ZUSCHRIFTEN

[16] M. Oikawa, A. Wada, H. Yoshizaki, K. Fukase, S. Kusumoto, Bull.
Chem. Soc. Jpn. 1997, 70, 1435 —1440.

[17] Y. Sakai, M. Oikawa, H. Yoshizaki, T. Ogawa, Y. Suda, K. Fukase, S.
Kusumoto, Tetrahedron Lett. 2000, 41, 6843 —6847.

[18] M. Oikawa, W.-C. Liu, I. Kinoshita, K. Fukase, S. Kusumoto,

unpublished result.

MicroKan (IRORI, 11025 North Torrey Pines Road, La Jolla, CA

92037, USA) was developed as a reactor for combinatorial chemistry.

The reaction takes place by allowing a solution of 9 to flow through

the outer mesh walls of the MicroKan, which contains the resin.

For precedents of organic reactions catalyzed by Nafion-TMS, see:

a) M. Demuth, G. Mikhail, M. V. George, Helv. Chim. Acta 1981, 64,

2759-2765;b) G. A. Olah, P. S. Iyer, G. K. S. Prakash, Synthesis 1986,

513-531; ¢) F. Haunert, M. H. Bolli, B. Hinzen, S. V. Ley, J. Chem.

Soc. Perkin Trans. 1 1998, 2235 -2237.

a) K. Toshima, K. Kasumi, S. Matsumura, Synlett 1998, 643 -645;b) T.

Jyojima, N. Miyamoto, Y. Ogawa, S. Matsumura, K. Toshima,

Tetrahedron Lett. 1999, 40, 5023 —5026.

[22] M. Oikawa, S. Kusumoto, Tetrahedron: Asymmetry 1995, 6, 961 —966.

[23] The formation of Kdo glycals is a wasteful process, because current
methods for converting the glycals into suitable Kdo donors are not
well-developed.

[24] a) M. Imoto, S. Kusumoto, T. Shiba, Tetrahedron Lett. 1987, 28, 6235 —
6238; b) P. A. M. van der Klein, G.J. P. H. Boons, G. H. Veeneman,
G. A. van der Marel, J. H. van Boom, Tetrahedron Lett. 1989, 30,
5477 -5480.

[25] G. H. Posner, S. R. Haines, Tetrahedron Lett. 1985, 26, 5-8.

[26] R. Lakhmiri, P. Lhoste, D. Sinou, Tetrahedron Lett. 1989, 30, 4669 —
4672.

[27] The yield is distinctly higher than that of the reported two-step
method using Kdo bromide (lower than 70%): P. Kosma, J. Gass,
Carbohydr. Res. 1987, 167, 39 —54.

[28] a) K. C. Nicolaou, A. Chucholowski, R. E. Dolle, J. L. Randall, J.

Chem. Soc. Chem. Commun. 1984, 1155-1156; b) H. Kunz, W. Sager,

Helv. Chim. Acta 1985, 68, 283 -287.

In the glycosylation with a fluoride donor, a catalytic amount of BF;-

OEt, is generally sufficient, whereas excess BF; - OEt, was required in

the present reactions, probably due to the deactivation of the reagent

by complexation with Lewis bases such as the ester carbonyl groups in
the substrates (see ref. [28b]).

[30] HF was evolved in the reaction of 16, but was trapped by iPr,NEt. This
was not the case in the reaction with a TES-protected glycosyl
acceptor.

[31] Y. Watanabe, Y. Komoda, K. Ebisuya, S. Ozaki, Tetrahedron Lett.
1990, 31, 255-256.

[32] M. Inage, H. Chaki, S. Kusumoto, T. Shiba, Chem. Lett. 1982, 1281 -
1284.

[33] Liquid-liquid partition column chromatography for large-scale
purification of lipid A had been developed in our laboratory as a
substitute for centrifugal partition chromatography. This method
eliminates any loss of material during purification (see ref. [16]).

[34] Analyzable 'H NMR spectra of intact Re LPS were obtained for the
first time in the present study by the addition of a detergent (Triton X-
100) to a suspension of Re LPS in D,0. This technique has been shown
to be quite effective for studying three-dimensional structures of
lipid A analogues in aqueous media; see K. Fukase, M. Oikawa, Y.
Suda, W.-C. Liu, Y. Fukase, T. Shintaku, H. Sekljic, H. Yoshizaki, S.
Kusumoto, J. Endotoxin Res. 1999, 5, 46-51.

[35] Y. Suda, H. Tochio, K. Kawano, H. Takada, T. Yoshida, S. Kotani, S.
Kusumoto, FEMS Immunol. Med. Microbiol. 1995, 12, 97-112.

[36] The synthesis will be reported separately.

[19

[20

[21

[29

Difluorooxymethylene-Bridged Liquid
Crystals: A Novel Synthesis Based on the
Oxidative Alkoxydifluorodesulfuration of
Dithianylium Salts**
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In our search for new, superior liquid crystalsl!! for use in
active-matrix liquid crystal displays? (AM-LCD or thin film
transistor LCD, TFT-LCD) it was found that the insertion of a
difluorooxymethylene bridge into a specific location of the
mesogenic core structure of phenylbicyclohexyl-type liquid
crystals (1)P results in a class of materials (2; Scheme 1)1 that
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Scheme 1. The liquid crystalline basic structure 1 and its analogue 2 which
is extended by a difluorooxymethylene bridge.

exhibits a surprising improvement of essentially all applica-
tion-relevant properties (see Table 1). These include a broad-
er nematic phase range, a higher dielectric anisotropy (Ae), a
lower rotational viscosity (y,),”) but also a higher specific
resistivity and voltage holding ratio.”! Since the liquid crystals
1 are currently the most commonly used type of materials for
all kinds of AM-LCDs, this fundamental improvement
represents significant progress for LCD technology as a
whole with regard to faster switching times and a broader
operating temperature range.

Whilst there is a variety of methods reported for the
preparation of aryl a,a-difluorobenzyl ethers,[”) the efficient
synthesis of aryl and alkyl a,a-difluoroalkyl ethers has been
an unsolved problem so far. The first small amounts of 2!*> I
and its analogues were synthesized by the general methods
depicted in Scheme 2. But both synthetic routes suffer from
serious drawbacks, such as low yields and difficult purification
of the intermediates 708 and 8,°' and of the target
compounds 9. Therefore, it was our aim to develop a new,
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Table 1. Physical properties of liquid crystals (1, 2, 26—32) and chiral
dopants (33, 34)!'> 2% containing an a,a-difluoroalkyl ether bridge.[?!

Compound Phase sequence T Ae An Y1

1 C83N 10241 82.8 8.4 0.0720 233

2 C59N 11211 99.3 9.5 0.0688 184
26 C67N 11651 1082 11.8 0.0800 488
27 C411 —-31.7 19.0 0.1025 116
28 C 81 S5 169 N 285.7 1 296.7 —0.2 0.0695 796
29 C140S,150 S; 169 N >3251 3332 —2.1 0.0626 2935
30 C45N (28.8) I -84 17.0 0.1115 123
31 C19Sg721 43 0.7 0.0500 93
32 C471 -39.0 1.2 0.0488 -
33 T,-761 - - - -
34 T,271 - - - -

[a] “Virtual” clearing points (7Ty;), dielectric anisotropies (A¢), birefrin-
gences (An), and rotational viscosities (y,) are extrapolated from the Merck
liquid crystal mixture ZLI-4792.21 The temperatures are given in °C, the y,
values in mPas. C=crystalline, S, =smectic X, N =nematic, I =isotropic,
T,=glass transition. Numbers in parentheses denote monotropic phase
transitions.
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Scheme 2. Previously reported general synthetic routes to cyclo-
hexyl-a,a-difluoromethyl phenyl ethers 9.4l The yields vary
strongly depending on the phenol component: Route A:
a) CF,Br,, P(NMe,);, THF/dioxane 10/1; 0°C —room temper-
ature (RT), 18 h (80-90%); b) Br,, Et,0; 0°C, 1h (85-95%);
¢) 2.6 equiv XPhONa, DMF; 60°C, 18 h (35-70%); d) 1. H,, 5%
Pd-C, THF; 60°C, 60 bar; 2. preparative HPLC; 3. crystallization
from n-pentane (25-35%). Route B: e) 2,4-bis(4-methoxyphen-
yl)-1,3-dithia-2,4-diphosphetane-2,4-disulfide ~(Lawesson’s re-
agent),’) chlorobenzene; reflux, 18 h (5-30%); f) DBH (1,3-
dibromo-5,5-dimethylhydanthoin), 70% HF -pyridine, CH,Cl,;
—70°C —RT (5-40%).

universally applicable large-scale synthesis for a,a-
difluoroalkyl ethers such as 2, which does not require
sophisticated purification steps and which is based on
inexpensive and readily available precursors.
Oxidative fluorodesulfuration!"'?! is one of the
most versatile synthetic tools for the selective intro-
duction of fluorine into complex organic molecules,
which is also compatible with other sensitive function-

Angew. Chem. 2001, 113, Nr. 8
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Scheme 4. Synthesis of the liquid crystal 2 and conditions leading to the formation of
12 and 14: a) 1. HS(CH,);SH, CF;SO;H, toluene/isooctane 1/1; azeotropic removal of
water; 2. crystallization by addition of methyl tert-butyl ether at 0°C (90%); b) 3,4,5-
trifluorophenol, NEt;, CH,Cl,; —70°C, 10 min; c) 1. NEt;-3HF; —70°C, 5 min;
2.Br,; —70°C—0°C (84%); d) NEt;, CH,Cl,; RT, 1h (39%); e) 1. NEt;-3HF;
—70°C, 5min; 2. N-bromosuccinimide; —70°C —0°C (from 11* CF;SO;~ and 12:
complex mixture with 14 as main identifiable product, yield not determined).
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alities. Since cycloaliphatic thionoesters (such as 8) often
suffer from poor stability, in this case a cyclic dithioorthoester
seemed a more suitable alternative substrate for the fluoro-
desulfuration (Scheme 3). The results reported by Klaveness
etal.l®l indicated that these dithioorthoesters might be
obtained by reaction of a dithianylium salt!! with a hydroxy
compound in the presence of an auxiliary base.

LF £ 5*
R—k = R—k = R—<>x'+'o—R

Scheme 3 Retrosynthetlc analysis of the formation of the difluorooxy-
methylene link.

Putting these considerations into practice, we were able to
convert the carboxylic acid 10 into the corresponding
dithianylium triflate (11" CF;SO;~) by condensation with
1,3-propanedithiol and trifluoromethanesulfonic acid under
azeotropic water removal (Scheme 4; for details see Exper-
imental Section). The same procedure can also be applied for
the conversion of aromatic carboxylic acids. The resulting
dithianylium salt 117 CF;SO;~ and its aromatic analogues are
non-hygroscopic solids which can be stored for months at
ambient temperature without special precautions. Some
dithianylium salts with a shorter alkyl or 4-alkylcyclohexyl
group are semi-solids at ambient temperature, without clearly
defined melting points. These noncrystalline salts are best
stored at —20°C as a solution in dichloromethane to avoid
their slow decomposition by elimination of trifluorometha-
nesulfonic acid.

First attempts to synthesize and purify the dithioorthoester
13 according to the procedure described in reference [13] only
resulted in the exclusive isolation of the ketenedithioketal 12
(Scheme 4). However, conducting the whole reaction se-
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quence—formation of the dithioorthoester and
subsequent  halonium-mediated fluorodesul-
furation!'> 21 (triethylamine tris(hydrofluoride)
(NEt;-3HF); 1,3-dibromo-5,5-dimethylhydanthoin
(DBH), N-bromosuccinimide (NBS) or bro-
mine)—as a one-pot procedure at —70°C fur-
nished the desired product 2 in good to excellent
yields. The highest yields are obtained by using
the phenol in an excess of about 0.5 equivalents 19+
with regard to the dithianylium salt.

Treatment of the dithianylium salt 11" CF;SO;~
with base (triethylamine) results in quantitative
deprotonation of the cation to the ketenedithio-
ketal 12. Contrary to our expectations, direct
fluorodesulfuration of 11" CF;SO;~, without prior
addition of the phenoxide, does not lead to the
trifluoromethylbicyclohexyl 15 but to a complex
mixture containing 14 as the major identifiable
component. A mixture of a similar composition is
obtained by the fluorodesulfuration of 12
(Scheme 4).

The alkoxydifluorodesulfuration works not
only in the presence of phenols but also with
acidic alcohols such as trifluoroethanol, trichloro-
ethanol, or even S-1,1,1-trifluorooctan-2-ol.l*%!
For aromatic dithianylium salts the use of less
acidic alcohols, such as ethanol, is feasible in
principle, but the resulting difluorobenzyl ethers are often
sensitive towards hydrolysis under the work-up conditions
and on contact with silica gel and can only be characterized as
a transient species by GC-MS analysis of the primary reaction
mixture.

The cyclohexyldithianylium triflate 117 CF;SO;~ can also
be generated by protonation of the ketenedithioketal 12!
with trifluoromethanesulfonic acid.'’l The protonation is
reversible at room temperature, which is indicated by the
preferred formation of trans,trans-2 (>98 %) on applying the
full fluorodesulfuration procedure, presumably via the ther-
modynamically more stable equatorial dithianylium cation
trans,trans-11*. Thus, also ketenedithioketals such as 12 can be
converted into the corresponding a,a-difluoroalkylethers by
the one-pot reaction sequence depicted in Scheme 5. This
provides an attractive synthetic alternative if the dithianylium
salt is not readily available from the corresponding carboxylic
acid.

The experimental findings were condensed into a tentative
mechanism (Scheme 6) which was additionally investigated

/S+
12 —> trans, trans-2
R S b

M 7~ 11° CF;S0;
\ +
R H \M\g — frans, cis-2

Scheme 5. Direct selective conversion of the ketenedithioketal 12 (R = CsHy,) to trans,trans-
2: a) 1. CF;SO;H, CH,CL,; 0°C — 20°C (1 h) — —70°C; 2. 3,4,5-trifluorophenol, NEt;;
—70°C; 3. NEt;-3HF; —70°C; 3. DBH; —70°C — —20°C (trans,trans-2/trans,cis-2 ~98/2;

overall yield 93%).

1530 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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Scheme 6. Tentative mechanistic pathway for the observed reactivity of cycloaliphatic
dithianylium salts (for related proposals see also ref. [12]).

by density functional theory (DFT) calculations (B3LYP/6-
31G*//B3LYP/6-31G* level of theory including unscaled zero-
point vibrational energy corrections;!'¥ for details see Sup-
porting Information). Instead of the 4-alkylcyclohexylidene
substructure, the 2-isopropylidene moiety was used to sim-
plify the computational problem. The following discussion
uses the numbering system of Scheme 6 but implies the
isopropyl model systems. The proton affinity of 16 is
—226.5 kcalmol~'. Surprisingly, even the addition of a bro-
monium ion to the dithianylium salt 17" results in the
formation of the dication 20°* with an exothermicity of
—51.6 kcalmol~.. The reaction of phenolate (R>=Ph) with
17+ gives 18 (—130.1 kcalmol'), and subsequent attack by
Brt directly leads to the ring-opened product 22*. The
primary addition product 21" is not a stationary point at this
level of theory. In the absence of a suitable nucleophilic
reaction partner, 20>+ can loose a proton to furnish 19*. This
process is endothermic by 93.6 kcalmol~!. Alternatively, 19+
might be generated directly by bromination of the ketenedi-
thioketal 16 (—184.5 kcalmol~!). With regard to the experi-
ments represented in Scheme 4, species 19
might be considered as a possible starting point
for a series of reactions leading among others to
compound 14.

Application of the general methods described
above offered an convenient access to a large
variety of structurally diverse new liquid crystals
and related compounds. The physical properties
of a selection of the newly synthesized materials
(Scheme 7) are listed in Table 1. The most
striking result of the insertion of the difluoro-
oxymethylene bridge into the basic phenyl-
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Scheme 7. Structures of liquid crystals (26 —32) and chiral dopants (33, 34)
given in Table 1.
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bicyclohexyl structure is the pronounced reduction of the
rotational viscosity (y;) of 2 by 21 % compared to that of 1. At
the same time the clearing temperature is increased by 10 K
and the melting point is decreased by 29 K. Similar effects are
observed for most phenylcyclohexane-based materials. A
detailed comparative discussion of the changes of physical
properties induced by the insertion of highly fluorinated brige
elements into different locations within the mesogenic core
structure will be subject of a forthcoming publication.

Starting either from inexpensive carboxylic acids or carbon-
yl compounds the previously elusive a,a-difluoroalkyl ethers
can be conveniently prepared in high yields. The uncompli-
cated preparation or in situ generation of the dithianylium
salts as key intermediates as well as the easy purification of
the final product makes this method a highly attractive choice
for industrial-scale production of liquid crystals, pharmaceut-
icals, and a variety of other fine chemicals.

Experimental Section

Dithianylium triflate 117 CF;SO;: 1,3-Propanedithiol (125 g, 1.16 mol) was
added to a suspension of 10 (250 g, 0.89 mol) in a mixture of toluene
(250 mL) and isooctane (250 mL). The milky suspension was heated to
50°C, and trifluoromethanesulfonic acid (173 g, 1.16 mol) was added over
30 min (slightly exothermic). The resulting solution was heated to 102 -
104°C, and water formed during the reaction (28 mL) was removed
azeotropically over 4 h. The solution was cooled to 90°C, and methyl terz-
butyl ether (1 L) was added over 45 min at 90—70°C. The suspension was
cooled to 0°C and filtered under a dry nitrogen atmosphere. The crystals
were washed with methyl tert-butyl ether (4 x 250 mL) and dried in vacuo
to yield 117 CF;SO;~ (402 g, 90%) as pinkish crystals. The purity was

Angew. Chem. 2001, 113, Nr. 8
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estimated to be about 95 % by '"H NMR spectroscopy, and was sufficient for
the further reactions. The compound slowly decomposed at about 90—
100°C; 'H NMR (250 MHz, CDCl;, 303 K): 6=3.75 (t, 4H, J=5Hz),
3.15-2.95 (m, 2H), 2.60-2.45 (m, 2H), 2.17 (d, 2H, /=10 Hz), 2.03-1.60
(m, 4H), 1.35-0.75 (m, 21H); “C NMR (60 MHz, CDCl;, 303 K): 6 =
203.4 (s, S-C=S%), 121.1 (q, CF;SO;"), 572, 53.5, 43.2, 42.3, 38.1, 37.7, 35.5,
33.8, 32.5, 30.3, 29.5, 271, 23.1, 17.3, 14.5; MS (EI): m/z (%): 352 [M* —
CF;SO;H] (100).

Synthesis of 2 from the dithianylium salt 11" CF;SO;~: A solution of 3,4,5-
trifluorophenol (10 g, 68 mmol) in a mixture of triethylamine (7.33 g,
72 mmol) and CH,Cl, (90 mL) was cooled to —70°C. Then a solution of
11 CF;SO; (30.9 g, 62 mmol) in CH,Cl, (85 mL) was added over 45 min at
the same temperature. After the mixture had been stirred for 1 h, NEt;-
3HF (50 mL, 310 mmol) were added over 5 min. Then, over a period of 1 h
a solution of bromine (49.5 g, 310 mmol) in CH,Cl, (20 mL) was added at
—70°C. The mixture was stirred for one more hour at —70°C and then
allowed to warm up to 0 °C. The solution was poured into a mixture of 32 %
aqueous NaOH (107 mL) and ice (200 g). The pH was adjusted to 5-8 by
addition of 32% aqueous NaOH (ca. 28 mL). The aqueous layer was
extracted with CH,Cl, (50 mL), and the combined organic extracts were
filtered through 2.5 g of celite, washed with water, and evaporated to
dryness. The residue was dissolved in n-heptane (60 mL), stirred for 30 min
with 5 g of silica gel, filtered, and evaporated to dryness. The crude product
was chromatographed with n-heptane on silica gel to yield 2 (22.8 g; 84 %)
as a nematic oil which slowly crystallized (purity 99.2 %, verified by GLC
and HPLC). The sample was purified further by recrystallization from n-
heptane at —20°C (purity >99.9 %; GLC and HPLC). For mesophases see
Table 1; '"H NMR (250 MHz, CDCl;, 303 K): 6 =6.82 (mc, 2H, Ar-2,6-H),
2.08-1.65 (m, 4H), 1.38-0.80 (m, 27H); “F NMR (280 MHz, CDCl,,
303 K): 0 =—165.3 (mc, 1F; Ar-4-F), —133.8 (mc, 2F; Ar-3,5-F), —79.3 (d,
J=84Hz, 2F; CF,0); MS (EI): m/z (%): 432 [M'] (25), 284 [M"—
F;PhOH] (50).

Synthesis of 2 from the ketenedithioketal 12: Trifluoromethanesulfonic
acid (0.25 mL, 2.84 mmol) was added dropwise at 0°C to a solution of 12
(1.00 g, 2.84 mmol)!') in CH,Cl, (15 mL). The cooling bath was removed
and the mixture was stirred for 30 min at room temperature. Then it was
cooled down to —70°C and a solution of 3,4,5-trifluorophenol (0.63 g,
4.25 mmol) in toluene and triethylamine (0.71 mL, 5.10 mmol) in CH,Cl,
(3 mL) was added. After the mixture had been stirred for 1 h at —70°C,
NEt;-3HF (2.29 mL, 14.2 mmol) was added. After 5 min a suspension of
DBH (4.05 g, 14.2 mmol) in CH,Cl, (15 mL) was added portionwise over
30 min. After stirring for additional 60 min, the mixture was allowed to
warm up to —20°C and then poured into ice-cold 1N aqueous NaOH
(50 mL). The organic layer was separated, and the aqueous layer was
extracted with CH,Cl, (3 x 30 mL). The combined organic extracts were
stirred for 15 min with 5 g of celite, filtered, washed with brine (2 x 30 mL),
dried over Na,SO,, and evaporated to dryness. The residue was dissolved in
n-hexane and filtered through a short silica gel column. Yield: 1.14 g (93 %)
of 2, containing 96.9 % transtrans and 22% transcis isomer (GLC).
Further purification to >99.8 % (GLC) of trans,trans-2 was accomplished
by crystallization from n-heptane at —20°C.
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A Short Copper- Copper Distance in a
(#-1,2-Peroxo)dicopper(@) Complex Having a
1,8-Naphthyridine Unit as an Additional
Bridge**

Chuan He, Jennifer L. DuBois, Britt Hedman,*
Keith O. Hodgson,* and Stephen J. Lippard*

Proteins that utilize transition metal ions to activate
molecular oxygen perform a variety of functions.'*l Peroxo-
bridged dimetallic species are important intermediates in
these processes. The geometry of a bound peroxide group may
play an important role in determining its reactivity and thus
the function of the protein. Comparison of synthetic dinuclear
peroxo complexes with the protein cores has helped elucidate
the structures and properties of many such biological species.
The u-n*:* side-on geometry is presently known only in
dicopper-containing proteins,? whereas the u-n';p' (u-1,2-
peroxo)-bridged structure occurs in diiron-containing pro-
teins (Scheme 1).5
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Scheme 1. Selected geometric units formed upon the reaction of dioxygen
with dimetallic transition metal centers.
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