazawa, H.; Kunito, Y.; Mat-
sushima, Y.; Okubo, S.; Mashige, F.Chromatography1999, 20, 81-87.
(n) Shimizu, T.; Yamazaki, Y.; Taka, H.; Kamigata, N.J. Am. Chem. Soc.
1997, 119, 5966-5967. (o) Taka, H.; Yamazaki, Y.; Shimizu, T.; Kamigata,
N. J. Org. Chem.2000, 65, 2127-2133. (p) Kamigata, N.Phosphorus Sulfur
Silicon2001, 171, 207-229. (q) Bringmann, G.; Scho¨ner, B.; Schupp, O.;
Peters, K.; Peters, E.-M.; von Schnering, H. G.Liebigs Ann. Chem.1994,
91-97. (r) Böhmer, V.; Caccamese, S.; Principato, G.; Schmidt, C.
Tetrahedron Lett.1999, 40, 5927-5930. (s) Lorenz, K.; Yashima, E.;
Okamoto, Y.Angew. Chem., Int. Ed.1998, 37, 1922-1925. (t) Stara, I.
G.; Stary, I.; Kollarovic, A.; Teply, F.; Saman, D.; Tichy, M.J. Org. Chem.
1998, 63, 4046-4050. (u) Wolf, C.; Pirkle, W. H.; Welch, C. J.; Hochmuth,
D. H.; König, W. A.; Chee, G.-L.; Charlton, J. L. J. Org. Chem.1997, 62,
5208-5210. (v) Thede, R.; Haberland, D.; Fischer, C.; Below, E.; Langer,
S. H. J. Liq. Chromatogr. Relat. Technol.1998, 21, 2089-2102. (w) Spivey,
A. C.; Fekner, T.; Spey, S. E.; Adams, H.J. Org. Chem.1999, 64, 9430-
9443. (x) Spivey, A. C.; Charbonneau, P.; Fekner, T.; Hochmuth, D. H.;
Maddaford, A.; Malardier-Jugroot, C.; Redgrave, A. J.; Whitehead, M. A.
J. Org. Chem.2001, 66, 7394-7401. (y) Taka, H.; Yamazaki, Y.; Shimizu,
T.; Kamigata, N.J. Org. Chem.2000, 65, 2127-2133. (z) Cannazza, G.;
Braghiroli, D.; Tait, A.; Baraldi, M.; Parenti, C.; Lindner, W.Chirality 2001,
13, 94-101. (aa) Oxelbark, J.; Claeson, S.; Allenmark, S.Enantiomer2000,
5, 413-419. (ab) Blanca, M. B.-D.; Yamamoto, C.; Okamoto, Y.; Biali, S.
E.; Kost, D.J. Org. Chem.2000, 65, 8613-8620. (ac) Gasparrini, F.; Grilli,
S.; Leardini, R.; Lunazzi, L.; Mazzanti, A.; Nanni, D.; Pierini, M.;
Pinamonti, M.J. Org. Chem.2002, 67, 3089-3095. (ad) Dai, W. M.; Lau,
C. W. Tetrahedron Lett.2001, 42, 2541-2544. (ae) Cirilli, R.; Costi, R.;
Di Santo, R.; Artico, M.; Roux, A.; Gallinella, B.; Zanitti, L.; La Torre, F.
J. Chromatogr. A2003, 993, 17-28. (af) Abatangelo, A.; Zanetti, F.;
Navarini, L.; Kontrec, D.; Vinkovic, V.; Sunjic, V.Chirality 2002, 14, 12-
17. (ag) Shimizu, T.; Watanabe, I.; Kamigata, N.Angew. Chem., Int. Ed.
2001, 40, 2460-2462. (ah) Andreani, R.; Bombelli, C.; Borocci, S.; Lah,
J.; Mancini, G.; Mencarelli, P.; Vesnaver, G.; Villani, C.Tetrahedron:
Asymmetry2004, 15, 987-994. (ai) Ceccacci, F.; Mancini, G.; Mencarelli,
P.; Villani, C. Tetrahedron: Asymmetry2003, 14, 3117-3122. (aj) Dai,
W. M.; Zhang, Y.; Zhang, Y.Tetrahedron: Asymmetry2004, 15, 525-
535. (ak) Trapp, O.; Trapp, G.; Schurig, V.J. Biochem. Biophys. Methods
2002, 54, 301-313. (al) Pham-Huy, C.; Villain-Pautet, G.; Hua, H.; Chikhi-
Chorfi, N.; Galons, H.; Thevenin, M.; Claude, J. R.; Warnet, J. M.J.
Biochem. Biophys. Methods2002, 54, 287-299. (am) Nakashima, Y.;
Shimizu, T.; Hirabayashi, K.; Kamigata, N.J. Org. Chem.2005, 70, 868-
873. (an) Watanabe, M.; Suzuki, H.; Tanaka, Y.; Ishida, T.; Oshikawa, T.;
Tori-i, A. J. Org. Chem.2004, 69, 7794-7801. (ao) Dalla Cort, A.;
Gasparrini, F.; Lunazzi, L.; Mandolini, L.; Mazzanti, A.; Pasquani, C.;
Pierini, M.; Rompietti, R.; Schiaffino, L.J. Org. Chem.2005, 70, 8877-
8883. (ap) Nakashima, Y.; Shimizu, T.; Hirabayashi, K.; Iwasaki, F.;
Yamasaki, M.; Kamigata, N.J. Org. Chem.2005, 70, 5020-5027. (aq)
Benincori, T.; Celentano, G.; Pilati, T.; Ponti, A.; Rizzo, S.; Sannicolo, F.
Angew. Chem., Int. Ed.2006, 45, 6193-6196. (ar) Wolf, C.; Xu, H.
Tetrahedron Lett.2007, 48, 6886-6889. (as) Trapp, O.Chirality 2006,
18, 489-497. (at) Wolf, C.Chem. Soc. ReV. 2005, 35, 595-609.

(19) Trapp, O.; Schurig, V.Chirality 2002, 14, 465-470.
(20) Rajoharison, H. G.; Roussel, C.; Berg, U.Tetrahedron Lett.1983,

24, 2259-2262.

(21) Bott, G.; Field, L. D.; Sternhell, S.J. Am. Chem. Soc.1980, 102,
5618-5626.

(22) Gallo, R.; Roussel, C.; Berg, U.AdV. Heterocycl. Chem.1988, 43,
173-299.

(23) (a) Becke, A. D.Phys. ReV. A 1988, 38, 3098-3100. (b) Becke, A.
D. J. Chem. Phys.1993, 98, 5648-5652. (c) Lee, C.; Yang, W.; Parr, R.
G. Phys. ReV. B 1988, 37, 785-789. (d) Hariharan, P. A.; Pople, J. A.
Theor. Chim. Acta1973, 28, 213-222.

TABLE 3. Results of the DFT Calculations (angles in degrees,
barriers in kJ/mol)

compound X Y θ min θ TS
calcd
barrier

exptl
barrier

1a CH3 CH3 78.4 9.7 114.3 122.3
1c CH3 OCH3 78.8 8.3 112.8 121.8
average 78.6 9.0 113.5 122.0
1e OH CH3 59.8 1.5 81.7 84.6
1h OH OCH3 60.2 1.3 82.7 87.8
average 60.0 1.4 82.2 86.2

exptl barrier) -(7.8( 3.9)+ (1.14( 0.04)×
calcd barrier,n ) 4, r2 ) 0.998 (1)

Roussel et al.

408 J. Org. Chem., Vol. 73, No. 2, 2008



A hydrogen bond (HB) takes place between the OH (X) OH,
1e and 1h) and the nitrogen of the imino group both in the
minimum and in the TS (pseudo-seven-membered ring). The
HB “flattened” the dihedral angle in the ground state (from 78.6
to 60°).

These results are consistent with the quantum mechanical
calculations of the rotational barriers inN-aryltriazolones bearing
a methoxy or a hydroxy group in the ortho-position of the aryl
group, recently reported by Zheng and Kleier.25 These calcula-
tions suggested that lower barriers in atropisomers bearing a
hydroxy group instead of a methoxy group on the rotating aryl
“are due to intramolecular hydrogen bonding that differentially
stabilizes the near planar transition states compared to the
twisted minimum energy structures”.

In thiazolinethiones3a and 3b, the barrier gap between a
MeO and an OH is 10 kJ/mol, illustrating the difference in the
hydrogen bonding abilities of the thiocarbonyl on one hand and
of the carbonyl and the imino group on the other hand.26

The bridging of the hydroxy groups in1j (OCH2CH2CH2O)
resulted in rather stable atropisomers, whose optically pure forms
might find applications in the enantioselective complexation of
cations. Figure 4 reports the cartoon of the X-ray structure
determination of the cyclic ether1j (OCH2CH2CH2O), showing
the topographic arrangement of the oxygen and nitrogen atoms
in the 12-membered ring.

Conclusion

Atropisomeric iminothiazolines1 in which X and (or) Y are
hydroxy groups constitute an original class of chiral compounds.
The enantiomers are easily separated by chromatography on
chiral support on both analytical and semipreparative grounds.
When X ) OH, the barriers are quite low due to the
development of a hydrogen bond between the proton of the OH
group and the nitrogen of the imino group all along the rotation
process. Plateau-shape chromatograms were obtained during
HPLC on chiral support. Compound1i (OH, OH) was shown
to be particularly easy to prepare by BBr3 demethylation of the
dimethoxy analogue, which is readily prepared fromN,N′-bis-
(2-methoxyphenyl)thiourea and 1-chloropropan-2-one. Bridging
X ) OH and Y) OH to form a macrocyclic ether including
an imino group resulted in a large increase in the barrier to

rotation. Compound1i (OH, OH) opens the way to a large
diversity of stable atropisomeric chiral cyclic ethers. Further
work in that direction is in progress.

Experimental Section

Synthesis. N-[(2Z)-4-Methyl-3-(2-methylphenyl)-1,3-thiazol-
2(3H)-ylidene]-N-(2-methylphenyl)amine (1a) (Me, Me),N-[(2Z)-
3-(2-methoxyphenyl)-4-methyl-1,3-thiazol-2(3H)-ylidene]-N-(2-
methylphenyl)amine (1b) (MeO, Me), N-(2-methoxyphenyl)-N-
[(2Z)-4-methyl-3-(2-methylphenyl)-1,3-thiazol-2(3H)-
ylidene]amine (1c) (Me, MeO), N-(2-methoxyphenyl)-N-[(2Z)-3-
(2-methoxyphenyl)-4-methyl-1,3-thiazol-2(3H)-ylidene]amine (1d)
(MeO, MeO), 3-(2-methoxyphenyl)-4-methyl-1,3-thiazol-2(3H)-one
(2a), 3-(2-hydroxyphenyl)-4-methyl-1,3-thiazol-2(3H)-one (2b), and
3-(2-methoxyphenyl)-4-methyl-1,3-thiazole-2(3H)-thione (3a), 3-(2-
hydroxyphenyl)-4-methyl-1,3-thiazole-2(3H)-thione (3b) have al-
ready been described.11,13They were available for the present study.

Demethylation of Methoxy Groups in 1b, 1c, and 1d.rac-2-
{[(2Z)-4-Methyl-3-(2-methylphenyl)-1,3-thiazol-2(3H)-ylidene]-
amino}phenol (1f) (Me, OH).Compound1c (Me, MeO) (187 mg,
0.603 mmol, 1 equiv), AlCl3 (804.3 mg, 6.03 mmol, 10 equiv),
and NaCl (352 mg, 6.02 mmol, 10 equiv) were placed in CH2Cl2
(5 mL) and refluxed for 18 h. After cooling, the reaction mixture
was treated with HCl solution (8.4 mL, 0.5 N), and the separated
aqueous layer was extracted with CH2Cl2 (2 × 6 mL). The
combined organic layers were washed (2× 10 mL) with NaHCO3

solution (2× 10 mL, 1 N), dried on MgSO4, and evaporated under
vacuum to yield a mixture of1f and unreacted1c (141 mg).
Chromatography gave 72 mg (40%) pure1f: Rf 0.86 (CH2Cl2/ethyl
acetate 9:1), mp 86°C; 1H NMR (200 MHz, CDCl3) δ 7.4-6.8
(m, 8H), 6.54 (s, 1H, OH), 5.86 (q, 1H,J ) 1.2 Hz), 2.17 (s, 3H),
1.84 (d, 3H,J ) 1.2 Hz); 13C NMR (50 MHz, CDCl3) δ 158.5
(CdN), 150.2, 136.7, 136.6, 135.1, 134.5, 131.3, 129.3, 128.9,
127.3, 123.4, 119.2, 116.4, 112.9, 94.2 (C-H cycle), 17.3 (CH3),
14.9 (CH3 cycle). Anal. Calcd for C17H16ON2S: C, 68.89; H, 5.44;
N, 9.45; S, 10.82. Found: C, 68.84; H, 5.62; N, 9.40; S, 11.08.

rac-2-[(2Z)-4-Methyl-2-[(2-methylphenyl)imino]-1,3-thiazol-
3(2H)-yl]phenol (1e) (OH, Me).To 1b (MeO, Me) (100 mg, 0.322
mmol) in 10 mL of CH2Cl2 was added BCl3 (2.6 mL, 2.6 mmol, 8
equiv, hexane) at-78 °C under nitrogen. After being stirred at
-78 °C for 30 min, the mixture was refluxed for 20 h. Water (20
mL) and NaCl (5 g) were then added, and the aqueous phase was
extracted with CH2Cl2 (3 × 20 mL). The combined organic layers
were washed with 1 M NaHCO3 solution (30 mL), dried on MgSO4,
filtered, and evaporated to yield 53.4 mg (60%) pure1e (OH, Me)
after chromatography (silica gel, CH2Cl2/ethyl acetate 9:1):Rf 0.25
(CH2Cl2/ethyl acetate 9:1), mp 164°C; 1H NMR (200 MHz, CDCl3)
δ 7.4-6.95 (m, 8H), 5.81 (q, 1H,J ) 1.2 Hz), 2.23 (s, 3H, Me),

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.Gaussian 03;
Gaussian, Inc.: Pittsburgh, PA, 2003.

(25) Zheng, Y.-J.; Kleier, D. A.J. Mol. Struct. (THEOCHEM)2005,
719, 69-74.

(26) Abboud, J. L. M.; Roussel, C.; Gentric, E.; Sraidi, K.; Lauransan,
J.; Guiheneuf, G.; Kamlet, M. J.; Taft, R. W.J. Org. Chem.1988, 53, 1545-
1550.

calcd barrier) (119.3( 0.8)- (148.6( 4.4)×
cos2 θ min, n ) 4, r2 ) 0.998 (2)

FIGURE 4. ORTEP drawing of bridged compound1j.
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2.01 (d, 3H, Me cycle,J ) 1.2 Hz); 13C NMR (50 MHz, CDCl3)
δ 162.5 (CdN), 153.0, 148.4, 135.3, 131.0, 130.7, 129.7, 127.4,
127.1, 127.0, 124.2, 121.0, 120.7, 120.5, 96.9 (C-H cycle), 18.1
(CH3), 16.0 (CH3 cycle). Anal. Calcd for C17H16ON2S: C, 68.89;
H, 5.44; N, 9.45; S, 10.82. Found: C, 68.91; H, 5.51; N, 9.79; S,
10.93.

Note: Compounds1f (Me, OH) and1e (OH, Me) were also
obtained by demethylation with BCl3 of the crude mixture of
isomers1c (Me, MeO) and1b (MeO, Me) resulting from the
reaction between 1-chloropropan-2-one andN-(2-methoxyphenyl)-
N′-(2-methylphenyl)thiourea. Separation by chromatography on
silica gel was easy since1f (Me, OH) and1e (OH, Me) presented
a large difference inRf (0.25 and 0.86 in CH2Cl2/ethyl acetate 9:1).

rac-2-{[(2Z)-3-(2-Methoxyphenyl)-4-methyl-1,3-thiazol-2(3H)-
ylidene]amino}phenol (1g) (MeO, OH), rac-2-{[(2Z)-2-[(2-meth-
oxyphenyl)imino]-4-methyl-1,3-thiazol-3(2H)-yl]phenol (1h) (OH,
MeO), andrac-2-{[(2Z)-2-[(2-hydroxyphenyl)imino]-4-methyl-1,3-
thiazol-3(2H)-yl]phenol (1i) (OH, OH) were obtained concomitantly
from demethylation of rac-N-(2-methoxyphenyl)-N-[(2Z)-3-(2-
methoxyphenyl)-4-methyl-1,3-thiazol-2(3H)-ylidene]amine1d (MeO,
MeO).

Compound1d (MeO, MeO) (500 mg, 1.53 mmol) in 10 mL of
CH2Cl2, AlCl3 (810 mg, 6.12 mmol, 4 equiv), and NaCl (358 mg,
6.12 mmol, 4 equiv) were placed in CH2Cl2 (10 mL) and refluxed
under stirring for 23 h. After cooling, the reaction mixture was
treated with HCl solution (22 mL, 0.5 N), and the separated aqueous
layer was extracted with CH2Cl2 (5 × 30 mL). After being dried
on MgSO4, the combined organic phase was evaporated under
vacuum to yield a crude reaction mixture (489 mg). It was dissolved
in CH2Cl2 (10 mL) and treated with NaHCO3 solution (8 mL, 1
N). The aqueous phase was extracted with CH2Cl2 (3 × 5 mL).
The pooled organic phases were dried (MgSO4), filtered, and
evaporated to yield a residue (359 mg). Flash chromatography (silica
gel, petroleum ether/ethyl acetate 7:3) yielded unreacted1d (MeO,
MeO) (44 mg, 9%,Rf 0.29),1h (OH, MeO) (101 mg, 21%,Rf 0.39),
and 1g (MeO, OH) (190 mg, 40%,Rf 0.53). The acidic aqueous
phase was neutralized with NaHCO3 solution (24 mL, 1 N).
Extraction with CH2Cl2 (3 × 30 mL) afforded an organic phase
which, after being dried, filtered, and evaporated, yielded1i (OH,
OH) (77 mg, 17%).

rac-2-{[(2Z)-3-(2-Methoxyphenyl)-4-methyl-1,3-thiazol-2(3H)-
ylidene]amino}phenol (1g) (MeO, OH):Rf 0.82 (CH2Cl2/MeOH
9.8:0.2), mp 146°C; 1H NMR (200 MHz, CDCl3) δ 7.5-6.8 (m,
8H), 5.80 (q, 1H,J ) 1.2 Hz), 3.84 (s, 3H), 1.87 (d, 3H, Me cycle,
J ) 1.2 Hz); 13C NMR (50 MHz, CDCl3) δ 160.0 (CdN), 155.5,
149.9, 135.8, 135.3, 130.6, 130.3, 125.9, 123.5, 121.3, 119.3, 117.3,
113.0, 112.5, 937 (C-H cycle), 55.9 (CH3-O), 14.7 (CH3 cycle).
Anal. Calcd for C17H16N2O2S: C, 65.36; H, 5.16; N, 8.97; S, 10.26.
Found: C, 65.54; H, 5.21; N, 9.11; S, 10.47.

rac-2-[(2Z)-2-[(2-Methoxyphenyl)imino]-4-methyl-1,3-thiazol-
3(2H)-yl]phenol (1h) (OH, MeO): Rf 0.43(CH2Cl2/MeOH 9.8:0.2),
mp 160°C; 1H NMR (200 MHz, CDCl3) δ 7.4-6.8 (m, 8H), 5.76
(q, 1H,J ) 1.4 Hz), 3.87 (s, 3H, Me), 1.98 (d, 3H, Me cycle,J )
1.0 Hz);13C NMR (50 MHz, CDCl3) δ 162.6 (CdN), 152.9, 151.5,
139.1, 135.3, 129.7, 127.5, 126.7, 124.7, 121.7, 121.4, 121.1, 120.6,
111.3, 96.1 (C-H cycle), 55.6 (CH3-O), 15.9 (CH3 cycle). Anal.
Calcd for C17H16N2O2S: C, 65.36; H, 5.16; N, 8.97; S, 10.26.
Found: C, 65.45; H, 5.17; N, 9.17; S, 10.26.

rac-2-[(2Z)-2-[(2-Hydroxyphenyl)imino]-4-methyl-1,3-thiazol-
3(2H)-yl]phenol (1i) (OH, OH): Rf 0.28 (CH2Cl2/MeOH 9.8:0.2),
mp 140°C; 1H NMR (200 MHz, CDCl3) δ 7.4-6.8 (m, 8H), 5.90
(q, 1H,J ) 1.4 Hz), 1.97 (d, 3H,J ) 1.4 Hz);13C NMR (50 MHz,
CDCl3) δ 160.7 (CdN), 152.3, 149.7, 135.2, 135.1, 130.4, 128.4,
125.3, 124.5, 121.3, 119.8, 119.2, 117.9, 113.9, 96.0 (C-H cycle),
15.4 (CH3 cycle). Anal. Calcd for C16H14N2O2S: C, 64.41; H, 4.73;
N, 9.39; S, 10.75. Found: C, 64.12; H, 4.67; N, 9.57; S, 10.78.

Note: rac-2-{[(2Z)-3-(2-methoxyphenyl)-4-methyl-1,3-thiazol-
2(3H)-ylidene]amino}phenol (1g) (MeO, OH) was obtained

selectively from1d (MeO, MeO) using AlCl3 in C2H5SH.27 In an
ice-cooled reactor (50 mL), AlCl3 (318 mg, 2.4 mmol, 4 equiv)
was suspended in C2H5SH (18 mL). Compound1d (MeO, MeO)
(195 mg, 0.6 mmol) dissolved in CH2Cl2 (5 mL) was introduced
with a syringe. The mixture was stirred for 45 min at room
temperature. The reaction was monitored by TLC until the complete
consumption of the starting material. The mixture was then washed
with HCl solution (3× 18 mL, 0.24 N), and the resulting aqueous
phase was rinsed with CH2Cl2 (3 × 15 mL). The aqueous phase
was neutralized with a NaHCO3 solution (130 mL, 0.1 N) and then
extracted with CH2Cl2 (3 × 100 mL). The pooled organic phase
after being dried on MgSO4, filtrated, and evaporated afforded pure
1g (MeO, OH) (124 mg, 66%).

Note: rac-2-{[(2Z)-3-(2-methoxyphenyl)-4-methyl-1,3-thiazol-
2(3H)-ylidene]amino}phenol (1g) (MeO, OH)was also obtained
selectively from1d (MeO, MeO) using BCl3. Compound1d (MeO,
MeO) (100 mg, 0.307 mmol) in CH2Cl2 (10 mL) and BCl3 (2.5
mL, 2.5 mmol, 8 equiv from a 1 Msolution in CH2Cl2) were mixed
at -78 °C under nitrogen for 1 h. The mixture was then refluxed
for 22 h. After cooling, water (20 mL) was added and the aqueous
phase was extracted with CH2Cl2 (2 × 20 mL). The organic phase
was washed with NaHCO3 (1 N) solution (2× 30 mL), dried on
MgSO4, filtered, and evaporated under vacuum to yield pure1g
(MeO, OH) (88 mg, 92%).

Note: rac-2-[(2Z)-2-[(2-hydroxyphenyl)imino]-4-methyl-1,3-
thiazol-3(2H)-yl]phenol (1i) (OH,OH) was also selectively ob-
tained from1d (MeO, MeO) by demethylation using BBr3.

Compound1d (MeO, MeO) (326 mg, 1 mmol) in CH2Cl2 (20
mL) and BBr3 solution (7.56 mL of a 1 M solution in CH2Cl2)
were mixed at-78 °C under nitrogen. The mixture was then
refluxed for 21 h. The reactor was ice-cooled, and BBr3 in excess
was hydrolyzed with water (50 mL). The aqueous phase was
neutralized with NaHCO3 solution (50 mL, 1 N) and extracted with
CH2Cl2 (3 × 40 mL). The organic phase was dried with MgSO4,
filtered, and evaporated under vacuum to yield1i (OH, OH) (231
mg, 81%).

Compounds from Alkylation of 1i (OH, OH). Alkylation with
Methyl Iodide: To a solution of1i (OH, OH) (39.4 mg, 0.13 mmol)
in acetone (0.5 mL) and K2CO3 (26.91 mg, 0.195 mmol, 1.5 equiv)
was added methyl iodide with a syringe (12.14µL, 0.195 mmol,
1.5 equiv). The mixture was refluxed for 3 h until 1i (OH, OH)
was totally consumed (TLC, petroleum ether/ethyl acetate 75:25,
Rf 0.31). The solid was filtered, and the acetone phase was
evaporated under vacuum to yield 24 mg of a mixture of1d (MeO,
MeO) (23%) and1g (MeO, OH) (77%). Compound1h (OH, MeO)
was not observed.

Alkylation with 1,3-Diiodopropane: To a solution of1i (OH,
OH) (2 g, 6.7 mmol) in acetone (130 mL) containing K2CO3 (1.39
g, 10 mmol, 1.5 equiv) was added 1,3-diiodopropane (0.93 mL,
8.05 mmol, 1.2 equiv) dropwise with a syringe. The mixture was
refluxed until all the starting1i (OH, OH) had been transformed.
After elimination of the solid, the organic phase was evaporated
under vacuum to yield 4.2 g of a complex mixture. The mixture
was purified by chromatography (silica gel, petroleum ether/ethyl
acetate 75:25), and the fraction withRf 0.57 was collected (1.29
g). That fraction was composed of a mixture of1k (OCH2CH2-
CH2I, OH) and1l (OCH2CHdCH2, OH).1k (OCH2CH2CH2I, OH)
and1l (OCH2CHdCH2, OH) coeluted on silica, whatever the eluent.
In order to obtain these compounds as pure samples for charac-
terization, chiral separation, and racemization study, 50 mg was
separated by semipreparative chromatography on chiral support
(Chiralcel OD (25× 1 cm) column, eluent hexane/2-PrOH 90:10,
flow 4.5 mL/min, detection UV 254 nm, rt, 50 mg in 15 mL of
2-PrOH, injection 500µL every 5 min). A first fraction (7.8-8.8
min) was collected, affording 6 mg of the mixture of the two
enantiomers of1l (OCH2CHdCH2, OH). The second fraction (9.5-

(27) Node, M.; Nishide, K.; Sai, M.; Ichikawa, K.; Fujita, E.Chem. Lett.
1979, 1, 97-98.
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12 min) afforded1k (OCH2CH2CH2I, OH) (44 mg) as a mixture
of enantiomers.

Six hundred milligrams of the mixture1k (OCH2CH2CH2I, OH)
and1l (OCH2CHdCH2, OH) in CH3CN (600 mL) and K2CO3 (276
mg, 2 mmol) was stirred at room temperature for 8 days and then
refluxed for 24 h. Filtration of the solid and evaporation under
vacuum of the organic phase afforded 450 mg of a mixture
composed of pure1j (OCH2CH2CH2O) (120 mg) and a mixture of
1k (OCH2CH2CH2I, OH) and1l (OCH2CHdCH2, OH) (330 mg)
after chromatography (silica gel, petroleum ether/ethyl acetate 90:
10).

rac-2-{[(2Z)-3-[2-(Allyloxy)phenyl]-4-methyl-1,3-thiazol-2(3H)-
ylidene]amino}phenol (1l) (OCH2CHdCH2, OH): Rf 0.57 (pe-
troleum ether/ethyl acetate 75:25), mp 96-97 °C; 1H NMR (300
MHz, CDCl3) δ 7.45-6.80 (m, 8H), 6.0-5.83 (m, 1H), 5.80 (q,
1H, J ) 0.9 Hz), 5.31-5.17 (m, 2H), 4.57 (d, 2H), 1.88 (d, 3H,J
) 0.9 Hz); 13C NMR (75 MHz, CDCl3) δ 159.9 (CdN), 154.4,
149.9, 135.7, 135.2, 132.4, 130.4, 126.4, 123.4, 121.5, 119.3, 117.3,
117.2, 114.1, 112.9, 93.6 (C-H cycle), 69.2 (O-CH2-CHdCH2),
14.7 (CH3 cycle). Anal. Calcd for C19H18N2O2S: C, 67.43; H, 5.36;
N, 8.28; S, 9.48. Found: C, 67.21; H, 5.41; N, 8.22; S, 9.46.

rac-2-{[(2Z)-3-[2-(3-Iodopropoxy)phenyl]-4-methyl-1,3-thia-
zol-2(3H)-ylidene]amino}phenol (1k) (OCH2CH2CH2I, OH): Rf

0.57 (petroleum ether/ethyl acetate 75:25), mp 70-72 °C; 1H NMR
(300 MHz, CDCl3) δ 7.5-6.8 (m, 8H), 5.81 (q, 1H,J ) 1.2 Hz),
4.13-4.01 (m, 2H, O-CH2-CH2-CH2-I), 3.19-3.15 (dd, 2H,
O-CH2-CH2-CH2-I, J ) 5.7, 7.2 Hz), 2.23-2.01 (m, 2H,
O-CH2-CH2-CH2-I), 1.88 (d, 3H,J ) 1.2 Hz); 13C NMR (75
MHz, CDCl3) δ 159.9 (CdN), 154.4, 149.8, 135.6, 135.3, 130.5,
130.3, 126.5, 123.5, 121.7, 119.3, 117.2, 113.7, 112.9, 93.6 (C-H
cycle), 67.9 (O-CH2-CH2-CH2-I), 32.3 (O-CH2-CH2-CH2-I),
15.0 (CH3 cycle), 2.4 (O-CH2-CH2-CH2-I). Anal. Calcd for
C19H19IN2O2S: C, 48.94; H, 4.11; N, 6.01; S, 6.88. Found: C,
48.99; H, 4.15; N, 6.02; S, 6.94.

rac-1j (OCH2CH2CH2O) Bridged Compound: Rf 0.44 (petro-
leum ether/ethyl acetate 9:1), mp 174-176°C; 1H NMR (300 MHz,

CDCl3) δ 7.45-6.9 (m, 8H), 5.60 (q, 1H,J ) 1.2 Hz), 4.5-3.85
(m, 4H, O-CH2-CH2-CH2-O), 2.3-2.0 (2H, O-CH2-CH2-
CH2-O), 1.89 (d, 3H, CH3 cycle,J ) 1.2 Hz);13C NMR (75 MHz,
CDCl3) δ 160.1 (CdN), 156.0, 151.5, 145.7, 135.3, 130.1, 129.3,
126.3, 124.7, 124.0, 123.1, 122.5, 121.3, 115.6, 92.9 (C-H cycle),
69.6 (O-CH2), 65.5 (O-CH2), 29.4 (CH2-CH2-CH2), 15.5 (CH3

cycle). Anal. Calcd for C19H18N2O2S: C, 67.43; H, 5.36; N, 8.28;
S, 9.48. Found: C, 67.26; H, 5.42; N, 8.34; S, 9.37.

Liquid Chromatography on Chiral Supports. The analytical
chiral HPLC experiments were performed on a unit composed of
a Merck D-7000 system manager, Merck-Lachrom L-7100 pump,
Merck-Lachrom L-7360 oven, Merck-Lachrom L-7400 UV-detec-
tor, and on-line Jasco OR-1590 polarimeter or Jasco CD-1595
circular dichroism spectrometer. Hexane, isopropanol, and ethanol,
HPLC grade, were degassed and filtered on a 0.45µm membrane
before use.

Retention times, Rt, in minutes, and retention factorski ) (Rti
- Rt0)/Rt0 are given. Rt0 was determined by injection of tri-tertio-
butyl benzene. The sign given by the on-line polarimeter or on-
line CD detectors is the sign of the product in the solvent used for
the chromatographic separation.

The columns (analytical 250× 4.6 mm and semipreparative 250
× 10 mm) were Chiralpak AD, Chiralcel OJ and Chiralcel OD-H
from Chiral Technologies Europe (Illkirch, France).

The analyses were performed at 25°C, with 1 mL/min as flow
rate, detection by UV at 254 nm and by the appropriate chirality
detector.

Semipreparative separations were performed on a unit composed
of a Merck D-7000 system manager, Merck-Hitachi L-6000 pump,
Rheodyne valve with a 500µL loop and a Merck-Hitachi L-4000
UV-detector.

Acknowledgment. CNRS and Ministe`re de la Recherche
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