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CONCEPTS

High Stereochemical Diversity and Applications for the Synthesis of Marine
Natural Products: A Library of Carbohydrate Mimics and Polyketide
Segments

Andrea M. Misske!* " and H. Martin R. Hoffmann*!2!

4 N

Abstract: We have developed a powerful concept for the
rapid assembly of a series of twenty-four homochiral
building blocks from simple racemic trans-2,4-dimethyl-8-
oxabicyclo[3.2.1]oct-6-en-3-one. The series comprises
eight stereochemical pentades of anomeric [3.3.1]lactone
acetals, eight stereochemical tetrades of anomeric carbo-
hydrate mimics, and eight stereotetrades of acyclic
polypropionate units. The utility of these enantiopure
materials (average 94 % ee) in natural product synthesis is
demonstrated and shown to complement the popular
aldol method.

Keywords: aldol reactions - biodiversity - carbohydrate
- combinatorial chemistry - polyketides
\_ J

Introduction

In general, the formation of a racemic mixture in a classical
total synthesis is undesirable and a considerable drawback
indicating lack of stereocontrol and necessitating separation
of the enantiomers by additional steps with loss of one half of
material. Another path to enantiomerically pure compounds
employs the chiral pool! which although often very effective,
is of limited scope since the choice of absolute configuration is
generally limited by the configuration of natural enantiomer.

Developing the concept of the “early racemic switch” we
have deliberately avoided using enantiomerically pure start-
ing material.> 3! Instead the racemic mixture is regarded as
two key single isomers which are elaborated simultaneously to
structurally different bioactive natural products in a modified
mix-and-split combinatorial strategy. The first steps involve
the selected racemic material. In further steps reaction paths
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involving several sites are generated thanks to the presence of
pro-stereogenic sp? centers. Finally individual building blocks
are formed. These are easily separated and isolated. As both
enantiomers are used from the beginning, there is no loss of
material. Moreover, fewer steps have to be carried out overall
(Scheme 1).

Using this general approach we have previously reported
the synthesis of two seven carbon segments of (—)-discoder-
molide and phorboxazole A and B.P! Starting from the
racemic oxabicyclic system with anti-2,4-dimethyl groups 1
and ent-1, we generated the two diastereomeric monocyclic
tetrahydropyran units 15 and 18 (Scheme 2). Disregarding the
anomeric center which is removed at a later stage both 15 and
18 contain four stereocenters. They were prepared in high
enantiomeric purity and are cyclic polyketide equivalents.

Currently, the most important approach to polyketides is
through a directed aldol reaction and auxiliary control
involving chiral enolates.!!

We now describe a modular polyketide synthesis of all 23 =
8 oxabicyclic, monocyclic, and acyclic systems with anti-2,4-
dimethyl groups that is 24 building blocks altogether. The 23
systems with syn-2,4-dimethyl groups should be available
through desymmetrization of meso-compounds using similar
chemistry. The general advantage of our approach is outlined
in Scheme 3. The popular symmetry-breaking of meso com-
pounds requires two diastereomeric compounds with syn-
dimethyl groups (equatorial, equatorial, and axial, axial) as
precursors and separate desymmetrization of the two o-
symmetric molecules. The present approach allows us to begin
with the simple racemic starting material 1 and ent-1 as two
distinct compounds in one flask, reducing number of steps,
cutting waste and gaining time.

The artificial chiral pool—A library of polyketide fragments
and carbohydrate mimics: Reduction of the racemic [3.2.1]oxa-
bicyclic ketone 1 and ent-1° with either DIBAH or SmL!
provides the axial (89%) and equatorial alcohol (85%),
respectively, each as a racemic mixture (Scheme 1). Reduc-
tion with Sml, gives access to the series of syn-diol equiv-
alents, reduction with DIBAH to the series of anti-diol
equivalents (cf. Scheme 2). After protection as a benzyl ether
(95 %199 % ) under standard conditions a second bifurcation is
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Scheme 1. One racemic ketone rac-1 is transformed into eight separable lactone acetals by cooperative substrate and reagent control. i) 1. Sml,,
isopropanol, THF, reflux, 2 h, 85%; 2. NaH, THF, BnBr, reflux, 15 h, 95%; ii) 1. DIBAH, THF, —78°C, 11 h, 89 %; 2. NaH, THF, BnBr, reflux, 16 h, 99 %;
iiii) 1. (=)-(Ipc),BH, THF, —25 — — 10°C, 7 d, then NaOH, H,0,, 2 h, 83%; 2. PCC, 4 A MS, NaOAc, CH,Cl,, rt, 1.5 h, 97 %; 3. m-CPBA, NaHCO;, CH,Cl,,
rt, 15h, 83% (6:39%, ee=96%;7: 44 %, ee =89 %); iv) 1. (—)-(Ipc),BH, THF, —15°C, 14 d, then NaOH, H,0,, 3 h, 98 %; 2. PCC/SiO,, CH,Cl,, rt, 15 h,
96 %; 3. m-CPBA, NaHCO;, CH,Cl,, rt, 15h, 85% (10: 47 %, ee > 95 %; 11: 38%, ee =93 %); v) 1. (+)-(Ipc),BH, THF, —25 — —10°C, 7 d, then NaOH,
H,0,, 2 h, 87%; 2. PCC, 4 A MS, NaOAc, CH,Cl,, 1t, 1.5 h, 98%; 3. m-CPBA, NaHCO;, CH,Cl,, rt, 15 h, 83% (8: 47%, ee =91%; 9: 40%, ee=94%);
vi) 1. (+)-(Ipc),BH, THF, — 25 — —10°C, 7 d, then NaOH, H,0,, 2 h, 82 %; 2. PCC, 4 A MS, NaOAc, CH,Cl,, 1t, 1.5 h, 99 %; 3. m-CPBA, NaHCO;, CH,Cl,,
rt, 15h, 82% (12: 37 %, ee =95 %; 13: 45%, ee =96 % ). DIBAH: Diisobutylaluminum hydride, Ipc: isopinocampheyl, PCC: pyridinium chlorochromate,
m-CPBA: meta-chloroperoxybenzoic acid.
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Scheme 2. Further development of synthetic tree (see Scheme 1). Eight anomeric tetrahydropyran esters and eight polypropionate stereotetrades: 8+8 = 16.
i) MeOH, H,SO,, rt, 15 h; ii) 1,3-propanedithiol, TMSOTT, MeCN, —40 — —10°C, 1 h. TMSOT{: Trimethylsilyl trifluoromethanesulfonate.

introduced doubling the number of stereoisomers from four
to eight: Reagent-induced asymmetric hydroboration!® of the
double bond with (—)-(Ipc),BH and also (+)-(Ipc),BH
followed by oxidation with H,O, furnishes a total of four
different mixtures of two diastereomeric alcohols each (82—
98%). Two further oxidations, first with PCC furnish the

3314 —
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ketones (96-99 %) and then regioselective Baeyer— Villiger
oxidative rearrangement (82-85%) gives the series of eight
lactone acetals (four pairs of lactones) (+)-6 and (—)-7/(+)-8
and (—)-9/(—)-10 and (—)-11/(+)-12 and (+)-13 which at this
stage are separated by simple flash chromatography (e.g.,
silica gel, petrol ether/EtOAc 5:1). At this stage elaborate

0947-6539/00/0618-3314 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 18
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Scheme 3. Strategy for stereochemical diversity from racemic and meso-
configured substrates.

separation techniques such as HPLC are unnecessary. The
resulting anomeric [3.3.1]lactone acetals are versatile syn-
thetic building blocks and are now elaborated separately.
Acidic methanolysis gives eight monocyclic acetal esters 14—
21 (84-99%), each as an anomeric mixture (Scheme 2). A
simple further step that is frans-thioacetalization with 1,3-
propanedithiol and equimolar trimethylsilyl triflate in solvent
acetonitrile (the less polar dichloromethane does not allow
tetrahydropyran opening) yields eight individual acyclic
polyketide segments with a backbone of seven carbon atoms,
that is (4)-22, (+)-23, (—)-24, (—)-25, (+)-26, (+)-27, (—)-28,
and (—)-29 (73-87 % ).I'l The enantiomeric excess is very high for
all reactions and ranges from 89-96% ee (average 94 % ee).

Thus, the artificial chiral pool contains 8 x 3 =24 homo-
chiral building blocks and has been built up in only 32 steps!
The sequence from ketone rac-1 as starting material to an
acyclic polypropionate unit comprises seven steps. Conven-
tional synthesis of all eight diastereomeric acyclic fragments
would require 7 x 8=56 steps. In fact, our approach to
stereochemical diversity saves 24 steps in total. Thus, there
results a theoretical number of 16:8=2 steps for each
[3.3.1]lactone acetal, 24:8 =3 steps for each anomeric acetal
ester and 32:8 =4 steps for each acyclic polypropionate unit.

Traditional calculation of the yield of a classical organic
synthesis presupposes that half of the racemate is lost and that
in the separation step the yield cannot rise above 50 %. In our
case, both enantiomers of the racemate are used and there is
no loss of substance. We consider the enantiomeric pair as two
specific starting materials giving different targets in single
flask operations. Once several chiral centers are present in a
floppy molecular ensemble the separation of diastereomeric
mixtures may become troublesome or even impossible. In our
case the special array and confrontation of five contiguous
stereocenters at the anomeric [3.3.1]lactone stage allows easy
separation into single isomers by conventional chromatogra-
phy. The average yields are 54 % ([3.3.1]lactone acetals), 50 %
(anomeric acetal esters), and 46 % (acyclic polypropionate
units).

The resulting eight stereochemical pentades (there are
eight stereoisomers, since the two stereocenters at the bridge-
head cannot be inverted independently) and the 8+8 stereo-
tetrades may be taken as precursors for segments of natural
products such as lonomycins A —C[® spongistatins,”! rifamy-
cin S, phorboxazole A and B,'Y! (+)-discodermolide,!?! and
apoptolidin.[*3!
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Application to marine metabolite synthesis: To exemplify our

approach, we have targeted three segments of prominent

polyoxygenated marine natural products i) phorboxazole A

and B, ii) (+)-discodermolide and iii) spongistatin 1. Each

type of bicyclic, monocyclic, and acyclic building block has
been used as starting material, that is [3.3.1]lactone acetal

(—)-10, monocyclic acetal ester 16, and acyclic polypropionate

building block (+)-27, respectively.

i) For the synthesis of the C18-C27 segment of phorbox-
azole A and B (Scheme 4) a nitrile group was introduced
into oxabicyclic [3.3.1]lactone (—)-10 giving a-anomer
(+)-30 exclusively and in quantitative yield in solvent
acetonitrile.l' Again, the polar solvent acetonitrile and

NCua O .~__OH NC._ O
O— i Do N i
o A, S ... OTIPS —=
O  OBn : :

OBn é)Bn

(-)-10 (+)-30, 100% a (+)-31
2 i ® o a
. 5 . O . : 18
O \l iv ) g O v ) 280 \/\CN
,,,,,, OTIPS 240,
OBn OBn 6Bn
(+)-32 (+)-33 (+)-34

Scheme 4. C18—-C27 segment (+)-34 of phorboxazole A and B.
i) TMSCN, TMSOTY, MeCN, —40 — —20°C, 100%; ii) 1. BH;- THF,
CH,Cl,, 0°C, 3 h, 94%; 2. TIPSCI, imidazole, DMAP, CH,Cl,, rt, 15 h,
100 %; iii) MeMgBr, toluene, rt, ultrasound, 15 h, then 1x HCI, 0.5 h, 76 %
(93% based on recovered starting material); iv) 1. TBAF, THF, rt, 1h,
97%; 2. DBU, CH,Cl,, reflux, 48 h, 89%, R:S>40:1; 3. Dess—Martin
periodinane, CH,Cl,, rt, 1 h, 96 %; v) Ph;PCHCN, LiCl, toluene, rt, 15 h,
89%, E:Z>10:1. TIPSCI: Triisopropylsilyl chloride, TBAF: tetra-n-
butylammonium fluoride, DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene.

equimolar trimethylsilyl triflate are important for C-
glycosidation. After reduction of the carboxylic acid to
the alcohol (94 %) and quantitative protection of the
alcohol as TIPS-ether (+)-31 the nitrile group was
converted into methyl ketone (+)-32 using MeMgBr in
toluene, ultrasound and then 0.5N HCI (76 %, 93 % based
on recovered starting material). After deprotection of the
alcohol (97 %) the 2,6-trans-C-glycoside was epimerized
to its 2,6-cis-epimer with DBU under reflux in 89 % yield.
Interestingly in model work a carbohydrate mimic
epimerized spontaneously when using the methylation
protocol (Scheme 5). Conversion of nitrile 35 into the
methyl ketone gave the 2,6-cis-epimer 36 directly, where-
as the methyl ketone from nitrile (+)-31 undergoes a ring
flip and adopts the conformation with equatorial keto
function as in (+)-32 and with tAree rather than two axial
substituents.[!”]
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Scheme 5. Conformational and configurational effects in model cyano-
glycosides. i) MeMgBr, toluene, rt, ultrasound; ii) 1Nn HCL.

Oxidation of the alcohol with Dess—Martin period-
inanel'! furnished aldehyde (+)-33 (96%) which was
converted into a,B-unsaturated nitrile (4)-34 with cya-
nomethylidene triphenylphosphinel'”! in excellent yield
and selectivity (89 %; E:Z > 10:1). Starting from lactone
(—)-10 the fully resolved central C18-C27 unit of
phorboxazole A and B (five stereocenters, one E-
configured double bond) was obtained in eight steps in
53% yield (ee >95%).08

ii) The C1-C7 segment of natural (+)-discodermolide was
synthesized in only two steps in 75% and 91 % ee from
anomeric pseudoglycoside 16 (Scheme 6). Acidic hydrol-
ysis in aqueous acetic acid and TPAP/NMO oxidation!"!
of the resulting lactol furnished lactone (—)-37 with four
stereocenters.2’!

Scheme 6. C1-C7 segment (—)-37 of natural (+)-discodermolide: i) H,O,
AcOH, 45-50°C, 87 h, 80%; ii) TPAP, NMO, 3 A MS, 6 h, 94%. TPAP:
Tetrapropylammonium perruthenate, NMO: N-methylmorpholine-N-ox-
ide.

iii) Polyketide unit (+)-27 was used as starting material for
the C11-C18 segment of spongistatin1l (Scheme 7).
After protection of the hydroxyl group as TBDMS ether
(+)-38 in 89 % yield the methyl ester was reduced with
DIBAH (87 %) and the resulting primary alcohol pro-
tected as TBDPS ether (+)-39 (91 %). Deprotection of
the dithiane unit with HgCl,/HgO furnished the aldehyde
(+)-40 (91%).21 Reaction with MeMgBr (96%) and
PCC oxidation of the secondary alcohol (90%) gave
methyl ketone (+)-41.

Altogether the C11-C18 segment of spongistatin 1 was
synthesized in six steps from polyketide building block
(+)-27 in an overall yield of 55 % with an ee of 93 %.1%

3316 ——
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Scheme 7. C11-C18 Segment (+)-41 of spongistatin 1: i) TBDMSOTH,
2,6-lutidine, CH,Cl,, rt, 5h, 89%; ii) 1. DIBAH, THF, 0°C, 6 h, 87%;
2. TBDPSCI, imidazole, DMAP, CH,Cl,, rt, 3 h, 91 %; iii) acetone, H,O,
HgO, HgCl,, 60°C, 3 h, 91%; iv) 1. MeMgBr, THF, rt, 4 h, 96 %; 2. PCC,
NaOAc, 4 A MS, 1h, 90%.

iv) We have already synthesized the C1-C9 segment of
bryostatin 124 from the a,a-dimethylated oxabicyclic
ketone.?*! Again, the mirror image isomer need not be
discarded, but serves as valuable precursor of the natural
product pederin (Scheme 8).’]

mirror plane

i i
,‘//%LO O\D\

C11-C18 segment
of pederin

C1-C9 segment

separation at of bryostatin

anomeric lactone
stage or earlier

Scheme 8. Oxabicyclic ketone with two stereocenters and three pro-
stereogenic sp? centers.

v) The a-monomethylated ketone has been elaborated to
the C1-C16 segment of lasonolide A% (Scheme 9). The
mirror image is a precursor of ratjadone,””! miyakolide, 28l
and spongistatinl”! (Scheme 8). Chromatographic separa-
tion at an early stage is straightforward, since we are
dealing no longer with diastereomers, but constitutional
isomers.

vi) Glycosidic tetrahydropyrans 15 and 18 (Scheme 2) have
been elaborated to the non-natural C1-C7 discodermo-
lide,” and the central phorboxazole segments,”! respec-
tively.

vii) A variety of carbohydrate mimics are readily accessible,
from anomeric lactone acetals, as shown for the trans-
formation (—)-10 — (+)-30. Furthermore, various mono-
cyclic methyl acetals, here exemplified by eight stereo-
chemical tetrades 14 — 21, serve as precursors of C-
glycosidic tetrahydropyrans.['* 2]

0947-6539/00/0618-3316 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 18





Polyketide Libraries

3313-3320

1
EtO,C

other polyketides

! constitutional

h i |
isomers } separation !

OSEM
16l
| .. _O_ .COMe 0
H/ HO™ ™ 2 4 Bno
12 < g - \
Q-w OBn OTES

(o] R t
N qual ernary
T OTBS — center
7/ R
lasonolide A:

southern segment

Scheme 9. Artificial pool with four stereocenters. Separation is feasible before potential Baeyer— Villiger ring expansion: Oxidative cleavage of unsaturated
2-carbon bridge “through the middle” yields further enantiopure building blocks. i) 1. (—)-(Ipc),BH, THF, —15°C,7 d, 90 % (ee =90%); 2. PCC, CH,Cl,, rt,
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Conclusion

We have developed and applied a unified and powerful
concept for generating stereochemical diversity which is
directly relevant to biodiversity and to polyketide and natural
product synthesis in general. Starting from one simple racemic
substance a cascade of stereoisomeric high-quality building
blocks has been generated. 24 Stereoisomers are available in
quantity by robust methodology and are built in a total of only
32 steps. The stereoisomers are individually separable and
obtained with an average enantiomeric excess of 94 %. The
synthetic utility of a bicyclic, a monocyclic, and an acyclic
building block has been shown by elaboration into three
different segments of various marine natural products with
excellent yields. Key stereocontrolled reactions have been
carried out by taking advantage of cyclic substrates with three
pro-stereogenic sp? centers. A chiral auxiliary need not be
appended. Various structural and stereopatterns are gener-
ated and are equivalent to those of multiple aldol additions.
Of the eight different stereopatterns listed in Scheme 2 the
framed patterns are currently known as constituents of
natural products. The stereopattern of [3.3.1]lactone acetal
(—)-10 and its derivatives 18 and (+)-26 has also appeared in
enzymic work with various polyketide synthases (PKS).F% All
natural and non-natural polyketide segments prepared by us
are of obvious interest for combinatorial synthesis. They also
serve together with construction or degradation and spectro-
scopic studies to identify the relative and absolute stereo-
chemistry of polyketides with unassigned stereocenters. The
building blocks are rapidly accessible from very few [3.2.1]oxa-

Chem. Eur. J. 2000, 6, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

bicyclic ketones (Schemes10 and 11). Further progress
towards automated procedures and solid-phase methodology
is expected.
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reduction at 0 °C

O jo]
p 0 o N
rac

40-45% overall
25 g isolated

Scheme 11. Alternative route to an oxabicycle with an equatorial a-methyl
group (cf. Scheme 9 and ref. [5d]).

[7] a) T. Nakata, S. Takao, M. Fukui, T. Tanaka, T. Oishi, Tetrahedron
Lert. 1983, 24, 3873; b) T. Oishi, T. Nakata, Acc. Chem. Res. 1984, 17,
338; ¢) T.F.J. Lampe, H. M. R. Hoffmann, J. Chem. Soc. Chem.
Commun. 1996, 1931.

Structure elucidation: a) N. Otake, M. Koenuma, H. Miyamae, S. Sato,
Y. Saito, Tetrahedron Lett. 1975, 4147; b) S. Omura, M. Shibata, S.
Machida, J. Sawada, N. Otake, J. Antibiot. 1976, 29, 15; ¢) C. Riche, C.
Pascard-Billy, J. Chem. Soc. Chem. Commun. 1975, 951; d) N. Otake,
M. Koenuma, H. Miyamae, S. Sato, Y. Saito, J. Chem. Soc. Perkin
Trans. 21977,494; ¢) N. A. Rodios, M. J. O. Anteunis, Bull. Soc. Chim.
Belg. 1978, 87,447; f) N. A. Rodios, M. J. O. Anteunis, Bull. Soc. Chim.
Belg. 1979, 88, 37; g) H. Seto, K. Mizoue, N. Otake, J. Antibiot. 1980,
33, 979; h) J. C. Beloeil, C. Le Cocq, V. Michon, J. Y. Lallemand,
Tetrahedron 1981, 37,1943. Total synthesis: i) D. A. Evans, A. M. Ratz,
B. E. Huff, G. S. Sheppard, J. Am. Chem. Soc. 1995, 117, 3448.
Structure elucidation: a) G. R. Pettit, Z. A. Cichacz, F. Gao, C. L.
Herald, M. R. Boyd, J. M. Schmidt, J. N. A. Hooper, J. Org. Chem.
1993, 58, 1302; b) G. R. Pettit, Z. A. Cichacz, F. Gao, C. L. Herald,
M. R. Boyd, J. Chem. Soc. Chem. Commun. 1993, 1166; c) G. R. Pettit,
Z. A. Cichacz, C. L. Herald, F. Gao, M. R. Boyd, J. M. Schmidt, E.
Hamel, R. Bai, J. Chem. Soc. Chem. Commun. 1994, 1605; d) N.
Fusetani, K. Shinoda, S. Matsunaga, J. Am. Chem. Soc. 1993, 115,
3977; e) M. Kobayashi, S. Aoki, H. Sakai, K. Kawazoe, N. Kihara, T.
Sasaki, I. Kitagawa, Tetrahedron Lett. 1993, 34,2795 f) M. Kobayashi,
S. Aoki, I. Kitagawa, Tetrahedron Lett. 1994, 35, 1243. Total syntheses:
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Zn, reflux, 1 h.

¢) D. A. Evans, P.J. Coleman, L. C. Diaz, Angew. Chem. 1997, 109,
2951; Angew. Chem. Int. Ed. 1997, 36,2737, D. A. Evans, B. W. Trotter,
B. Coté, P. J. Coleman, Angew. Chem. 1997, 109, 2954; Angew. Chem.
Int. Ed. 1997, 36, 2741; D. A. Evans, B. W. Trotter, B. Coté, P.J.
Coleman, L.C. Diaz, A.N. Tyler, Angew. Chem. 1997, 109, 2957,
Angew. Chem. Int. Ed. 1997, 36, 2744 (Spongistatin 2); h) J. Guo, K. J.
Duffy, K. L. Stevens, P. 1. Dalko, R. M. Roth, M. M. Hayward, Y.
Kishi, Angew. Chem. 1998, 110, 198; Angew. Chem. Int. Ed. 1998, 37,
187; M. M. Hayward, R. M. Roth, K.J. Duffy, P.I. Dalko, K.L.
Stevens, J. Guo, Y. Kishi, Angew. Chem. 1998, 110, 202; Angew. Chem.
Int. Ed. 1998, 37,190 (Spongistatin 1). Other synthetic efforts: i) A. B.
Smith III, L. Zhuang, C. S. Brook, A. M. Boldi, M. D. McBriar, W. H.
Moser, N. Murase, K. Nakayama, P. R. Verhoest, Q. Lin, Tetrahedron
Lett. 1997, 38, 8667; j) M. M. Claffey, C. H. Heathcock, J. Org. Chem.
1996, 61, 7646; k) 1. Paterson, R. M. Oballa, R. D. Norcross, Tetrahe-
dron Lett. 1996, 37, 8581;1) L. A. Paquette, D. Zuev, Tetrahedron Lett.
1997, 38,5115; m) L. Paterson, L. E. Keown, Tetrahedron Lett. 1997, 38,
5727; n) C. J. Hayes, C. H. Heathcock, J. Org. Chem. 1997, 62, 2678;
o) L. Paterson, R. M. Oballa, Tetrahedron Lett. 1997, 38, 8241; p) R.
Dunkel, M. Mentzel, H. M. R. Hoffmann, Tetrahedron 1997, 53,
14929; q) S. Lemaire-Audoire, P. Vogel, Tetrahedron Lett. 1998, 39,
134;r) S. A. Hermitage, S. M. Roberts, D. J. Watson, Tetrahedron Lett.
1998, 39, 3567; s) T. Terauchi, M. Nakata, Tetrahedron Lett. 1998, 39,
3795; t) R. Zemribo, K. T. Mead, Tetrahedron Lett. 1998, 39, 3895;
u) E. Fernandez-Megia, N. Gourlaouen, S.V. Ley, G.J. Rowlands,
Synlett 1998, 991; v) L Paterson, D. J. Wallace, R. M. Oballa, Tetrahedron
Lert. 1998, 39, 8545; w) P.D. Kary, S. M. Roberts, D.J. Watson,
Tetrahedron: Asymmetry 1999, 10, 213; x) P. D. Kary, S. M. Roberts,
D. J. Watson, Tetrahedron: Asymmetry 1999, 10, 217; y) R. Dunkel, J.
Treu, H. M. R. Hoffmann, Tetrahedron: Asymmetry 1999, 10, 1539;
z) H. Kim, H. M. R. Hoffmann, Eur. J. Org. Chem. 2000, 2195.
Chemistry, biosynthesis and biological activity of ansamycins: a) W.
Wehli, Top. Curr. Chem. 1977, 72, 22. Total synthesis: b) H. Nagaoka,
W. Rutsch, G. Schmid, H. lio, M. R. Johnson, Y. Kishi, J. Am. Chem.
Soc. 1980, 102, 7962; c) H. lio, H. Nagaoka, Y. Kishi, J. Am. Chem.
Soc. 1980, 102, 7965. See also M. Lautens, Pure Appl. Chem. 1992, 64,
1873; A. V.Rama Rao, J. S. Yadav, V. Vidyasagar, J. Chem. Soc. Chem.
Commun. 1985, 55; J. S. Yadav, C. S. Rao, S. Chandrasekhar, A. V.
Rama Rao, Tetrahedron Lett. 1995, 36, 7717.

Structure elucidation: a) P. A. Searle, T. F. Molinski, J. Am. Chem.
Soc. 1995, 117, 8126; b) P. A. Searle, T. F. Molinski, L. J. Brzezinski,
J. W. Leahy, J. Am. Chem. Soc. 1996, 118, 9422; c) T. F. Molinski,
Tetrahedron Lett. 1996, 37, 7879. Total synthesis: d) C. J. Forsyth, F.
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Ahmed, R.D. Cink, C.S. Lee, J. Am. Chem. Soc. 1998, 120, 5597.
Other synthetic efforts: e¢) C. S. Lee, C. J. Forsyth, Tetrahedron Lett.
1996, 37, 6449; f) R. D. Cink, C.J. Forsyth, J. Org. Chem. 1997, 62,
5672; g) C. J. Forsyth, F. Ahmed, Tetrahedron Lett. 1998, 39,183;h) T.
Ye, G. Pattenden, Tetrahedron Lett. 1998, 39, 319; i) G. Pattenden,
A.T. Plowright, J. A. Tornos, T. Ye, Tetrahedron Lett. 1998, 39, 6099;
j) L. Paterson, E. A. Arnott, Tetrahedron Lett. 1998, 39, 7185; k) D. R.
Williams, D. A. Brooks, K. G. Meyer, M. P. Clark, Tetrahedron Lett.
1998, 39, 7251; 1) G. Pattenden, A. T. Plowright, J. A. Tornos, T. Ye,
Tetrahedron Lett. 1998, 39, 6099; m) P. Wolbers, H. M. R. Hoffmann,
Tetrahedron 1999, 55, 1905; n) P. Wolbers, H. M. R. Hoffmann,
Synthesis 1999, 797; o) D. R. Williams, M. P. Clark, M. A. Berliner,
Tetrahedron Lett. 1999, 40, 2287; p) D. R. Williams, M. P. Clark,
Tetrahedron Lett. 1999, 40, 2291; q) ref. [3]; r) P. Wolbers, A. M.
Misske, H. M. R. Hoffmann, Tetrahedron Lett. 1999, 40, 4527, s) D. A.
Evans, V.J. Cee, T. E. Smith, K. J. Santiago, Org. Lett. 1999, 1, 87;
t) A. B. Smith IIL, P. R. Verhoest, K. P. Minbiole, J. J. Lim, Org. Lett.
1999, 7, 909; t) A. B. Smith III, K. P. Minbiole, P. R. Verhoest, T. J.
Beauchamps, Org. Lett. 1999, 1, 913.

Structure elucidation: a) S. P. Gunasekera, M. Gunasekera, R. E.
Longley, J. Org. Chem. 1990, 55, 4912; b) S.P. Gunasekera, M.
Gunasekera, R. E. Longley, J. Org. Chem. 1991, 56, 1346. Total
syntheses of (—)-antipode: c)J. B. Nerenberg, D.T. Hung, P.K.
Somers, S.L. Schreiber, J. Am. Chem. Soc. 1993, 115, 12621,
d) A. B. Smith III, Y. Qiu, D. R. Jones, K. Kobayashi, J. Am. Chem.
Soc. 1995, 117,12011; e) S. S. Harried, G. Yang, M. A. Strawn, D. A.
Myles, J. Org. Chem. 1997, 62, 6098. Total syntheses of (+)-antipode:
f) D. T. Hung, J. B. Nerenberg, S. L. Schreiber, J. Am. Chem. Soc.
1996, 118, 11054; g) J. A. Marshall, B. A. Johns, J. Org. Chem. 1998,
63, 7885. Other synthetic efforts: h)J. M. C. Golec, S.D. Jones,
Tetrahedron Lett. 1993, 34, 8259; i) J. M. C. Golec, R.J. Gillespie,
Tetrahedron Lett. 1993, 34, 8167; j) P. L. Evans, J. M. C. Golec, R. J.
Gillespie, Tetrahedron Lett. 1993, 34, 8163; k) 1. Paterson, S. P. Wren,
J. Chem. Soc. Chem. Commun. 1993, 24, 1790; 1) D. L. Clark, C. H.
Heathcock, J. Org. Chem. 1993, 58, 5878; m) G. Yang, D. C. Myles,
Tetrahedron Lett. 1994, 35, 1313; n) G. Yang, D. C. Myles, Tetrahedron
Lett. 1994, 35, 2503; o) L. Paterson, A. Schlapbach, Synlett, 1995, 498;
p) J. A. Marshall, Z.-H. Lu, B. A. Johns, J. Org. Chem. 1998, 63, 817,
q) ref. [3]; r) see also A.B. Smith III, M. D. Kaufman, T.J. Beau-
champ, M. J. LaMarche, H. Arimoto, Org. Lett. 1999, 1, 1823.
Structure elucidation and biological activity: a) J. W. Kim, H. Adachi,
K. Shin-ya, Y. Hayakawa, H. Seto, J. Antibiot. 1997, 50, 628; b) Y.
Hayakawa, J. W. Kim, H. Adachi, K. Shin-ya, K. Fujita, H. Seto, J.
Am. Chem. Soc. 1998, 120, 3524. Synthetic effort: c) J. Schuppan, B.
Ziemer, U. Koert, Tetrahedron Lett. 2000, 41, 621.

a) O. Gaertzen, A. M. Misske, P. Wolbers, H. M. R. Hoffmann, Synlett
1999, 1041; b) O. Gaertzen, A. M. Misske, P. Wolbers, H. M. R.
Hoffmann, Tetrahedron Lett. 1999, 40, 6359.

The conformation was confirmed by a 500 MHz NOESY spectrum.
a) D. B. Dess, J. C. Martin, J. Org. Chem. 1983, 48, 4155; b) D. B. Dess,
J. C. Martin, J. Am. Chem. Soc. 1991, 113, 7277; J. A. Marshall, G. P.
Luke, J. Org. Chem. 1993, 58, 6229.

S. Trippett, D. M. Walker, J. Chem. Soc. 1959, 3874.

Data for phorboxazole segment (2E)-4-((2R,3R4S,5R,6R)-6-acetyl-4-
benzyloxy-3,5-dimethyltetrahydropyran-2-yl)-but-2-ene-nitrile ~ (+)-
34: colorless oil; E:Z>10:1; [a]p=+126.8° (c=1.3 in CHCL;); IR
(CHCI,): 7= 3067, 2976, 2936, 2861, 2437, 1718, 1637, 1603, 1497, 1456,
1419, 1388, 1355, 1308, 1230, 1163, 1142, 1111, 1096, 1073, 1028, 966,
909, 844 cm!; 'H NMR (400 MHz, CDCl;, TMS): 6 =7.34 (m, SH),
6.71 (ddd, J=16.3, 7.8, 6.7 Hz, 1H), 5.44 (ddd, /=16.3, 1.5, 1.5 Hz,
1H),4.64 (d,J=11.4 Hz,1H), 4.37 (d,J=11.4 Hz, 1 H), 3.49 (ddd, J =
9.0, 44, 2.0Hz, 1H), 3.39 (d, /=10.7 Hz, 1H), 3.19 (dd, J=10.3,
4.5 Hz),2.59 (dddd, J =15.0,9.0, 6.7, 1.5 Hz, 1 H), 2.31 (dddd, /= 15.0,
7.8,4.4,1.5Hz, 1H), 2.18 (s, 3H), 2.09 (m, 1H), 1.81 (m, 1 H), 0.99 (d,
J=7.0Hz,3H),0.93 (d, J=6.5 Hz, 3H); *C NMR (100 MHz, DEPT,
CDCl): 6 =206.1 (CO), 151.9 (=CH), 138.0 (ArC), 128.4 (ArCH),
128.4 (ArCH), 127.7 (ArCH), 117.1 (CN), 101.8 (=CH), 87.6 (HCCO),
82.6 (HCOR), 76.7 (HCOR), 70.3 (OH,CAr), 36.8 (CH,), 34.3 (CH),
32.3 (CH), 25.4 (H;CCO), 12.8 (CH,), 5.8 (CH;); MS (100°C): m/z
(%):327 (2) [M]*,301 (3), 284 (100), 261 (4), 226 (6), 198 (4), 178 (26),
153 (5), 136 (64), 108 (35); HR-MS: calcd for C,H,sNO; [M]*
327.1834, found 327.1834.

(19]
[20]
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[22]
[23]

(24]
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S. V. Ley, J. Norman, W. P. Griffith, S. P. Marsden, Synthesis 1994, 639.
Data for discodermolide segment (253R.4S,5R)-(4-benzyloxy-3,5-
dimethyl-6-oxotetrahydropyran-2-yl)-acetic acid methyl ester (—)-
37: colorless crystalline solid; m.p. 100°C; [a]p,=—44.7° (¢c=1.6 in
CHCL); IR (CHCLy): 7 = 2940, 2081, 1731, 1606, 1534, 1497, 1454, 1437,
1383, 1350, 1253, 1218, 1194, 1155, 1092, 1054, 1027, 995, 911, 868, 842,
795, 736, 699 cm~!; 'H NMR (400 MHz, CDCl;, TMS): 6 =7.33 (m,
5H), 4.81 (ddd, J=10.1, 7.5, 4.0 Hz, 1H), 4.65 (d, /=117 Hz, 1H),
4.46 (d, J=11.7Hz, 1H), 3.70 (s, 3H), 3.41 (dd, J=3.1, 3.1 Hz, 1 H),
2.93 (dq,J=75,3.1 Hz, 1H), 2.73 (dd, J =16.1, 4.0 Hz, 1 H), 2.58 (dd,
J=16.1,75Hz, 1H), 2.21 (ddq, /=10.1, 6.8,3.1 Hz, 1H), 1.03 (d, /=
75 Hz, 3H), 0.94 (d, J=6.8 Hz, 3H); *C NMR (100 MHz, DEPT,
CDCL,): 6=172.9 (C0O), 170.2 (CO), 137.5 (ArC), 128.3 (ArCH), 127.8
(ArCH), 1277 (ArCH), 79.8 (OCHR,), 775 (OCHR,), 71.6
(OCH,Ph), 51.8 (OCHs;), 394 (CH), 38.0 (CH,), 32.7 (CH), 16.1
(CHs;), 13.1 (CH;); MS (100°C): m/z (%): 306 (9) [M]*, 276 (2), 259
(3), 234 (18), 215 (42), 197 (19), 172 (12), 154 (100), 125 (31), 106 (31);
HR-MS: caled. for C;;H,,O5 [M]* 306.1467, found 306.1467.

a) P. C. Bulman Page, M. B. van Niel, J. C. Prodger, Tetrahedron 1989,
45, 7643; b) M. Schelhaas, H. Waldmann, Angew. Chem. 1996, 108,
2192; Angew. Chem. Int. Ed. 1996, 35, 2056.

M. Kassou, S. Castillon, J. Org. Chem. 1997, 62, 3696.

Data for spongistatin segment (3S5,45,55,6R)-4-benzyloxy-6-(tert-bu-
tyldimethylsilanyloxy)-8-(tert-butyldiphenylsilanyloxy)-3,5-dimethyl-
octan-2-one (+)-41: colorless oil; [a], =+ 14.5 (¢ =1.7 in CHCL;); IR
(CHCl,): v =3071, 2957, 2931, 2884, 2858, 1710, 1471, 1427, 1360, 1256,
1110, 1028, 1005, 941, 837, 614, 506 cm~'; 'H NMR: (400 MHz,
CDCL,): 6 =7.64 (m,4H), 735 (m, 11H), 4.58 (d,/=11.0 Hz, 1H), 4.43
(d, J=11.0 Hz, 1H), 3.98 (m, 1H), 3.94 (m, 1H), 3.77 (dd, J=8.2,
29Hz,1H),3.74 (t,J=6.7 Hz,2H), 2.88 (dq,/=7.0,7.0 Hz, 1 H), 2.16
(s,3H), 1.77 (m, 3H), 1.04 (s, 9H), 1.02 (d,/=7.0 Hz,3H), 0.95 (d, J =
7.0 Hz, 3H), 0.85 (d, /=70 Hz, 3H), 0.87 (s, 9H), 0.04 (s, 3H), 0.01 (s,
3H); BC NMR: (100 MHz, DEPT): 6 =212.2 (CO), 138.7 (ArC),
135.6 (ArCH), 135.5 (ArCH), 133.8 (ArC), 133.7 (ArC), 129.5
(ArCH), 129.5 (ArCH), 128.2 (ArCH), 127.6 (ArCH), 127.6 (ArCH),
1273 (ArCH), 1272 (ArCH), 82.3 (OCHR), 74.0 (OCH,Ph), 71.7
(OCHR), 60.4 (CH,OTBDPS), 49.7 (CH), 41.4 (CH), 35.9 (CH,), 30.9
(CH3), 26.8 (C(CH;);), 259 (C(CHj);), 19.1 (C(CH;),), 18.1
(C(CH,)3), 13.9 (CH3), 9.1 (CH3), —4.3 (CH,Si), —4.3 (CH;Si); MS-
FAB: 646 (18) [M+H]*; HR-MS: caled for C;Hy,O,Si, [M—
C(CHs);]* 589.3169, found 589.3171.

Structure elucidation: a) G. R. Pettit, Progr. Chem. Org. Nat. Prod.
1991, 57,153;b) G. R. Pettit, J. Nat. Prod. 1996, 59, 812. Total synthesis
of bryostatin 7: ¢) M. Kageyama, T. Tamura, M. H. Nantz, J. C.
Roberts, P. Somfai, D. C. Whritenour, S. Masamune, J. Am. Chem.
Soc. 1990, 112, 7407. Total synthesis of bryostatin 2: d) D. A. Evans,
P. H. Carter, E. M. Carreira, A. B. Charette, J. A. Prunet, M. Lautens,
J. Am. Chem. Soc. 1999, 121,7540; ¢) D. A. Evans, P. H. Carter, E. M.
Carreira, A.B. Charette, J. A. Prunet, M. Lautens, Angew. Chem.
1998, 110,2526; Angew. Chem. Int. Ed. 1998, 37,2354. Review: f) R. D.
Norcross, 1. Paterson, Chem. Rev. 1995, 95, 2041. Other synthetic
efforts: g) M. A. Blanchette, M. S. Malamas, M. H. Nantz, J. C.
Roberts, P. Somfia, D. C. Whritenour, S. Masamune, M. Kageyama,
T. Tamura, J. Org. Chem. 1989, 54, 2817; h) D. A. Evans, E. M.
Carreira, Tetrahedron Lett. 1990, 31, 4703; i) R. Roy, A. W. Rey,
Synlett 1990, 448; j) J. DeBrabander, K. Vanhessche, M. Vandewalle,
Tetrahedron Lett. 1991, 32, 2821; k) K. Ohmori, T. Suzuki, K.
Miyazawa, S. Nishiyama, S. Yamamura, Tetrahedron Lett. 1993, 34,
4981; 1) J. DeBrabander, M. Vandewalle, Synthesis 1994, 855; m) J.
DeBrabander, M. Vandewalle, Synlett 1994, 231; n) K. Ohmori, T.
Suzuki, S. Nishiyama, S. Yamamura, Tetrahedron Lett. 1995, 36, 6515;
0) K. Ohmori, S. Nishiyama, S. Yamamura, Tetrahedron Lett. 1995, 36,
6519; p) K. J. Hale, J. A. Lennon, S. Manaviazar, M. H. Javaid, C. J.
Hobbs, Tetrahedron Lett. 1995, 36, 1359; q) T. E. J. Lampe, H. M. R.
Hoffmann, Tetrahedron Lett. 1996, 37, 7695; r) T.F.J. Lampe,
H. M. R. Hoffmann, J. Chem. Soc. Chem. Commun. 1996, 1931,
s) M. Kalesse, M. Eh, Tetrahedron Lett. 1996, 37, 1767; t)J. De-
Brabander, M. Vandewalle, Pure Appl. Chem. 1996, 68, 715; u) S.
Kiyooka, H. Maeda, Tetrahedron: Asymmetry 1997, 8, 3371; v) J. M.
Weiss, H. M. R. Hoffmann, Tetrahedron: Asymmetry 1997, 8, 3913;
w) J. DeBrabander, B. A. Kulkarni, R. Garcia-Lopez, M. Vandewalle,
Tetrahedron: Asymmetry 1997, 8, 1721; x) J. Gracia, E. J. Thomas, J.
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H. M. R. Hoffmann and A. M. Misske

Chem. Soc. Perkin Trans. 1 1998, 17,2865;y) R. J. Maguire, S. P. Munt,
E. J. Thomas, J. Chem. Soc. Perkin Trans. I 1998, 17,2853; z) J. Baxter,
E. G. Mate, E. J. Thomas, Tetrahedron 1998, 54, 14359; aa) T. Obitu,
K. Ohmori, Y. Ogawa, H. Hosomi, S. Ohba, S. Nishiyama, S.
Yamamura, Tetrahedron Lett. 1998, 39, 7349.

Structure elucidation: A. Furusaki, T. Watanabe, T. Matsumoto, M.
Yanagiya, Tetrahedron Lett. 1968, 6301. Review on structure elucida-
tion and biological activity of pederin: b) J. H. Frank, K. Kanamitsu,
Med. Entomol. 1987, 24, 155. Total syntheses: c) F. Matsuda, N.
Tomiyoshi, M. Yanagiya, T. Matsumoto, Tetrahedron 1988, 44, 7063;
d) T. Nakata, S. Nagao, N. Mori, T. Oishi, Tetrahedron Lett. 1985, 26,
6461; e) T. Nakata, S. Nagao, T. Oishi, Tetrahedron Lett. 1985, 26,
6465; f) T. M. Wilson, P. Kocienski, K. Jarowicki, K. Isaac, P. M.
Hitchcock, A. Faller, S. F. Campbell, Tetrahedron 1990, 46, 1767; g) P.
Kocienski, K. Jarowicki, S. Marczak, Synthesis 1991, 1191. Other
synthetic efforts: h) J. Meinwald, Pure Appl. Chem. 1977, 49, 1275;
i) M. C. Pirrung, P. M. Kenney, J. Org. Chem. 1987, 52, 2335; j) A.
Vakalopoulos, H. M. R. Hoffmann, unpublished results.

Isolation and structural work: a) P. A. Horton, F. E. Koehn, R. E.
Longley, O.J. McConnell, J. Am. Chem. Soc. 1994, 116, 6015.

(27]

(28]

(29]

(30]

(31]

Synthetic efforts: b) H. Beck, H. M. R. Hoffmann, Eur. J. Org. Chem.
1999, 2991; c) M. Nowakowski, H. M. R. Hoffmann, Tetrahedron 1997,
53,4331,

a) K. Gerth, H. Schummer, G. Hofle, H. Irschik, H. Reichenbach, J.
Antibiot. 1995, 48, 787; b) D. Schummer, K. Gerth, H. Reichenbach,
G. Hofle, Liebigs Ann. 1995, 685; c) P. M. Schifer, H. M. R. Hoff-
mann, unpublished results.

T. Higa, J. Tanaka, M. Komesu, D. G. Gravalos, J. L. F. Puentes, G.
Bernardinelli, C. W. Jefford, J. Am. Chem. Soc. 1992, 114, 7587.

For further syntheses of P-, S-, and NC-pseudoglycosides see R.
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Maximizing Synthetic Efficiency:
Multi-Component Transformations Lead the Way

Hugues Bienaymé,*!*! Chris Hulme,™™ Gilles Oddon,*! and Philippe Schmitt!?!
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Abstract: With the emergence of high-throughput
screening in the pharmaceutical industry in the early
1990’s, organic chemists were faced with a new challenge:
how to prepare large collections of molecules (the
libraries) to “feed” the high-throughput screen? The
unique exploratory power of some reactions (such as the
40 year-old Ugi four-component condensation) was soon
recognized to be extremely valuable to produce libraries
in a time- and cost-effective manner. Over the last five
years, industrial and academic researchers have made
these powerful transformations into one of the most
efficient and cost-effective tools for combinatorial and
parallel synthesis.

Keywords: combinatorial chemistry heterocycles
multicomponent reactions productivity synthetic
efficiency
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Drug Discovery: The New Paradigm

With increased economical pressure on the pharmaceutical
and agrochemical industries, and the ensuing emergence of
high-throughput screening of drug candidates, corporate
synthetic chemists were faced with one of their greatest
challenges: producing large collections of molecules, as
diverse and structurally distinct as possible, in a time- and
cost-effective manner.

The cost and mass production aspects of this paradigm were
solved through parallel automated synthesis, and by systematic
exploration of the chemical pool (combinatorial chemistry).[!
These techniques are now commonplace and have set new
productivity standards in most major life-science industries.
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Generating a large collection of molecules is a requirement,
but is by no means the sole criterion in rating the quality of a
library of molecules. Besides size, the optimization of several
other parameters is important. Among them, the diversity
criterion is of the utmost importance.

One way to enhance the sampling quality of the chemical
pool is to maximize the number of chemical reactions
transposed to systematic exploration. In the selection of the
reactions to transpose they are not all equal and of the same
potential value. A good reaction to employ would be one that
uses the best advantage of the systematic exploration by
having a maximum number of variation centers and, for a
given variation center, a maximum number of variations
attainable. Among this class of reactions the multi-component
reactions (M-CRs), which could be briefly defined as reac-
tions in which at least three chemical functionalities join
through covalent bonds, are particularly suited to fulfill these
criteria (Figure 1).2

B
|
A=D +B=D *c—]p =CR, v
A/VV\C
i
A—D +B=D +c—p> +D-D 4-CR A—I>X<—c
[
D

Figure 1. Multi-component reactions.

A rapid look at the literature will convince the most
skeptical that M-CRs are becoming increasingly popular. This
interest upsurge is best illustrated by the number of articles
published per year in the area (Figure 2).Bl Although not yet
as popular as the field of solid-phase synthesis, it is reasonable
to believe that this field will continue to grow as both the
academic and industrial sectors are directing their efforts
towards more efficient drug-discovery processes.! The ob-
jective of the present article is to highlight how and why
M-CRs have gained a special place in the arsenal of the
synthetic chemist to deal with the new paradigm of drug
discovery.P!
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Figure 2. Number of publications per year on M-CRs.

M-CRs

Reactions with high exploratory power: If drug blockbusters
were gold, drug discovery chemists could be depicted as
prospectors, exploring a yet unknown landscape, collecting
soil samples as numerous and distant from each other as
possible. But the chemical pool, which contains all the
structures one could draw given a infinite amount of time, is
by no way a landscape or even a infinite surface, but more like
a n-dimensional space with n being a user-defined number of
parameters (chemoinformaticians would call them metrics)
representing to the best of our affordable means the qualities
and physico-chemical properties of a drug candidate. Chem-
ical reactions are our medium of travel from place to place
and, already mentioned, they are not all equal in doing their
job. In choosing an efficient reaction/vehicle, one would
prefer a reaction that starts from simple synthons to produce
an optimum complexity productl® and a reaction versatile
enough to allow a maximum number of new structures to be
reached by systematic variation of reactants. A reaction that
induces a large increase of structural complexity from starting
materials to products and which possess a high degree of
versatility would be said to have a high exploratory power.

By standing with our image of the chemical pool depicted as
a plane, one could fully describe a chemical reaction as a
vector with a length proportional to the increase of structural
complexity it produces from reactants to products, in which
the angle (0) is related to the actual reagents being used. A
reaction with a high versatility, or scope, would have a high
degree of tolerance of, or compatibility with, the initial
reagents and thus many different values of 6 would be
feasible. The exploratory power of a reaction could then be
defined as the surface area described by the vector as 6
varies within the tolerable A6 range. By using this classifica-
tion the one-pot transformation of an acyclic squalene
derivative into a pentacyclic alkaloid would be associated
with very large increase of molecular complexity, but the
structural constraints imposed on the reactants would be so
great that only a very few derivatives would be attainable
(Figure 3).®1 The corresponding surface area would be rather

3322
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Figure 3. Exploratory power of various classes of reactions.

small despite a quite long associated vector. On the other
hand the formation of an ester from an alcohol and an acid
would offer a large A6 as many alcohols and acids are
available for that reaction. However, the corresponding
increase of molecular complexity would only be modest as it
is only related to the complexity of two reagents and the
formation of a single bond. For the combinatorial chemist,
both of these reactions would be considered as having a low to
medium exploratory power and be probably disregarded if
used in a single-step process. In contrast, an average M-CR
would be associated with a long vector as at least three
reagents and several newly created bonds would contribute to
the product molecular complexity, and a large A6 as many
reagents combinations would be allowed (Figure 3).

In addition to their high exploratory power, M-CRs possess
several attributes of synthetic efficiency.

e Selectivity: even though diversity is a goal, one expects
to form only a single product from a given set of inputs.

e Atom economy: the valuable property of transforma-
tions in which adducts are composed of the exact sum of the
reactants.’l Maximizing atom economy avoids wasteful atom
loss from the starting materials.[*l

e Convergence: a synthesis route is said to be convergent
when it tends to maximize the overall yield by minimizing the
number of consecutive steps for each building block.[']
Accordingly, an M-CR, as a synthetic route, is the ultimate
in maximal convergence.
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From a practical standpoint, understanding why these
transformations have found such deep interest by the
combinatorial community is simple: a single-step transforma-
tion is needed to synthesize a target compound. In most cases
the reactions will be robust enough to give high yields by
simply mixing reagent solutions at room temperature; this
allows large molecular collections to be prepared with
minimal man power. Therefore, together with a high explor-
atory power, multi-component reactions may be defined as
productive according to industrial standards (number of
samples produced per unit of time, per chemist).

Finally, as is clear from the previous discussion, exploratory
powerful reactions require a combination of qualities that
makes their discovery and development a difficult goal to
achieve (Figure 4). Nevertheless, the intensive research effort

Complexity
Maximization

Exploratory
Power

l

M-CR

Selectivity / T

— = ~——— Versatility/Scope

Atom Economy

Convergence

Figure 4. Attributes of powerful transformations make M-CRs highly
efficient reactions in the context of combinatorial synthesis.

currently undertaken towards the discovery of new M-CRs is
driven by the considerable economical value attached to
them.

M-CR in practice: Combinatorial collections are typically
composed of 10>°-10° members (for focused or targeted
libraries)'l and 10*-10° members (for generic libraries).
Powerful transformations should allow facile and rapid access
to both such directed and large generic libraries.

There is, however, a general consensus today regarding the
structural nature of pharmaceutical libraries: combinatorial
chemists are tending to move away from peptides and other
oligomeric libraries (which were massively generated in the
first years of combinatorial chemistry), to focus on hetero-
cyclic low-molecular-weight molecules (i.e., the so-called
“drug-like” molecules). The movement is clearly motivated
by several reasons, specifically the generally poor bioavail-
ability and biostability of peptides and their derivatives, and
the difficulty in optimizing these flexible structures once a hit
has been identified. On the other hand, constrained structures
provide more workable “structure-—activity relationship”
(SAR) data about protein/ligand interactions. These consid-
erations are at the basis of a recent upsurge in the interest of
powerful heterocyclic M-CRs, as will be shown below.

Exploratory power is not the sole advantage of such
reactions. Other benefits of these approaches are highlighted
below :

o The time devoted to chemistry development (often the
major constituent of overall library generation) will be
shorter than with a multi-step process.

Chem. Eur. J. 2000, 6, No. 18
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o The mean library purity will be higher, as side-products will
not accumulate with the number of steps: that is, the
shorter, the better.

® These one-step or “multi-step, one-pot” procedures are
often compatible with a solution-phase approach to library
generation. In these cases, common drawbacks associated
with the use of resins (e.g., troublesome monitoring of the
reaction advancement, requirement of anchoring functions
that limit the input diversity, linker and resin compatibility,
etc.) are avoided.

o The “hit to lead” transition (i.e., the rapid acquisition of
primary SAR), or the lead optimization (vs. various
pharmacological parameters) may be shortened, if the
same chemistry is used throughout the process.

o Ultimately, one might speculate that an M-CR-based
industrial process would be more cost-effective than an
multi-step route owing to the higher degree of convergence
associated with the corresponding synthetic pathway.

Multi-component and cascade processes: The most famous,
and truly powerful reaction is the Ugi four-component
reaction (U-4CR, Scheme 1).['2l Tts uniqueness was recog-

o
Passerini R2 )J\O
3-CR N
Rl R®
o
o
Ry
Ugi R?7 "N
R~CHO + R?2-COOH + R3~N=C + R*~NH;, e y
® 0 4CR  p1 “R3
u b
@ e R*
H.GR HN
|
Rl/L‘c’/N‘R3 -~ Rl*fN‘Ra
@6\]&0 a-addition o\fo
2 RZ
R

Scheme 1. The Ugi and Passérini multi-component condensations.

nized early on, even well before the introduction of combi-
natorial methods: “If, for example, 40 each of the different
components are reacted with one another, the result is 40*=
2560000 reaction products..”.[120]

The key in this case lies in the unique property of the
isocyanide function to undergo an “a-addition” process. From
the initial isocyanide carbon, after transition from the divalent
(isocyanide reactant) to the tetravalent state (imidate adduct),
two new covalent bonds are created. In the Passérini and Ugi
reactions, which are conceptually related, this a-addition step
takes place between an electrophilic species (an aldehyde or
an immonium salt) and a heteroatomic nucleophile (a
carboxylate ion). The isocyanide function can thus be viewed
as a stable synthetic equivalent of a vinylidene carbene. This
behavior, a truly multi-component event, is at the basis of the
success of the Ugi reaction and other powerful isocyanide-
based transformations in combinatorial chemistry.
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The Ugi-4CR can be (and has been extensively) used for
the generation of both large generic and smaller focused
libraries.["*]

Constrained Ugi adducts: Ugi adducts are peptide-like by
nature and, therefore, as mentioned above, can be problem-
atic with respect to bioavailability. A simple, yet efficient, way
to access pharmacologically more relevant heterocyclic struc-
tures by using the Ugi reaction is to tether two reaction
partners. For instance, various ring-size lactams can be
prepared by linking the carbonyl and the carboxylic acid
inputs through a variable spacer (Scheme 2).['¥

(o] ,R3
R: N
o H
+R2-NH, *+R3-NC —— N-R2
Rl)J\ﬁACOOH (
n
no

n=14

Scheme 2. Three-component synthesis of substituted lactams.

Similarly, 5- and higher lactams are produced from - and
higher aminoacids. With a amino acids, aminodiacetic adducts
are obtained through the solvent interception of the activated
O-acylimidate intermediates (this latter reaction has been

designated the Ugi 5S-center 4-component reaction,
Scheme 3).[120 19]
R n R2
QQN
NH
© o R

R! o

Rl
n
N
2_ 3_
HOZC@NHJR CHO +R3-NC — OW/LRZ
n
\n:l,MeOH
i H i R3
weo o R Ay
H

Rl R?

Scheme 3. The Ugi lactam and aminodiacetic adduct syntheses.

Neglecting the diversity, which could be introduced by
using a variety of alcohols as solvents, the number of inputs
(variables) are reduced in both cases from four to three.
However, this strategy is still viable for the production of
rather large libraries (>10000 compounds) if all inputs
including the bifunctional reactants are readily available
(either commercially, or easily synthesized).

An alternative strategy for ring closure consists of post-
condensation modification or what is sometimes referred to as
a secondary reaction.'* In this case a latent activating
substituent must be introduced as part of one of the inputs
(preferably the isocyanide) to cope with the relatively
unreactive nature of amide bonds.'l 1-cyclo-Hexenylisocya-

3324

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

nide (the so-called convertible isocyanide), for instance, has
been used for this purpose. Protonation of the enamide
functionality, generates a transient activated N-acyliminium
ion, which can undergo further ring closure with expulsion of
a cyclo-hexyliminium cation to either form a miinchnone
intermediate or the corresponding methyl ester. N-BOC
deprotection and cyclization of the internal amino-nucleo-
phile affords a range of potential biologically relevant
products including 1,4-benzodiazepine-2,5-diones,!'” diketo-
and ketopiperazines,!'¥! and lactams.') If no internal nucleo-
phile is present, this miinchnone can still be trapped by an
external dipolarophile to yield poly-substituted pyrroles
(Scheme 4).20

R1-COOH +R2-CHO

NC
+ R3=NH, +©/

NH HCI

R1: R4+ = 2 H
Pz 55‘ R3= :‘L'\/N'RA

R2

R3_ ©

RS Q N
e T
o r H R! o

RS
1= o R4
N R4 R'= 2\
R2= JJ/\H H
O

MeO,C—=—CO,Me
MeO,C CO,Me OYRl R2 N,R4
N
RL /N\ R2 ra-N R®” \ﬂ)\RS
i IR

O \
R%
Scheme 4. Post-condensation modifications of Ugi adducts.

Similarly, access to ring systems can be accomplished by
“programming” one of the inputs for a second in situ
transformation. A combination of a modified Ugi four-
component condensation (with hydrazoic acid) with a sub-
sequent Michael addition —elimination process yields bicyclic
tetrazoles in a two-step one-pot protocol by using an
isocyanide input that contains the requisite S-dimethylami-
noacrylate moiety (Scheme 5). Thus, rather elaborated and
rigid molecules can be prepared directly from simple pre-
cursors.?!]

Other isocyanide-based multi-component transformations:
Recent reports have revealed that the reactivity of the
isocyanide functionality can be exploited in alternative ways.
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N N “NH N\ -Cco,R®
NN >
R1” ~c* Rl N,
He) 3 ' N
N3~ CO,R N‘N‘

Scheme 5. A “two-step, one-pot” fused-tetrazole synthesis.

An entropically-favored [441] cycloaddition (or cheletropic
addition) to protonated 1,3-diazadienes has been exploited in
a very efficient synthesis of a variety of amino-3-imidazoles.
The isocyanide behaves in classical fashion (iminium electro-
phile and heteroatomic nucleophile), but the structural
diversity generated is original (heteroaromatic ring formation)
and of great value to combinatorial synthesis (Scheme 6).12%

HoN H* cat. N
RI-CHO + @RZ + R3-NC — R! §C}RZ
N \_N
R3-NH
HQ R2
N 4+1 N
Rl_//%(,\; ) Rl—%/N R?
///C N
N RB,

Scheme 6. The amino-3-imidazole three-component synthesis.

The exploratory power of such heterocyclic three-compo-
nent syntheses is remarkable; over 30000 elaborated hetero-
cycles have currently been synthesized by solution phase
techniques in our laboratory, mostly from commercially
available or readily synthesized building blocks, in a reason-
able time-span.??l

From the various examples shown above, it is quite clear
that the unique reactivity pattern of isocyanides can be
utilized through conceptually similar, but structurally differ-
ent reactions (though all contain at least one nitrogen atom).
It is expected that, as interest in this field grows, new reports
of isocyanide related M-CRs will emerge. One new area of
powerful transformations to recently appear is the concept of
the union of M-CRs (for example double Ugi reactions
developed by Ugi).['3 7]

Other multi-component or cascade transformations: Exam-
ples of multi-component processes used for the generation of
libraries are often based on a simple disconnection principle.
Thus, reactive intermediates used in known two-component
condensations are “reassembled” in situ from two simpler and
available precursors through a high yielding process (usually
an imine formation or a Knoevenagel condensation).
Azomethin-ylids for example can be disconnected into a
amino acids and aldehydes or ketones.”! In situ interception
of these species with substituted olefins yields pyrrolidines

Chem. Eur. J. 2000, 6, No. 18
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and is a simple way to transform a classical two-component
1,3-dipolar cycloaddition into a three-component reaction.
Using this procedure, 25600 compounds have been prepared
(from a potential pool of an estimated 400000 compounds)
from isatins, a amino acids, and chalcones (Scheme 7).14

o 4 5
N R R
Rl O + HN + | —> R!
LA~ —R? (o]
R2  HoOC

R6

Scheme 7. A pyrrolidine three-component synthesis.

Similarly, electron-deficient heterodienes involved in in-
verse electron-demand [4+2] cycloadditions can be simply
disconnected into widely available precursors (e.g., primary
anilines/aldehyde and 1,3-diketones/aldehydes, Scheme 8)2: 2

N JR2
4 = A
R-cho + [ R___ | mf
R3 = "/R4

R3

N
R2-CHO + # OR® — Rl@fi
0~ "OR®

Scheme 8. [4+2] Cycloadditions with heterodienes generated in situ.

|
Rl +
N

e}

Interestingly, a cascade of a Michael addition and an olefin
nucleophile carbo-functionalization catalyzed by palladium,
have been demonstrated for the synthesis of substituted
tetrahydrofurans (Scheme 9).?1 So far, these metal-catalyzed

EtO,C
RX RZ/ EtOZC]/COZEt l PdO cat. Ar CiiEt
+ + Ar—| —4m  » 2 i
HO R3 base R o
Rl

Scheme 9. A palladium-catalyzed multi-component tetrahydrofuran syn-
thesis.

multi-component processes remain rare.?!! They hold, how-
ever, great promise for the rapid construction of structures
that are not readily accessible through other means.

Purity and purification: For libraries prepared from multi-
component processes, the crucial issue of products purity (or
mean product purity) must be addressed.

Yields and overall purities are strongly affected by the
nature of the reactants and reaction conditions. In fact, crude
product purity may vary enormously throughout a library
made from diverse inputs and, if no purification is performed,
could contribute to erroneous and misleading biological data.
Hence, purification is often part of the library design strategy
and must be studied at an early stage during chemistry
development.

Two major strategies have been used to increase the mean
library purity: supporting one input on a resin, or effecting a
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parallel solution-phase “high-throughput purification”.?”) In
both approaches, satisfying purities are insured by simple way
of filtration work-ups, which removes excess reagents and any
by-products that do not posses the linked or tagged input.
As illustrated below, the choice of supported input is often
governed by the target structure (Scheme 10). A 192 com-
pound library of sialyl Lewis X glycomimetics was prepared

o O R!

Sialyl Lewis X

1) Ugi
2) NaOMe
3) TFA

1
bR
N .R?2
+ O/ NH, + HO,C™ "CO,H + R3-NC
0

Rink resin

o) OAc
CHO

Scheme 10. Sialyl Lewis X “glycomimetic” productive synthesis.

by utilization of a series of diverse amines bound on
polystyrene beads (Rink amide linker) and properly designed
building blocks. Consistent purities of over 95%, were
observed across this small library.

For generic libraries, use of the isocyanide input is often the
best choice. It belongs to the most restricted reagent class as a
mere 20 representatives are available from commercial
sources (though they are readily prepared from primary
amines).['?> 31 This limited commercial availability does put
limits on the attainable diversity. Product diversity in libraries
derived from early resin-bound isonitriles, for example, was
lowered by constraints on the linker and clipping strategies,
often leaving final products poisoned with isonitrile solvolysis
by-products.*?!

A new isocyanide safety-catch linker has, therefore, been
recently developed to release the multi-component adduct
through N-BOC activation (the safety-catch) and subsequent
hydrolysis, or esterification, of the amide carbonyl. This
transformation allows the generation of a methyl ester, which
can be further manipulated in solution to give a range of
known heterocyles (benzodiazepine-2,5-diones, keto- and
diketopiperazines, dihydroquinoxalines, Scheme 11).*}l The
methoxide safety-catch clipping strategy and subsequent
solution-phase cyclization offer similar advantages to a trace-
less linker as no functionality derived from clipping remains at
the end of the synthetic protocol.

Solution-phase purification techniques are especially useful
and provide a complement to the solid-phase-supported
technique. With productivity in mind, parallel purification
techniques must not compromise the synthesis output. This
implies that the minimum number of operations per sample is
required (maximum of two). Hence, traditional chromato-
graphic techniques, even automated, are prohibitive for large
libraries (> 1000 samples). Three techniques are usually used
for work-up of solution-phase syntheses.

3326 ——
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Scheme 11. Supported Ugi condensation with a “safety-catch” linker.

o Simple liquid—-liquid extraction has been used, but is only
applicable in a limited number of cases (i.e., when the
partition coefficient between two non-miscible liquids,
usually water and an organic solvent, is substantially
different for the reactants and the adduct). Variations
around this theme, such as the non-miscibility of fluori-
nated solvents in other organic solvents, has been used to
purify molecules bearing a fluorinated tag.*

@ Solid-phase scavengers are another option. Covalent or
ionic bonds are created between two complementary
functional groups, one linked on a support, the other to
be removed from the reaction mixture. Quantitative
reactions, such as imine formation, amide or urea forma-
tion, protonation, and so forth are used to remove excess
amount of amines, aldehydes, ketones, acids, or acid
chlorides. Mixtures of different scavengers can also be
used owing to the virtue of phase segragation even when
the supported functions are not chemically compatible. A
selection of scavenger resins is presented below (the
support may be either polystyrene or silica).?* ]

ELECTROPHILIC
to remove RNH,, RIRZNH, ..

NUCLEOPHILIC
to remove RCOCI, RNCO, acids,...

O/\NHZ
HNTY

@
v

e Solid-phase extraction is used when two complementary
functions exist between the product to be purified and the
support. Usually, noncovalent interactions (ionic, hydropho-
bic) are involved to temporarily sequester the product on
solid-phase. All molecules that do not posses this comple-
mentary function are subsequently washed away, and the
product released in a subsequent operation.
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The following example is illustrative of the last purification
strategy, which is often more efficient than the scavenger resin
approach (Scheme 12).1%

a
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Scheme 12. High-throughput purification protocol of 1,3-diketones.

Preparation of a collection of 2-substituted 1,3-diketones
has been undertaken in our laboratory by mixing a variety of
1,3-diketones with various aldehydes and isonitriles. As prior
screening of the synthetic conditions had revealed that the
expected products could often not be obtained with a good
yield (<30%), transposition of this reaction to parallel
synthesis had to take into account a powerful purification
technique to separate both starting materials and by-products
from the expected compounds. Satisfactory purification
(purities often above 90%) was achieved after proper
selective extraction of the acidic expected product on anion-
exchange cartriges, intensive washings of starting materials
and by-products, and subsequent product release by elution
with dilute trifluoroacetic acid.

The majority of the purification techniques described
herein are well documented, although their applications in
the field of traditional organic synthesis is underdeveloped.r”
The recent growth of interest in ion-exchange chromatogra-
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phy, solid-phase extraction, or related techniques clearly
emphasizes the development of highly efficient and easy to
automate purification protocols. In this process, one should
keep in mind that compatibility with a range of functionally
different molecules is of extreme importance. Neglecting this
aspect will rapidly replace the former synthesis bottleneck
with a purification bottleneck!

Together with chemistry, purification is now heading
towards more “efficiency”.

Equipment: One attractive feature of the multi-component
reactions is the relative ease of its automation. Unique
reactions may be run in parallel by solution- or solid-phase
protocols in a 96-well format (8 x 12). Dispensing of reagents
is facile and rapid with a range of commercially available
automated 96-well or X, Y dispensers (Tom-tech™, Rapid
Plate™, Hydra 96™, Gilson, etc.). Especially noteworthy are
commercially available Calypso™ reaction frame assemblies
(Charybdis technologies) that, when combined with a 96-well
filter plate (Polyfiltronics™), allow automation of a range of
solid-phase syntheses and parallel purification techniques (see
Figure 5 for a representative example of a 96-well reactor).38]

Figure 5. 96-well reactors and collector plates.

Most of these automated tools are conceptually simple and
the range of operational conditions they tolerate may be quite
restricted (temperature, stirring efficacy, gas tightness, chem-
ical compatibility, etc.). When optimizing the chemistry of a
specific compound class, these constraints must be kept in
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mind. Consequently, powerful transformations that are also
operationally friendly, and thus can be used with any reactor
type, offer a special bonus and should be considered with
extra attention.

Conclusion

Most of the truly powerful reactions illustrated above stem
from the rich isocyanide chemistry. Forty years have elapsed
from the early days of peptide-like Ugi products to the more
recent elaborate heterocycles. The last five years have
witnessed an explosion of reports in the area, demonstrating
the renewed deep interest brought by the scientific commun-
ity for that topic. What will be next? One can speculate that
development of alternatives to isonitriles would pave the way
to fruitful new reactions.

Access to new and elaborate constrained structures through
secondary reactions is also an area of probable development,
as is further study of cascade of M-CRs. Original cascades of
“traditional” transformations, for instance, may also serve the
cause of generating collections of novel polysubstituted
carbon frameworks.*”

Equally reasonable is to speculate that combinatorial or
parallel methods may be aimed at discovering new multi-
component condensations that are of special value. The
combinatorial principle, so powerful for the discovery of new
biologically active molecules, has a clear potential to address
the study of chemical reactivity! After all, truly original multi-
component processes are rare and to a certain extent unpre-
dictable events. Thus, any methodology aiming at exploring
the “chemical reaction landscape” will be welcome.
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Abstract: Two new C, and D, symmet-
rical dioxatetraaza 18-membered mac-
rocycles [(R,R)-1 and (S,S.S,5)-2] are
efficiently synthesized in enantiomeri-
cally pure forms by a chemoenzymatic
method starting from (+)-trans-cyclo-
hexane-1,2-diamine. The protonation
constants and the binding constants with

enantioselectivity with malate and tar-
trate anions (AAG =0.62 and 0.66 kcal
mol~, respectively), being the strongest
binding observed in both cases with the
L enantiomer. Good enantiomeric dis-
crimination is obtained with tetrapro-

Keywords: chiral anion recognition

tonated (R,R)-1 and N-acetyl aspartate,
the complex with the D-enantiomer
being 0.92 kcalmol~! more stable than
its diastereomeric counterpart. Despite
the lack of enantioselectivity of tri- and
tetraprotonated (R,R)-1 for the tartrate
anion, a very good diastereopreference
for meso-tartrate is found. All these

different chiral dicarboxylates are deter-
mined in aqueous solution by means of
pH-metric titrations. The triprotonated
form of (§,5.,5,5)-2 shows moderate

Introduction

Oxaazamacrocycles are attractive molecules with a variety of
applications in the fields of supramolecular chemistry and
catalysis.ll The presence of two kinds of heteroatoms (nitro-
gen and oxygen) in the macrocyclic ring confer hybrid
properties, between those of azacrowns and crown ethers,
on these structures.’) Thus, depending on structural factors
like size of the ring or number and disposition of the
heteroatoms, these systems are able to form kinetically and
thermodynamically stable complexes with different metals.!
Furthermore, when protonated, they are excellent anion
binders.l For instance, some of these compounds are
receptors for biologically important anions like nucleotides
and nucleic acids. The complexation affects the reactivity of
the anion, leading to interesting applications in supramolec-
ular catalysis. Therefore, 24- to 36-membered-ring oxaaza-
macrocycles have been extensively studied for their ATPase,!

[a] Prof. Dr. V. Gotor, Dr. I. Alfonso, Dr. F. Rebolledo
Departamento de Quimica Organica e Inorganica
Universidad de Oviedo
33071 Oviedo (Spain)
Fax: (+34)98-510-3448
E-mail: vgs@sauron.quimica.uniovi.es
Q Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry or from the author.
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experimental results allow us to propose
a model for the host—guest structure
based on coulombic interactions and
hydrogen bonds.

host -

phosphorylasel®!, and enolasel” activities in comparison with
the normal enzymatic catalysis.

However, the design and synthesis of selective receptors for
optically active polyanions still constitutes a difficult task
facing chemists. Although cyclodextrins have proved to be
excellent ligands for the recognition of helicity,® only low
selectivities have been obtained with compounds bearing
chiral centers.”) Recently, sapphyrin-based receptors!'®l have
been successfully used for the recognition and transport of
aspartate and glutamate derivatives; these are the first
receptors capable of the selective recognition of dianionic
dicarboxylates with chiral centers.

Taking into account the interest and scarcity of suitable
optically active macrocycles that act as selective receptors of
chiral anions,'!l in this work we aimed at the synthesis of
optically active oxaazamacrocycles 1 and 2, with C, and D,
symmetry, respectively, by a chemoenzymatic method. In
addition, we studied their protonation and their chiral anion
recognition properties in aqueous solution, since this is the
natural environment of biologically important anions.

Results and Discussion
Design and synthesis: Structural complementarity in molec-

ular recognition is crucial for the success of a given
receptor.l’2 Coulombic attractions and hydrogen-bond for-
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mation play a dominant role in the anion complexation of
polyammonium macrocycles.['’] The strongest binding usually
occurs with the fully protonated form of the azamacrocycle
and when substrate and receptor are preorganized into
complementary shapes. In addition, compounds containing
an optically active trans-cyclohexane-1,2-diamine moiety have
proved to be very useful in both asymmetric synthesis!'*l and
enantiomeric and diastereomeric recognition of peptides.['”]
These were the reasons we believed compounds 1 and 2 would
be good candidates for the recognition of optically active a,w-
dicarboxylates. Both oxaazamacrocycles are 18-membered
rings, a convenient size for the complexation of 1,2-dicarbox-
ylates.'l They have two ether units separating the N—-C—C—N
fragments, which increase the pH values for full protonation
and, furthermore, may cooperate in the binding as hydrogen-
bond acceptors. Compound 1 has C, symmetry, and 2
possesses three orthogonal binary axes to give it overall D,
symmetry.

Racemic trans-cyclohexane-1,2-diamine [(+)-3] is an inter-
esting substrate for lipase-catalyzed kinetic resolutions. The
presence of two amine groups of the same configuration
allows us to carry out a sequential kinetic resolution.['”]
Recently, we applied this methodology to the resolution of
(£)-3 with dimethyl malonate using lipase B from Candida
antarctica (CAL) as catalyst.'¥l Now, with the structure of
azamacrocycles 1 and 2 in mind, we focused on extending this
biocatalytic process to the resolution of (+)-3 with dimethyl
3-oxapentanedioate (4). Reactions were carried out in 1,4-

Abstract in Spanish: Se han sintetizado dos nuevos dioxate-
traazamacrociclos de 18 eslabones [(R,R)-1 y (S,S,S,S)-2]
enantiomericamente puros y con simetria C,y D,, a partir de la
(£)-trans-ciclohexano-1,2-diamina mediante un metodo qui-
mioenzimdtico. Ademds, se han determinado tanto las cons-
tantes de protonacion como las de complejacion con diferentes
dicarboxilatos quirales en disolucion acuosa mediante valora-
ciones potenciometricas. La forma triprotonada de (S,S,S,S)-2
muestra una enantioselectividad moderada con los aniones
malato y tartrato (44G =0.62 y 0.66 kcalmol™', respectiva-
mente), apareciendo en ambos casos la interaccion mds fuerte
con el enantiomero L. Se obtiene una buena discriminacion
enantiomerica con (R,R)-1 en su forma tetraprotonada y N-
acetil aspartato, siendo el complejo con el enantiomero D
0.92 kcalmol™ mds estable que con su correspondiente enan-
tiomero. A pesar de la ausencia de enantioselectividad de
(R,R)-1 tri- y tetraprotonados con el anion tartrato, se
encuentra una diastereopreferencia importante hacia el meso-
tartrato. Todos estos resultados experimentales nos permiten
proponer un modelo para la estructura supramolecular, basado
en interacciones culombianas y enlaces por puente de hidro-
geno.
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dioxane as solvent and with the molar ratio diamine:diester
varied depending on the required conversion. Thus, when
equimolecular amounts of (+)-3 and 4 were used, a mixture
containing the double aminolysis compound bis(amidoester)
(R,R)-5 and the remaining (S,5)-3 was obtained (Scheme 1),

NH, O o o)

(+)-trans-3 4

a), b)

OY\O/YO
NH4CI NH OMe
e &

NHCI “NH OMe
(S,9)-3:2HCI O)\/o o
(RR)5
Scheme 1. Enzymatic resolution of (+)-3. a) CAL, 14-dioxane, 30°C;
b) HCI (g).

the product of the monoacylation of the diamine being
undetected. After the elimination of the lipase from the
medium, the remaining diamine (S,5)-3 was transformed into
the corresponding dihydrochloride by treatment with dry
hydrogen chloride in order to facilitate separation and
isolation of the compounds. The enantiomeric excess of
(R,R)-5 was determined by chiral HPLC (see the Exper-
imental Section), whereas the diamine (§,5)-3 was determined
as previously described.!'8! Asis indicated in Table 1 (entry 1),

Table 1. Enzymatic resolution of (+)-3.
Molar ratio (+)-3:4 t [h] ee (8,5)-3 [%]

ee (R,R)-6 [%]

1:1 9 92 >99
:1. 15 97 >99
1:1.5 39 >99 >99

enantiomeric excesses were very high for both compounds,
(R,R)-5 being in fact enantiopure. In order to improve the ee
of (8,5)-3, the conversion degree of the enzymatic reaction has
to be improved and, consequently, an excesss of diester 4 must
be used. Enantiopure (S,5)-3 was obtained when a 1:1.5 molar
ratio of 3:4 was used for a longer reaction time. Large
amounts of monoacylation product (ca. 30%) and enantio-
pure (R,R)-5 were also isolated in this process. These
compounds [(R,R)-5 and (S,S)-3] have been used in this work
for the syntheses of the oxaazamacrocycles (R,R)-1 and
(5,S,S,5)-2, respectively.

The oxaazamacrocycle (R,R)-1 was synthesized from
(R,R)-5 following a modification of the Richmann-At-
kins™! procedure, which mainly involves the coupling of a
tosylated polyamine (R,R)-8 with a doubly electrophilic
reagent in the presence of a base (Scheme 2). The ester
functions of (R,R)-5 were quantitatively transformed into
amides by conventional ammonolysis (ammonia in metha-
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o) o 0
a) NH NH2
(RR)5 7 .
“/NH NH,
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Scheme 2. Synthesis of (R,R)-1. a) NH; in MeOH; b) BH;- THF; ¢) HCI
(6N); d) TsCl, K,CO;, THF, H,0; e) Cs,CO;, CH;CN, MsOCH,CH,OMs;
f) HBr, PhOH; g) NaOH (aq)/CH,Cl,; h) HCl in MeOH.

nol). Subsequent reduction (BH;/THF) of the tetraamide
(R,R)-6 led to the tetraamine (R,R)-7, which was isolated and
used in the next step as its tetrahydrochloride. Tosylation of
(R,R)-7-4HCI with tosyl chloride was efficiently carried out
in a biphasic system formed by tetrahydrofuran and aqueous
potassium carbonate.

The coupling of (R,R)-8 with ethylene glycol dimesylate
was accomplished with an excess of cesium carbonate in
refluxing acetonitrile (Scheme 2). Under these conditions, the
tetratosylated oxaazamacrocycle (R,R)-9 was obtained with
87% vyield after purification by flash chromatography. The
cyclic structure was unambiguosly demonstrated by fast atom
bombardment (FAB) mass spectrometry: the spectrum
showed peaks at m/z values of 931 and 953, corresponding
to [M+H]" and [M+Na]*, respectively. Hydrolysis of the
sulfonamide functions of (R,R)-9 with 48% HBr and an
excess of phenol yielded the desired dioxatetraazamacrocycle
(R,R)-1, isolated as its tetrahydrobromide. The unprotonated
species can be easily obtained as a colorless oil by addition of
4N sodium hydroxyde and extraction with dichloromethane.
Considering that the asymmetric centers do not participate in
any reaction step, no racemization is expected in this syn-
thesis. In confirmation, '"H and *C NMR spectra of (R,R)-1
and of its precursors [(R,R)-7 and (R,R)-8] showed the
expected signals for an effective C, symmetry (see exper-
imental data). These facts demonstrate that in the above
synthetic routes epimerization of the chiral centers has not
taken place, since epimerization would lead to the formation
of cis/trans diastereomeric mixtures and thus to an increase of
the number of signals in the spectra.

In order to facilitate the purification of the macrocyclic salt
and for the potentiometric measurements, (R,R)-1-4HCI was
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manufactured by the addition of concentrated HCI to a
methanolic solution of (R,R)-1 and subsequent evaporation to
dryness. The resulting solid was easily recrystallized in ethanol
to give (R,R)-1-4HCI with a 56 % overall yield from (R,R)-5.

For the synthesis of the macrocycle (S,S,S,5)-2, we started
from the enantiopure (§,5)-3-2HCI (see Table 1, entry 3),
following a modification of the Biernat and Luboch?
procedure. It is well known that the formation of nine-
membered rings is kinetically disfavored®! and that 18-
membered rings are the ones most easily obtained by means
of the Richman- Atkins procedure.®*! With these antece-
dents we envisioned the possibility of preparing the macro-
cycle (S,5,5,5)-2 by a [2+2] cyclization reaction in which two
molecules of the nucleophile react with two molecules of the
electrophile (Scheme 3). Thus, the reaction of the bis(sulfon-

Tl's
ANH
a) i
(S,S)-3-2HCI [ S——
F\llH
(S,5-10 Ts
b)
Ts< (\O/\ s
c-e) N N
(5,5,5,5)-24HCI <-— Q O
SN N
Ts k/o\) Ts
(S,S,S,9)-11

Scheme 3. Synthesis of (S,S,5,5)-2. a) TsCl, K,CO;, THF, H,0; b) Cs,CO;,
CH;CN, MsOCH,CH,0CH,CH,OMs; ¢) HBr, PhOH; d) NaOH (aq)/
CH,Cl,; e) HCI in MeOH.

amide) (§,5)-10, obtained from (S,S)-3-2HCL?? with dieth-
ylene glycol dimesylate led to the tosylated oxaazamacrocycle
(8,5,5,5)-11 in 80 % yield after chromatographic purification.
The reaction was carried out in refluxing acetonitrile and with
an excess of alkaline carbonate as a base. No significant
differences were observed when cesium or potassium salts
were used, but with the former, the reaction time was shorter.
Compound (S,5,S,5)-11 showed a clear melting point (200 -
202°C) and a single spot on TLC in a variety of eluents. The
FAB mass spectrum showed peaks at m/z values of 985 and
1007, corresponding to [M+H]* and [M+Na]*, respectively.
These facts demonstrated again the 18-membered cyclic
structure for the product and revealed the success of the
[2+2] cyclization strategy in this synthesis. Hydrolysis of the
resulting sulfonamide (S,S,5,5)-11 was carried out under the
conditions already described for (R,R)-10, yielding compound
(8.5,5,5)-2 - 4HBr, which was also converted into the corre-
sponding tetrahydrochloride salt to facilitate its purification.
Again the analysis of (S,5,S,S5)-2 -4 HCI by NMR spectroscopy
revealed the expected symmetry. For example, the *C NMR
spectrum showed only five signals corresponding to an
effective D, symmetry in solution, demonstrating that epi-
merization procceses had not taken place.
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Protonation behavior: For the study of anion recognition by
oxaazamacrocycles in aqueous solution, a preliminary knowl-
edge of the protonation constants is necessary. The behavior
of (R,R)-1 and (§,S,S,5)-2 towards protonation has been
studied in 0.1 moldm~ NMe,Cl solution at 298 K in the pH
range 2-11.5. The values of the logarithm of the basicity
constant for each protonation step of these macrocycles are
shown in Table 2, together with the one previously reported

Table 2. Logarithms of the protonation constants measured by pH-metry
in NMe,Cl (0.1 moldm—3) at 298 K.

trans-18-ane-N,O," (R,R)-1 (S,5,5,5)-2
Reactionl? logK A logK A logK A
L+H=HL 936 9.06(3)t 10.19(2)
HL+H=HL 840 0.96 797(3) 109  9.10(1) 1.09
HL+H=HL 627 213 553(3) 244  529(2) 381
H.L+H=HL 523 1.04 3.88(4) 165 426(2) 1.03

[a] Charges are omitted for clarity. [b] 7,16-Dioxa-1,4,11,13-tetraazacy-
clooctadecane; logK taken from ref. [3], measured in 0.IN NaNO; as
supporting electrolyte. [c] Values in parentheses are standard deviations
on the last significant figure.

for the structurally related trans-18-ane-N,O, (7,16-dioxa-
1,4,11,13-tetraazacyclooctadecane).’! In this table we also
present the difference between successive protonation con-
stants for each compound (A), which can be interpreted as the
ease with which a protonated species accepts the next proton:
the higher the A value, the less favorable the protonation
process. The common characteristic of both systems is that the
third protonation step is the most difficult, as expected from
the reported general protonation properties of macrocyclic
polyamines.”) However, some differences in the value of A
are due to the presence of the cyclohexane. So, when the
second proton is attached to the monoprotonated cyclo-
hexane-1,2-diamine moiety, the A value is increased (see
Table 2). This effect is shown in the fourth step for (R,R)-1
and in the third for (S,S,S,5)-2 compared with trans-18-ane-
N,O,, and is in accordance with the previously reported
protonation constants of ethylenediamine (A =2.87)P% and
trans-cyclohexane-1,2-diamine (A =3.17).1}

Chiral anion recognition: As previously stated, chiral anion
recognition is a nearly unexplored field in supramolecular
chemistry.l' 4 131 There are many polyanions with important
biological activities; for instance, malate or succinate are
intermediates in the citric acid and glyoxylate cycles,*! and
aspartate and glutamate have been thoroughly studied as
excitatory aminoacid neurotransmitters.”’? We have studied
the complexation of some of these derivatives with the
protonated forms of macrocycles (R,R)-1 and (S,S.S,S)-2.
The stability constants of the complexes of (R,R)-1 and
(5,5,5,5)-2 with some chiral anions were measured in a
0.1 moldm— NMe,Cl solution at 298 K by pH-metric titra-
tions; they are listed in Table 3. The enantioselectivity is
shown as the difference between the logarithms of the binding
constants obtained for both enantiomers of the anion. Some
general conclusions can be extracted from these experimental
results. Although all the anions form stable complexes with
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Table 3. Logarithms of stability constantsl® for the interaction of (R,R)-1
and (§,5,5,5)-2 with chiral dicarboxylate anions, determined at 298 K in
aqueous NMe,Cl (0.1 moldm3).

nlbl =4 nlbl =3
Macrocycle  Anion log K, AlogK/  logK,  AlogK/[
(R,R)-1 D-tartrate 2.59(1)d 1.92(1)
(R.R)1 L-tartrate 2.56(1) 003  185(1) 007
(R,R)-1 meso-tartrate  3.92(1) 2.73(1)
(R,R)-1 D-malate 2.96(2) 2.14(1)
(R,R)-1 L-malate - nall  221(1) -0.07
(R.R)-1 N-Acp-Asp  421(1) 3.40(1)
(R,R)-1 N-Ac-L-Asp  3.54(3) 067  326(1) 014
(R.R)1 N-AcD-Glu  3.52(3) 3.12(2)
(R.R)-1 N-Aci-Glu - nall  3122) 0.0
(R,R)-1 (R)-Me-succ  5.43(2) 4.31(2)
(R,R)-1 (S)-Me-suce  5.42(2) 0010 4202) 0111
(8,5,5,5)-2 D-tartrate - 1.68(3)
(8.,5.8,5)-2 L-tartrate - 2.16(1) —048
(8,5,5,5)-2 meso-tartrate  2.69(2) 1.94(2)
(8.5.8,5)-2 D-malate 2.47(3) 1.91(3)
(55552  L-malate 280(3)  —033  236(2) —045
(8,5.,5,5)-2 N-Acp-Asp - 2.49(3)
(8,5,5,5)-2  N-Ac-L-Asp - 2.533) —0.04
(8,5,8,5)-2  N-Ac-p-Glu - 2.72(3)
(55552 N-AcLGlu - 2.803) —0.08
(8,5.,5,5)-2 (R)-Me-succ - 3.00(2)
(S.,8.,8,5)-2 (8)-Me-succ - 3.01(2) —0.0111

[a] As defined by the equation: A>* +LH," =[ALH,]"-?*. [b] Number
of protons accepted by the complex. [c] Alog K, =1log K(D) —log K,(L).
[d] Values in parentheses are standard deviations on the last significant
figure. [e] Not applicable. [f] AlogK,=1ogK(R) — log K,(S).

some protonated form of both oxaazamacrocycles, recognition
is less effective with compound (S,S,S,S5)-2, probably due to
the more rigid structure and less suitable preorganization of
this receptor. Thus many of the anions form no complexes
with 2-4H*. In contrast, a very good chain selectivity is
observed for (R,R)-1 if binding constants with the acetyl
derivatives of D-aspartate and D-glutamate are compared. Tri-
and, particularly, tetraprotonated (R,R)-1 bind the shorter N-
Ac-p-aspartate more strongly, as would be expected for the
cavity size of the macrocycle.

Concerning enantioselectivity, a general tendency is ob-
served for (S.S,5,5)-2 to be L-selective and (R,R)-1 to be
mainly D-selective, as a consequence of the different absolute
configuration of the oxaazamacrocycles. Two significantly
different binding constants were found for the two diastereo-
meric complexes obtained from 2-3HT and tartrate and
malate anions (AlogK,=0.48 and 0.45, corresponding to
A(AG)=0.66 and 0.62 kcalmol!), representing a binding
enantioselectivity of ~75:25. The selectivity of (R,R)-1
towards malate and N-Ac-glutamate is manifested in the
absence of stable complexes of 1-4 H* with the L enantiomers.
However, this significant result lacks practical applicability
because 1-4H" and 1-3H" species are present together in
solution in a narrow pH range and the latter does not
discriminate enantiomerically. The best result was obtained
with (R,R)-1-4H* and N-Ac-aspartate, for which enantio-
selectivity was quite high (AlogK;=0.67, AAG=
0.92 kcalmol!), leading to a binding enantioselectivity of
~82:18, although the presence in solution of the complex with
the less selective 1-3H* would decrease this ratio.
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In spite of the lack of enantioselectivity shown by (R,R)-1
towards the two enantiomers of the tartrate anion, the
excellent diastereoselectivity (see Table 3) exhibited by this
receptor both in its tri- and tetraprotonated forms is surpris-
ing. Comparison of the logK, values obtained for the
complexes of 1-4H* with, for example, D-tartrate and meso-
tartrate gives AAG =1.8 kcalmol~!, meaning a very high
diastereoselective discrimination. This fact, which must be an
effect of the geometry of the complex, was an essential clue to
the host—guest structure that would allow us to explain the
results.

In order to test the effect of the macrocyclic ring, we
measured the binding constants between all these anions and
(8,5)-cyclohexane-1,2-diamine as a control compound. The
stability constants of the complexes formed are shown in
Table 4. No complexation with tartrate isomers was detected

Table 4. Logarithm of stability constantsi® for the interaction of (S,5)-3-
2H* with chiral dicarboxylate anions, determined at 298 K in aqueous
NMe,Cl (0.1 moldm™3).

Anion log K, Alog K[’
D-tartrate -

L-tartrate - -
meso-tartrate -

D-malate 1.45(6)

L-malate 1.59(3) -0.14
N-Ac-D-Asp 2.07(2)

N-Ac-L-Asp 1.97(2) 0.10
N-Ac-p-Glu 2.30(2)

N-Ac-L-Glu 2.32(2) —0.02
(R)-Me-succ 2.60(1)

(S)-Me-succ 2.42(1) 0.18M

[a] As defined by the equation: A?~+LH,**=[ALH,]. [b] AlogK,=
log K(D) —log K(L). [c] Values in parentheses are standard deviations
on the last significant figure. [d] AlogK,=1og K,(R) — log K(S).

under the experimental conditions (0.1 moldm~=3 NMe,Cl and
298 K), while the other anions interact with the diprotonated
diamine. It must be pointed out that the higher the hydro-
phobicity of the anion, the larger the binding constant is. In
addition to this, the lack of enantiomeric and diastereomeric
discrimination (AlogK, very close to experimental error)
clearly implies the importance of the crown ring in supra-
molecular chiral recognition.

Another independent proof of the macrocycle—anion
interaction was obtained from NMR experiments carried
out with the anion that forms the most stable complex (see
Supporting Information). The ROESY spectrum of a 1:4
mixture of (R,R)-1-4H*:(R)-Me-succ shows a cross-peak
between CH,N protons of the macrocycle and CH; protons of
the anion, evidence supporting the formation of the complex
in solution. Unfortunately, it was not possible to obtain similar
data for the other anions.

Taking into account all these experimental results, we have
proposed a model for the host—guest complex structure. It is
well known that for high enantioselectivity (or diastereose-
lectivity), a receptor must have three points of interaction
with the substrate, and at least one of them must be
stereochemically dependent.’®! Molecular dynamic simula-
tions of tetraprotonated frans-18-ane-N,O,*! in solution
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revealed a flat conformation for the cycle, with all the
ethylene groups in a gauche disposition and the ammonium
groups towards the inner macrocyclic cavity. This conforma-
tion settles one lone pair of each oxygen in an endo position to
the macrocyclic ring, leaving the other one free for possible
hydrogen-bond interactions, as in the conformation shown in
Figure la. The other two binding points must be due to

hydrogen bond
gesis
5 A

coulombic interactions-—/

H H H
o) CH o C\"}\l{
©0; H NA%OZ@ © fAcN H"(;o@

2

c BH, / ®H, |
H, O'\/\N/_\\‘ Hy S V/\?//_A
H, H,
Figure 1. Proposed model for the host—guest structure: a) schematic

representation of the interactions; models for the complexes of (R,R)-1-
4H* with b) meso- and L-tartrate; ¢) D- and L-N-Ac-aspartate.

carboxylate —diammonium coulombic interactions. Concern-
ing the conformation of the anion, previous studies of the
complexation of achiral dicarboxylates with 18-membered-
ring hexaazamacrocycles revealed that they recognize mal-
eate but not fumarate,'! and a gauche conformation (syn-
type) is favored compared with the anti conformation of the
aliphatic dicarboxylate anions. With all these data in hand, we
propose the model shown in Figure la, which allows two
carboxylate —diammonium interactions and an additional
hydrogen bond with the oxygen of the macrocycle. With this
model, we can explain the diastereomeric preference for the
tartrate anion. The meso derivative can form two cooperative
hydrogen bonds (see Figure 1b), whereas for both D and L
enantiomers only one bond is possible. Besides, the impor-
tance of the hydrogen bond in enantiomeric recognition is
supported by the results obtained with methylsuccinate,
where no enantiodiscrimination was observed (see Table 3).

Furthermore, we used this model to explain the enantiose-
lectivity exhibited by 1-4H* towards the aspartate derivative.
Figure 1c shows the possible structures of the diastereomeric
complexes formed with the pair of enantiomers of this anion.
Both of them can, a priori, achieve the three proposed
interactions, although the relative disposition of the anion in
each is obviously different. In order to give an explanation of
the results obtained with this anion, molecular mechanics
calculations®™ have been undertaken. Figure2 shows the
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(R.R)-1-4H*-N-Ac-D-Asp

(R,R)-1-4H"-N-Ac-L-Asp
Figure 2. MMX force-field minimized structures for the diastereomeric
complexes of (R,R)-1-4H* and D- and L-N-Ac-aspartate.

optimized structures of both diastereomeric complexes of 1-
4H* and N-Ac-aspartate enantiomers. MMX force-field
calculations predict a AAH; of 0.66 kcalmol™! favorable to
the D enantiomer, which is in good agreement with the
experimental results (see Supporting Information). Inspec-
tion of the different contributions to the calculated energy
shows a large difference in the torsional energy of both
diastereomeric complexes. This fact and the comparison of
the optimized geometries (see Figure 2) suggest that the
complex with the L enantiomer is less stable owing to greater
folding of the macrocycle upon complexation. Besides, the
distortion of the structure is more important in the ethylene
fragment than in the cyclohexane moiety. This could also
explain the lower binding constants of 2 compared with 1; the
presence of the second six-membered ring in 2 would increase
its rigidity and, therefore, would disfavor the binding with the
dianion. Although entropically driven electrostatic forces
have been identified as the most important contributions in
anion binding,P! other interactions like hydrogen bonds!*
and m-stacking!®! have been discussed, mainly in the context
of selectivity.

In summary, we have described a simple and efficient
chemoenzymatic method for the synthesis of two new 18-
membered-ring oxaazamacrocycles from racemic trans-cyclo-
hexane-1,2-diamine. Their protonation behavior and their
binding constants with different chiral anions have been
studied. These compounds show enantiomeric and diastereo-
meric molecular recognition properties depending on the
structure of the anion added. From the experimental results
we propose a model for the complexation based on two
coulombic and additional hydrogen-bond interactions. It must
be pointed out that, as far as we know, (R,R)-1-4H" seems to
be the best receptor for the recognition of an anion with a
chiral center in aqueous solution.

Experimental Section

General: All reagents were purchased from Aldrich Chemie. Solvents were
distilled over an adequate desiccant and stored under nitrogen. Flash
chromatography was performed with Merck silica gel 60 (230-240).
Melting points were taken on a Gallenkamp apparatus and are uncorrect-
ed. Optical rotations were measured by means of a Perkin—Elmer 241
polarimeter. IR spectra were recorded on a Perkin— Elmer 1720-X FT IR
spectrometer. Mass spectra were recorded on a VG Autospec. Micro-
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analyses were performed on a Perkin—Elmer 240B elemental analyser. 'H
and *C NMR spectra were obtained with a Bruker AC-300 (‘H, 300 MHz,
and C, 75.5 MHz), a Bruker AC-200 (‘H, 200 MHz, and *C, 50.3 MHz), or
a Bruker AMX-400 (‘H, 400 MHz, and *C, 100.7 MHz) spectrometer. For
the pH-metric titrations a Metrohm-702 titrimeter was used, the reference
electrode was an Ag/AgCl electrode in saturated aqueous KCl, the cell was
thermostated at 298 +0.1 K, the solution stirred, and all measurements
were perfomed under nitrogen. The protonation constants were deter-
mined by titration with 0.1x NaOH of a solution typically containing 10-3m
of the HCl salt of the oxaazamacrocycle in the presence of Me,NCl (0.1m).
The log K| values of the complexes were determined by titration with 0.1N
NaOH of a solution containing 10-3m of the HCl salt of the polyamine and
5% 1073m of the desired dianions in the presence of 0.1m NMe,Cl. All the
measurements with each system were carried out at least twice and the data
analysis was performed with the computer program SUPERQUAD." The
titration curves for each system were treated either as separated entities or
as a single set without significant variations in the stability constants.

Dimethyl 3-oxapentanedioate (4): Diglycolyl chloride (5mL, 40 mmol)
was added dropwise at 0°C to a vigorously stirred solution of triethylamine
(12mL) in dry methanol (20 mL). The reaction mixture was allowed to
reach room temperature, then 3N HCl was added and extracted with
dichloromethane (3 x 30 mL). The organic layers were dried and evapo-
rated to dryness, giving an oily substance which solidified at 0°C. The solid
thus obtained was washed with hexane, yielding compound 4 (6.423 g, 94 %
yield). M.p. 39-40°C; IR (nujol) 1754 cm~!; 'H NMR (CDCl;, 200 MHz):
0=3.77 (s, 6H; CH;), 4.25 (s,4H; CH,); *C NMR (CDCl;, 75.5 MHz) 6 =
51.7 (CH3), 67.8 (CH,), 169.9 (C=0O); HRMS calcd for CsHO, [M —
MeOH] 130.0266609, found 130.026352.

Typical procedure for the enzymatic reaction: (+)-trans-Cyclohexane-1,2-
diamine ((£)-3, 0.60 mL, 5.0 mmol), dimethyl 3-oxapentanedioate (4,
0.86 g, 5.0 mmol), and 1,4-dioxane (20 mL) were added to an Erlenmeyer
flask containing lipase B from Candida antarctica (0.30 g) under nitrogen.
The reaction mixture was shaken at 30 °C and 250 rpm until no traces of the
diester were detected by TLC (acetone:diethyl ether:propan-2-ol
10:20:0.2). Afterwards, the enzyme was separated by filtration and washed
with dichloromethane. Dry HCI was bubbled through the organic solution
until a white precipitate was formed. Then the solvents were evaporated to
dryness and the residue extracted with dichloromethane and 3N HCI. The
organic layer was dried and evaporated, yielding the bis(amidoester)
(R,R)-5. The aqueous layers contained a mixture of the monoamidoester
and the diamine (S,5)-3 as their hydrochloride salts, which can be separated
by precipitation of (S,S5)-3-2HCI with ethanol.
(R,R)-N,N’-(Cyclohexane-1,2-diyl)bis(methyl 4-carbamoyl-3-oxabuta-
noate) [(R,R)-5]: White solid (560 mg, 30% yield). M.p. 82-84°C;
[a]® =+38.3 (¢=0.65 in CHCLy); ee >99 %; IR (nujol): 3295 (NH), 1754
(C=0), 1640 (C=0) cm™'; 'H NMR (CDCl;, 200 MHz): 6 =1.35 (brd, J=
49 Hz, 4H; 2CH,), 1.78 (brs, 2H; CH,), 2.05 (brs, 2H; CH,), 3.75 (s, 8H;
2CH +2CH;), 3.92-4.14 (AB q, Jag=15.1Hz, ,=3.97, 63 =4.09, 4H;
2CH,), 7.08 (brs, 2H; NH); *C NMR (CDCl;, 50.3 MHz): 6 =24.9 (CH,),
32.5 (CH,), 52.4 (CH), 53.1 (CHj;), 68.9 (CH,), 71.3 (CH,), 169.6 (C=0),
170.6 (C=0); MS (10eV, E.L) m/z (%): 374 (<5) [M]*, 227 (100);
C1sHa6N,Og (374.4): caled C 51.33, H 7.00, N 7.48; found C 51.46, H 6.99, N
7.36; HPLC conditions for the determination of the enantiomeric excess:
Chiralcel OD column, isocratic conditions, hexane:ethanol 90:10, sample
conc: 0.5 mgmL~!, flow rate: 0.8 mLmin~!, retention times (min): 15.7
(R,R), 19.8 (S.S), Rs=2.75.
(R,R)-N,N’-(Cyclohexane-1,2-diyl)bis(4-carbamoyl-3-oxabutanamide)
[(R,R)-6]: Bis(amidoester) (R,R)-5 (1.87 g, 5.0 mmol) was added to a
solution of NH; in methanol (10 %, 150 mL) and stirred at 7°C over 12 h.
Then the solvent was removed and (R,R)-6 was obtained quantitatively as a
white solid. M.p. 96-97°C; [a]¥ =+16.1 (¢=0.28 in MeOH); IR (nujol)
3505 (NH), 3295 (NH), 3151 (NH), 1682 (C=0), 1646 (C=0)cm™;
'H NMR (CDCl;, 200 MHz): 6 =1.35 (brs, 4H; 2CH,), 1.83 (brs, 2H;
CH,), 2.1 (brs, 2H; CH,), 3.78 (brs, 2H; 2CH), 3.92-4.08 (AB q, Jazg=
14.7Hz, 6,=3.97, 65 =4.02, 4H; 2CH,), 3.95-4.16 (AB q, Jog =153 Hz,
0,=4.00, 65 =4.11, 4H; 2CH,), 5.65 (brs, 2H; NH), 7.00 (brs, 2H; NH),
7.10 (brs,2H; NH); 3C NMR ([D¢]DMSO, 50.3 MHz): 6 =24.5 (CH,), 31.5
(CH,), 52.2 (CH), 70.0 (2CH,), 169.0 (C), 171.2 (C); MS (FAB™, nitrobenzyl
alcohol matrix) m/z (%): 345 (76) [M+H]*, 367 (100) [M+Na]t;
C,HoN,Og (344.4): caled C 48.83, H 7.03, N 16.27; found C 48.53, H
6.99, N 16.36.
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(R,R)-N,N'-(Cyclohexane-1,2-diyl)bis(3-oxa-pentane-1,5-diamine) tetra-
hydrochloride [(R,R)-7-4HCI]: A solution of 1M BH;-THF (100 mL)
was added dropwise to a suspension of (R,R)-6 (1.72 g, 5.0 mmol) in dry
tetrahydrofuran (200 mL) under nitrogen. The mixture was refluxed for
7 h. After this time, the reaction mixture was treated at 0°C with water
(20 mL) and evaporated to dryness. The solid thus obtained was refluxed in
6N HCI (200 mL) for 4 h and then the water was removed in vacuo. The
residue was dissolved in the minimum amount of H,O, passed over Dowex
1 (basic form), and eluted with deionized water. The aqueous solution
containing (R,R)-7 was acidified to pH =2 with conc. HCI and the solvent
evaporated, and (R,R)-7-4HCI (2.08 g, 96 %) was obtained as a highly
hygroscopic solid after recrystallization in MeOH/CHCl;. [a]® =—32.0
(¢=1.0in MeOH); '"H NMR (D,0, 300 MHz): 6 =1.32 (brm, 2H; 2HCH),
1.52 (brs, 2H; 2HCH), 1.73 (brs, 2H; 2HCH), 2.24 (brd, J=13.1 Hz, 2H;
2HCH), 3.16 (t, J=5.0 Hz, 4H; 2CH,), 3.24 (m, 2H; 2CH), 3.47 (m, 4H;
2CH,), 3.71 (t,J=4.6 Hz, 4H; 2CH,), 3.79 (t, /=42 Hz, 4H; 2CH,); MS
(FAB, nitrobenzyl alcohol matrix) m/z (%): 289 (100) [M+1]*, 311 (10)
[M+Na]*; C;sH3N,Cl, (458.4): caled C 38.72, H 8.36, N 12.90; found C
38.46, H 8.12, N 13.10. The unprotonated species may be obtained by
addition of sodium hydroxide to the aqueous solution of the corresponding
tetrahydrochloride to pH=13. Extraction with dichloromethane and
subsequent evaporation of the solvent yielded (R,R)-7 as an oily substance
unsuitable for storage; 'H NMR (CDCl;, 200 MHz): 6 =1.05 (m, 4H,
4NH), 1.10 (t,/ =71 Hz,2H;2NH), 1.24 (brt,/=9.0 Hz, 2H;2HCH), 1.73
(brd,J=82Hz,2H;2HCH), 2.04 (brs, 2H; 2CH), 2.14 (brd, /=114 Hz,
2H; 2HCH), 2.58-2.69 (m, 2H; 2HCH), 2.85 (t, /=5.2 Hz, 4H; 2CH,),
2.87-2.98 (m, 2H; 2HCH), 3.48 (t,/=5.2 Hz, 4H; 2CH,), 3.52-3.60 (m,
4H; 2HCH), 4.80 (brs, 2H, NH); '*C NMR (CDCl;, 50.3 MHz): 6 =25.3
(CH,), 31.8 (CH,), 41.9 (CH,), 46.6 (CH,), 61.8 (CH), 71.0 (CH,), 73.1
(CHy).
(R,R)-N,N'-(Cyclohexane-1,2-diyl)-N,N',N",N""-tetrakis(p-toluenesulfon-
yDbis(3-oxapentane-1,5-diamine) [(R,R)-8]: Tetrahydrochloride (R,R)-7-
4HCI (700 mg, 1.61 mmol), diethyl ether (13 mL), and p-toluenesulfonyl
chloride (1.71 g, 9.02 mmol) were added to a suspension of K,CO; (12.5 g)
in water (36 mL). The resulting biphasic system was vigorously stirred for
12 h. Water and ethyl acetate were then added to the mixture. The organic
layer was washed with 3N HCI, dried, and evaporated to give (R,R)-8 in
76 % yield after flash chromatography (ethyl acetate/hexane 2:3). M.p. 86 —
88°C; [a]® =+6.7 (¢c=0.51 in CHCL); '"H NMR (CDCl;, 200 MHz): 6 =
1.10-1.40 (several m, 8H; 4CH,), 1.60 (brs, 2H; 2HCH), 2.38 (s, 6H;
2CH;), 2.46 (s, 6H; 2CH,), 3.09-3.20 (m, 8H; 4CH,), 3.38-3.48 (m, 2H;
2HCH), 3.52-3.62 (m, 2H, 2HCH), 3.78 (t, /=73 Hz, 4H; 2CH,), 3.90
(brs,2H;2CH), 5.37 (t,/ =5.8 Hz, 2H, NH), 720 (d, /=82 Hz, 4H; 4CH
arom), 7.35 (d, /=8.2 Hz, 4H; 4CH arom), 7.71 (d, /=8.2 Hz, 4H; 4CH
arom), 7.74 (d, J=8.2 Hz, 4H; 4CH arom); *C NMR (CDCl;, 50.3 MHz):
0 =214 (CHs), 21.5 (CHs;), 24.9 (CH,), 29.6 (CH,), 42.5 (CH,), 42.8 (CH,),
59.4 (CH), 69.1 (CH,), 69.8 (CH,), 127.0 (CH), 1274 (CH), 129.6 (CH),
129.8 (CH), 136.7 (C), 1370 (C), 143.1 (C), 143.8 (C); MS (FAB",
nitrobenzyl alcohol matrix) m/z (%): 905 (43) [M+H]", 927 (100)
[M+Na]*, 749 (61) [M —Ts]*; C,,HsN,O,S, (905.2): caled C 55.73, H
6.24, N 6.19; found C 55.59, H 6.60, N 5.81.
(1R,18R)-2,8,11,17-Tetrakis(p-toluenesulfonyl)-5,14-dioxa-2,8,11,17-tetra-
azabicyclo[16.4.0]docosane [ (R,R)-9]: Dry acetonitrile (25 mL) was added
to a flask containing (R,R)-8 (765 mg, 0.85 mmol) and Cs,CO; (2.76 g,
8.46 mmol) under nitrogen. The mixture was refluxed for half an hour and
then a solution of ethylene glycol dimesylate (184 mg, 0.85 mmol) in dry
acetonitrile (17 mL) was added dropwise. The reaction mixture was kept
under reflux for 4 days. After this time, the solvent was removed and the
residue subjected to flash chromatography (ethyl acetate:hexane 2:3) to
yield (R,R)-9 (87 %) as a white solid. M.p. 198-200°C; [a]® =—11.2 (c=
0.50 in CHCL); 'H NMR (CDCl;, 200 MHz): 6 =1.00-1.50 (brm, 4H;
2CH,), 1.50-1.80 (brm, 4H; 2CH,), 2.44 (m, 12H; 4CH,), 3.10-4.00
(several m, 22H; 10CH, +2CH), 7.31 (m, 8H; 8CH arom), 7.73 (m, 8H;
8CH arom); MS (FAB*, nitrobenzyl alcohol matrix) m/z (%): 931 (28)
[M+H]*, 953 (96) [M+Na]*, 775 (39) [M —Ts]"; CyH5xN,O4S, (931.2):
caled C 56.75, H 6.28, N 6.02; found C 56.54, H 6.24, N 5.74.
(S,5)-Cyclohexane-1,2-diylbis(sulfonamide) [ (S,S)-10] was prepared from
(8,5)-3-2HCI as previously described.??]
(18,98,148,225)-2,8,15,21-Tetrakis(p-toluenesulfonyl)-5,18-dioxa-2,8,15,21-
tetraazatricyclo[20.4.0.0*'*]hexacosane [(S,S,S,5)-11] was obtained from
(8,5)-10 and diethylene glycol dimesylate as described for (R,R)-9. Yield:
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80%; white solid; m.p. 200-202°C; [a]¥ =+5.2 (¢=0.65 in CHCL);
'"H NMR (CDCl;, 200 MHz): 6 =0.95-1.40 (several m, 8H; 4CH,), 1.50-
1.75 (several m, 8H; 4CH,), 2.43 (s, 12H; 4CHj;), 2.85-4.10 (several m,
18H; 8CH, +2CH), 4.91 (brs, 2H; 2CH), 7.31 (d, /=79 Hz, 8H; 8CH
arom), 7.84 (brs, 4H; 4CH arom), 8.02 (brs, 4H; 4CH arom); MS (FAB,
nitrobenzyl alcohol matrix) m/z (%): 985 (3) [M+H]*, 1007 (10) [M+Na]*,
775 (5) [M —Ts]*; CisHeN4Oy0S, (985.3): caled C 58.51, H 6.55, N 5.69;
found C 58.64, H 6.25, N 5.74.

General procedure for the hydrolysis of the tetratosylated azamacrocycles
9 and 11: Tetratosylated azamacrocycle (0.70 mmol) and an excess of
phenol (1.14 mL, 13 mmol) were dissolved in 48 % aqueous HBr (21 mL),
and the solution was heated under reflux for 4 days. Water and dichloro-
methane were then added and the aqueous layer was repeatedly washed
with dichloromethane. The organic layer was discarded and the aqueous
one was evaporated under reduced pressure. The residue was treated with
4N NaOH (5 mL) and extracted several times with dichloromethane. The
combined organic layers were dried and evaporated to dryness, yielding the
desired azamacrocycle as a colorless oil. For the potentiometric measure-
ments and for storage, the tetrahydrochloride was prepared by dissolution
of the free amine in methanol, addition of conc. HCI and evaporation of the
solvents. The residue was recrystallized in EtOH to yield the tetrahydro-
chloride of the corresponding dioxatetraazamacrocycle as a highly hygro-
scopic white solid, which is dried in vacuo and kept in a desiccant.

(1R,18R)-5,14-Dioxa-2,8,11,17-tetraazabicyclo[16.4.0]docosane  tetrahy-
drochloride [ (R,R)-1-4HCI]. Yield: 88 %; decomposes at 250°C; [a]} =
—35.6 (¢=0.50 in H,0); '"H NMR (D,0, 300 MHz): 6 =1.10-1.55 (m, 4H;
2CH,), 1.65 (m, 2H; 2HCH), 2.05-2.45 (m, 2H; 2HCH), 3.10-3.90 (m,
22H; 10CH, + 2CH); MS (FAB, nitrobenzyl alcohol matrix) m/z (%): 315
(39) [M+1]*; C,H3sN,O,Cl, (460.4): caled C 41.74, H 8.32, N 12.17; found
C41.42, H 8.38, N 12.41. Spectral data for the free amine (R,R)-1: 'H NMR
(DCCl;, 300 MHz): 6 =0.90-1.35 (m, 6H; 2CH, + 2HCH), 1.72 (brd, J=
11.3 Hz, 2H; 2HCH), 2.10 (brd, /=109 Hz, 2H; 2HCH), 2.24 (m, 2H;
2CH), 2.30-2.50 (b, 4H, 4NH), 2.61 (ddd, J=12.6, 6.54, and 2.62 Hz, 2H;
2HCH), 2.79 (s, 4H; 2CH,), 2.80 (m, 4H; 2CH,), 2.97 (ddd, J =12.6, 6.54,
and 2.62 Hz, 2H; 2HCH), 3.48-3.66 (m, 8H; 4CH,); C NMR (DCCl;,
100.7 MHz): 6 =23.1 (CH,), 26.9 (CH,), 44.9 (CH,), 46.0 (CH,), 48.4 (CH,),
58.7 (CH), 65.9 (CH,), 66.0 (CH,).
(15,98,148,22S)-5,18-Dioxa-2,8,15,21-tetraazatricyclo[ 20.4.0.0°'*]hexaco-
sane tetrahydrochloride [ (S,S,S,5)-2-4HCI]: Yield: 75 %; decomposes at
245°C; [a]® = —33.2 (¢=0.50 in H,0); '"H NMR (D,0, 200 MHz): 6 =1.28
(m, 4H; 4HCH), 158 (brm, 4H; 4HCH), 1.70 (m, 4H), 2.07 (brd, J=
12.9 Hz, 4H; 4HCH), 3.20 (m, 4H; 4HCH), 3.40 (m, 4H; 4HCH), 3.64 (m,
4H;4CH), 3.85 (brd, J = 6.46 Hz, 8H; 4CH,); *C NMR (D,0, 75.5 MHz):
0=23.5 (CH,), 28.9 (CH,), 42.1 (CH,), 56.2 (CH), 63.3 (CH,); MS (ES*,
25 V) m/z (rel. intensity): 369.2 (2) [M+1]*, 387.2 (2) [M+1+H,0]*, 405.2
(2.6) [M+1+H®CI]*+, 4072 (1.3) [M+1+HYCI]*; C,yHyuN,O,Cl, (514.5):
caled C 46.69, H 8.62, N 10.89; found C 46.42, H 8.38, N 11.01.
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Temperature Rule for the Speed of Sound in Water:

A Chemical Kinetics Model

Naoto Okazaki*!?!

Abstract: Water forms three-dimen-
sional polymeric structures due to the
influence of hydrogen bonds and is
fundamentally different from other sub-
stances. One of the simplest ways to
analyze the structure of water in any
system, such as hydration, is to measure
the degree of compressibility, which can
be determined from the speed of sound,
by making use of the physical laws
established by Newton and later per-
fected by Laplace. Although the speed

temperature of a liquid, Laplace’s equa-
tion does not refer to temperature in any
of its terms. It is necessary, therefore, to
determine the degree of temperature
dependency. However, only approxi-
mate expressions of a fifth-order poly-
nomial have been reported so far in the
literature. In this paper, a universal

Keywords: analytical methods
kinetics - speed of sound - temper-
ature function - water

method for describing the speed of
sound from the perspective of physico-
chemical reaction kinetics is presented.
It is shown that the speed of sound U
[ms~!] changes with temperature T [K]
according to a thermodynamically-de-
rived formula given as U=exp(— A/T —
BInT+C) and that the motion and
propagation phenomena of sound en-
ergy can also be regarded as chemical
reactions.

of sound is strongly dependent on the

Introduction

Water exhibits certain remarkable characteristics due to its
structure, and it plays a crucial role in biological processes,
particularly in its cooperative interactions with proteins.
Information on the structure of materials containing water
can be obtained by measuring various physical properties,
such as nuclear magnetic resonance, dielectric constants, and
compressibility.l! The degree of compressibility is the simplest
to measure because it can be determined from the speed of
sound propagating through a substance.?l The original
theoretical derivation of the speed of sound U by Newton
was based on the equation of continuity and the equation of
motion with respect to pressure P and density p, expressed as
U= (Plp)"?, with P/p=constant and T/p = constant, for an
isothermal process in an ideal gas. However, the calculated U
has been found to be about 1/6 smaller than the actual
measured value.

Laplace later pointed out that the speed of compression or
expansion due to sound waves was very rapid, and he
interpreted this to mean that there was insufficient time for
heat exchange to occur from a compressed region to a rarefied
region. Assuming that pressure and temperature change
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36 -1 Nishi-machi, Yonago, 683-8504 (Japan)
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adiabatically, that is, both P/p” and T/p"~! are constants,
Laplace expressed the speed of sound U = 1/(kp)" in terms of
adiabatic compressibility () and density (o). (Here, y is the
ratio of heat capacity under a constant pressure and in a
constant volume, C,/C,.)

In an ideal gas, Laplace’s equation can be approximated by
Tailor’s series, as a function of temperature, but this relation
does not hold in the case of a liquid. In other words, the
equation of state is not applicable to an aqueous solution per
se.Bl Incidentally, in the case of water at room temperature, for
example, a change of only 1 K is equivalent to a significant
difference of about 2ms™! for speed, and naturally the
temperature must therefore be held constant in order to
make meaningful comparisons of speed. However, it is very
difficult to maintain the temperature exactly at a set value for
every measurement. Consequently, the interpolation of the
intended temperatures out of multiple points has become the
only practical way to do it. For this reason, a theoretical
formulation of the speed of sound in a liquid as a function of
temperature and pressure would be desirable, but at present,
it is necessary to rely on an approximation formula with a
fifth-order polynomial for analysis.[

Laplace’s equation is a theoretically derived formula and
indicates that the speed of sound is a purely thermodynamic
quantity, but the given equation can not be used directly as a
temperature function. Can there be any alternative to Lap-
lace’s equation? Here, Laplace’s correct deduction is ex-
plained as follows: The heat transmission and small adsorp-
tion of sound energy can be regarded as being negligible
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because the wave length of sound is long compared with the
mean free path (the average distance a molecule travels
before colliding with another molecule), that is, the sound
wave is propagated under isentropic conditions. However, it is
an undeniable fact that the increasing tendency of the entropy
has also been expressed as a principle of the degradation of
energy, by which it becomes less available for useful work.
Therefore, it should be taken into account that the wavefront
of sound passing through media is perturbed as the duration
of the time interval for observation becomes infinitesimally
small. As a result, we can no longer disregard the viewpoint of
change in entropy and it becomes necessary to consider
another interpretation. Is it possible to describe the speed of
sound by some other means, for example, in terms of chemical
reactions? In other words, is it possible to regard the speed of
sound in terms of the chemical kinetics of energy propagation
from an exiting molecule with sufficient potential energy to
the nearest molecule (in its neighborhood) with lower
potential energy? The answers to these questions are yes.

The author has been investigating the effects of inhalation
anesthetics on hydration in an electrolyte solution by deter-
mining the speed of sound using the sing-around method.
(There are several theories on the mechanism of anesthesia
with regard to water structure.)’®! The results of such
investigations have shown that there is a strongly negative
correlation between the frequency and thermistor resistance
(of a negative characteristic type); and the author has
attempted to analyze the temperature rule for the speed of
sound by associating such a relation between frequency and
thermistor resistance with the chemical-reaction hypothesis
mentioned previously.

Relationship between frequency and thermistor resistance as
determined by the sing-around method: The diagram of the
apparatus used in the experiment is shown in Figure 1. In the
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Figure 1. Diagram of measuring apparatus.

sing-around method, quartz oscillators are placed at both ends
of a cylinder-type hard glass cell with a bore of about 2 cm.
Voltage is supplied to one of the oscillators by a pulse
generator (Nihon-Denki-Sanei, Tokyo, Japan), whose vibra-
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tion waveform is received from the other element, converted
to a voltage and then amplified. Then the next voltage pulse
starts the cycle all over again. Thus, the speed of sound U in a
solution can be expressed with respect to a repeating
frequency F (Universal Counter, Takeda Riken, Tokyo,
Japan), as shown in Equation (1).

1 L
=t (€]

Here, L and ¢, are the distance between oscillators and the
time delay of the electric circuit.

Two thermistors were used in this experiment. At the
beginning and end of each measurement, one of the thermis-
tors was used to verify that the other (used for actual
measurement) was free from changes such as heat hysteresis.
The constant R, [2] at T, [K] and the temperature coefficient
R; of the thermistor in Equation (2) were determined by
repeated measurements of resistance R at various temper-
atures 7 while simultaneously being checked against a
platinum resistance thermometer.

R=R.exp <Rf (1? — %)) (2

The oscillators used on both the reception and transmission
sides were 5 MHz types. The unit of measurement for
resistance was 1 £, and for frequency 0.01 Hz in an average
of 10s. Since the temperature registered in a thermostatic
water bath is affected by ripple changes in the operation of the
heater, two thermostatic water baths were used in order to
obtain a stable time scale and to maximize the accuracy of the
measurements. The cell length and electrical delay time of the
apparatus were calculated by referring to published data.l*!
All these constant values were determined by the least-
squares method using measurements at multiple points.

One set of thermistor constants was 1570k (R,),
298.160 K (T.), and 3465.0 K (R;); the other was 15.80 k@
(Ry), 298.145 K (T,), and 3475.0 K (R;). The temperature was
controlled within 0.002 to 0.007 K (that is, about 1 to 2 2 in
resistance). The cell length and standard deviations were
10.8399 +0.0010 cm (cell A) and 12.3979 +0.0011 cm (cell B)
when converted to 298.16 K. The coefficient of linear
expansion of the hard glass cell calculated at the same time
was within the reported range of values for this material. The
delay constant of the electric circuit was 1.715 £ 0.001 ps.

Sound propagation phenomena and chemical reactions: As
can be seen from Equation (1), the frequency and speed of
sound become proportional as the delay constant approaches
an infinitesimal limit. Also, the relations for observed
repetitive frequency (equivalent to speed) and resistance
value (equivalent to temperature) were judged to be linear, as
shown in Figure (2). Therefore, based on this linear relation-
ship between resistance and temperature in Equation (2),
which conforms to an Arrhenius plot, it was assumed that the
speed was related to temperature by a thermodynamically
exponential function. Therefore, chemical kinetics can also be
applied here to determine the nature of sound propagation,
since sound propagation phenomena can be interpreted as
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Figure 2. Relationship between frequency and thermistor resistance
measured at 15 to 16 temperature points using high purity distilled water
for HPLC (WAKO PURE CHEMICAL, Osaka, Japan) by the sing-around
method. As shown in the diagram, a nearly linear relationship between
frequency and resistance was confirmed in the two hard glass cells. The
temperature was about 305.16 K at 12 k€2 and about 323.16 K at 6 k€.

rate processes, as long as their speed is kept constant under
any arbitrary condition.

Thus, with a few assumptions, we can formulate the
following chemical equation that represents the transition
state of energy attenuation due to the energy exchange in
collisions between activated molecules and neighboring
molecules in the direction of propagation:

k .
XF + X, = (X, Xo)* 5 X, + X3 €)

2

In Equation (3), X* indicates activated molecules; k is the
reaction rate constant determined from the coefficient of
transmission (7,) through the potential energy barrier; and k,
and k, are the molecular rate constants for activation and for
deactivation.

Assumptions

1) Although a chemical reactions are generally understood to

accompany a change in the composition or structure of
molecules, the term chemical reaction as used here refers
to the collision phenomenon by which only the propaga-
tion energies (signals) of sound are transferred. Therefore,
in the given reaction formula, an activated molecule (X*)
collides with an advancing molecule (X) and the sound
energy of molecule X* is transmitted to molecule X. The
transmission coefficient is defined as the rate of reactions
that occur in the path of advancing molecules.
According to this logic, collisions between different
molecules not only in a homogeneous phase but also in a
heterogeneous phase can be regarded as reactions. Fur-
thermore, in the case of an association molecule such as
water that may be considered “polymorphic”, its reaction
can be treated statistically in these reactions as a uniform
reaction in terms of molecular weight (cluster size) and
structure.

2) We assume that molecules are rigid spheres that are
capable of elastic collision. We also assume that the
intensity of sound, expressed in decibels [dB], corresponds
to the concentration of X*.

For convenience, the validity of the logic is explained for
the case of gas. There are gaps between molecules, and
collisions occur due to the movement of molecules. Thus,
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for any single collision, the molecules can propagate in any
direction depending on the difference between the velocity
energies of the two molecules and the angle of collision.
However, a nitrogen molecule, for example, has an
average velocity of about 450 ms™' at 273.16 K, and the
distance one molecule travels within a certain time interval
is much greater than the distance between molecules in
nitrogen gas; thus, the number of collisions per unit time
for each nitrogen molecule is assumed to be very high. The
sound signals that are transmitted due to collisions
between molecules are, according to the definition of
elastic collision, transmitted successively to the molecules
that have been hit. It is assumed that the sound signals
propagate (radiate) uniformly in all directions. However, it
seems reasonable to consider the collision in one direction
only, because collisions occur very rapidly and evenly
(Pascal’s principle). For any given direction, most signals
will instantaneously reach the opposite site of the molecule
that has been hit (according to the definition of a rigid
sphere). The signals are continuously propagated forward
due to repetition of the reaction (collision) and the number
of reactions occurring within a unit time interval can be
taken as an indication of the mean propagation distance.
Therefore, the reaction speed and propagation speed can
be treated as equivalent.

In addition, the transmission coefficient, defined in this
scheme as the rate of reaction in the forward direction for
solid, liquid, and gaseous states, is thought to be on the
order of solid > liquid > gas.

Moreover, the propagation distance increases as the
concentration of X* increases. (When the sound signal
does not propagate uniformly in various directions under
certain limiting concentration, in this case, the collision
reaction converges.)

Analysis of sound propagation according to theory of absolute
rate: To evaluate a thermodynamic equation of state, it is
necessary to know the variation of V with P. In the case of a
liquid, there is no simple PV function available; hence, it is
impossible to apply the general thermodynamic law. The key
to the solution to this problem, however, lies in Eyring’s
theory of “absolute rate”, which is normally applied to the
field of physical chemistry when considering viscosity. How-
ever, several conditions must be met before Eyring’s theory
can be applied. First, it must be confirmed that the collision
reaction is irreversible, since the propagation signal is no
longer available in the reaction field as a result of having
moved immediately to the opposite edge after a collision
(AS=+0). However, it is probably justifiable to assume that the
reaction is organized with a small difference in the entropy of
activation because the activated complex is similar in
structure to the initial state (AS =0). In addition, if it can be
assumed that the structure of water can be replaced by an
equivalent mixture system composed of monomers and
tetrahedrally-coordinated pentamers, such as a flickering
cluster (represented by X.-X),[>1 Equation (3) can be
replaced by Equation (4) as in the case when the reaction
corresponds to a triple collision (three-body reaction) in
gas.li1al
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According to Eyring’s theory of absolute rate, the reaction
rate constant k can now be expressed as in Equation (5).01"]

w(-1) )

Here, & is the Planck constant, k; the Boltzmann constant, R
the gas constant, and Qy;, Ox, Ox.x are the partition functions
per unit volume of the activated complex (X-X--X)* and
reactants X and X .- X, respectively. The superscript (&) here
indicates that the parameter is related to the state of the
activated complex, and the subscript (0) indicates the energy
state at 0 K.

Although the partition functions for molecular translational
motion, molecular rotational motion, and molecular vibra-
tional motion are all dependent on temperature, these
partition functions are not known because it is difficult to
define exactly the nature of the structure (i.e., the number of
particles in the mixture system). These functions are therefore
determined by parameterization. When the temperature
terms can be factored out in the partition functions, that is,
when the power coefficient m and kpr can be settled as the
temperature-dependent part and the others in the partition
functions, the numerical formula can then be rewritten as
kppkgT™h=1.

Consequently, we obtain the following reaction rate con-
stant k as a function of temperature and pressure in
Equation (6).[1!

kg AS —E, + RT —A(PV)"
k= rl,km:; T™ exp (E) exp (6)

ks T O

k=rj/——m—mm
" h OxOxx

RT

where E, and S are the experimental activation energy and the
entropy of activation.

In the theory of absolute rate, the rate of reaction is the
number per second of activated complexes passing over the
summit of the potential-energy barrier, and this can be
replaced by the transmission distance per unit time (that is,
the speed of sound U).

Moreover, in the case of the propagation reaction of sound
in water, the transmission coefficient (r,) can be approxi-
mated to be 112l because the relaxation time of water
estimated from ultrasonic absorption is on the order of
picoseconds and is much shorter than the propagation
reaction of sound.!'>'¥ Therefore, the reaction rate constant
k can now be expression in terms of the propagation speed of
sound U, as in Equation (7).

—E, — A(PV)

U=exp[ RT

AS kg
FmInT+ (ot 1+ In(roke )] (7

Equation (7) can be further simplified to Equation (8) by A =
(E,+A(PV)"/R, B=—m, and C=AS/R + 1+ In(r.kppkgh™)
at constant pressure.

A
U=exp(—?—BlnT+ C) 8)

Goodness of fit of chemical kinetics model: The chemical
kinetics model expressed in Equation (8) was fitted against
published data at 1 atmospheric pressure (i.e., APV*=0) by
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regression analysis and good results were obtained (see
Figure 3).1> 444l The results were 1145.3294 (A), 3.30479
(B), and 29.9811 (C) from the data of Del Grosso et al.,* and
1177.0675 (A), 3.41448 (B), and 30.7133 (C) from the data of
Greenspan et al.* In the results for water, the numerical
values obtained from calculation using the above formulas are

16001

15004

14004

Sound Speed [ms]

1300- r T T T T T
270 290 310 330 350 370
Temperature [K]

Figure 3. Fitting of chemical kinetics model to reference data. The figure
shows the fitting of Equation (8) to the reference data calculated by the
polynomial approximation by Greenspan et al. (x),* and Del Grosso
et al. (0).* The figure also shows the regression curve for the data related
to the speed of sound in heavy water by Wilson (e).[*!

naturally different, because the values between the two
references differ by about 0.31 ms~, in the temperature range
of 288.16 to 307.16 K. Although there is no reason to doubt the
validity of the Equation, strictly speaking, this analysis
requires further improvement in the entropy change depen-
dence on temperature with respect to the partition functions.
(The analysis is carried out by parameterization based on a
simplified structural conception in which the molecular
number constituting the cluster is not decided and the entropy
is not affected by temperature. However, changes in entropy
have in fact been observed; for example 63.63 JK-'mol~! at
273.16 K and 87.07 JK'mol! at 373.16 K.[' Furthermore, in
a monomer —pentamer model, the entropy of the cluster is
largely dominated by the vibrational and rotational entropy of
pentamers up to about 308.16 K, after which the degree of
contribution by the translational and rotational entropy of
monomers increases sharply with temperature.'” Therefore,
in order to analyze exactly Equation (5), we must include the
number of particles in the partition function.)

The negative value of the power index m is reasonable
because this negative index indicates that if E, is not
excessively large or small, the reaction rate constant increases
with increases in temperature up to a certain point and then
declines with further increases in temperature. This phenom-
enon is compatible with the temperature dependence of the
speed of sound in water. It thus appears that this thermody-
namic analysis can be understood as a method for determining
the essential characteristics of water.

Incidentally, a similar result was obtained by regression
analysis of the speed of sound in heavy water using the data of
Wilson,*! and the same correlations as those determined in
water were obtained at various pressure levels in heavy water,
as shown in Figure 4.
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Figure 4. Goodness of fit to different pressures: Scatter plots of the speed
of sound in heavy water in Wilson in the temperature range of about 277 K
to 365K and pressure range of about 0.1 MPa to 96.5 MPa and the
regression lines adapted for matching these data by using Equation (8) at
each pressure level.l*l

Relation between speed of sound and pressure: If U, is
regarded as the speed of sound in a standard state (APV =0)
in Equation (7), the speed of sound at any given pressure (U,)
at a given constant temperature can be expressed as in
Equation (9) as follows:

U, A(PV)?
In ( > =— 9)
Uqg RT ong

Figure 5 shows AV#/R in the relation between In(U,/U,) and
PIT at each temperature point obtained by direct calculation
using Wilson’s data.*] A definite linear correlation (r>=
0.9986 to 1) was observed at each temperature. As can be

0.12-
364.54 K,

0.094 82.69 MPa T
4 K 277.64K,
o]
< 0.06-{364.54 K 96.48 MPa
o
S 13.78 MPa))
£ /

0.03- Y 2
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0 " 13.78 MPa
0 100 200 300
P/T [kPaK]

Figure 5. Changes in AV* at various pressure and temperature levels: AV+*/R
in the relationships between In(U,/Uy,) on the y axis and P/T on the x axis at
each temperature point between about 277 K and 365 K. U, and U, are the
speeds of sound calculated directly from Wilson’s data in a standard state
and under an arbitrary pressure level, respectively.l*

seen from the Figure, although AV*is correlated with pressure
at a constant temperature, it varies with temperature changes.
That is, In(U,/U)/(P/(RT)) is not constant. It is difficult to
find a linear relation between the speed of sound and pressure
changes.

Regarding the relation between pressure and the parame-
ters A, B, and C in Equation (8), if the potential energy
surface does not change due to pressure, only parameter A
should be affected by pressure change. However, contrary to
expectation, the relations between each parameter value for
A, B, and C and 4/3 power of the pressure [MPa] were linear
(which was determined by the least-squares method to be 4/3
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in each case), as shown in Figure 6. These relations for
heavy water were A =—6.66089 x 10~ P¥34+1269.58837, B =
—2.10644 x 103 P¥3 4 3.64241, and C=—1.40146 x 102 P**+
32.263109.

A B C
1400 3.7 35- U=exp (-A/IT-BInT+C)
parameter
3.5 ® A:r2=0.9988
& B:r2=0.9994
12007 3.31 m C:r2=0.9994
3.1 30+
1000 2.94
2.7
800- 2.5 25- T T T T T

T T
0 5043 10043
Pressure®3 unit [MPa*3]

Figure 6. Relationship between pressure and parameters of chemical
kinetics model: Linear relationship between the values of parameters A, B,
and C (calculated using Equation (8) and Wilson’s datal' and the 4/3
power of pressure.

Since the absolute rate theory can explain viscosity, it is
reasonable to assume that it is also applicable, in the same
manner, to the sound-propagation reaction, which does not
involve any change in chemical structure. Therefore, given the
results of the linear relationships between the thermodynamic
parameters A, B, C and the 4/3 power of pressure (The power
index of water calculated from the data by Smith et al.l'¥] was
about 0.5, although it was not exact because there were only
four data points.), it is possible that there are some unique
effects of pressure other than compressibility change, espe-
cially in the case of an association molecule such as water.
Therefore, it is reasonable to assume that in an association
molecule, there is a pressure-dependent conformational
change in structure, which is manifested as changes in the
thermodynamic parameters. Furthermore, it is thought that
the restriction of molecular motion and the shift of the
potential energy surface caused by pressure has the effect of
changing the temperature factor of the partition function, the
activation energy, and the entropy. The pressure effects on the
thermodynamic parameters in heavy water should be greater
than those in light water, and we therefore speculate, based on
the differences in the strength of hydrogen bonds, that there is
a difference in the size of association molecules in heavy water
and light water.

Although it can not be theoretically determined whether
such a discrepancy regarding pressure is due to the structure
of water or not (pressure influences all thermodynamic
parameters), the speed of sound can still be well represented
by Equation (8) even when pressure changes occur. It is also
theoretically possible that such a pressure-temperature func-
tion can be applied to gases as well.

Conclusion

The rate of any chemical reaction can be theoretically
formulated according to activated complex theory and/or
collision theory. However, it can be argued that theoretical
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analysis is extremely difficult given the fact that there does not
exist an unequivocal method for calculating the equation of
state in a liquid solution. Given this, the use of ultrasonic
sound waves seems to be a very promising and useful means of
investigating the state of water.'! For example, the ultrasonic
absorption method can be used as an effective means of
obtaining directly measurable physical parameters in the
composition fluctuation theory of Kirkwood -Buff,['”l and
Andreael'? has made use of ultrasonic absorption to explain
the chemical reaction in a two-component solution. As the
results presented in this paper have shown, the sound speed
method is useful in PVT data analysis for calculating collision-
theoretic parameters, etc., in turn.

In conclusion, the results of this study confirmed that the
speed of sound can be described as a reaction rate in chemical
kinetics; thus, the speed of sound obeys the theory of rate
processes.
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Conformation and Stability of the Hydrogen-Bonded Complex
6-Oxabicyclo[3.1.0]hexane --- HCI

Sonia Antolinez, Alberto Lesarri, Juan C. Lopez, and José L. Alonso*!?!

Abstract: The hydrogen-bonded com-
plex between 6-oxabicyclo[3.1.0]hexane
and hydrogen chloride was investigated
by microwave spectroscopy in a super-
sonic jet. A dual flow pulsed valve was
used to preclude chemical reaction be-
tween the monomers. Only the equato-
rial conformer was observed and the
spectra of three isotopomers, (CsHgO,

D¥Cl), were measured. The derived
structure of the complex has C, symme-
try with the hydrogen chloride pointing
to the domain of the equatorial lone pair
of electrons at the oxygen atom. The

Keywords: conformation analysis -
hydrogen bonds - molecular com-
plexes - rotational spectroscopy

three atoms involved in the hydrogen
bond adopt a bent arrangement with a
O---H distance of 1.77(4) A, a (O--
H-Cl) angle of 115(4)°, and a deviation
of 15.4(14)° of the hydrogen bond from
collinearity. In agreement with the ex-
perimental results, ab initio calculations
predict the equatorial form to be the
most stable one.

H*Cl), (CsH,O, HCl) and (CsHO,

Introduction

Very recently, axial and equatorial hydrogen bonds have been
observed for the first time in the prototypical systems
tetrahydropyran --- HCI'! and pentamethylene sulfide --- HCI
using molecular beam Fourier transform microwave (MB-
FTMW) spectroscopy. The six-membered rings of tetrahydro-
pyran and pentamethylene sulfide carry two nonbonding
electron pairs at the O or S atoms that turn out to be non-
equivalent due to the chair conformation of the rings. Thus,
when complexed with HCI there are two nonequivalent binding
sites at the axial and equatorial positions. In the pentamethylene
sulfide --- HCI complex the equatorial conformer is the most
stable one. In contrast, a preference for the axial form is found
in the related tetrahydropyran---HCI complex. Since the
distances between the HCI subunit and the ring hydrogen
atoms are large, the repulsion interactions are not so relevant.
The conformational preference relies on a delicate balance
between the strength of the hydrogen bond and the secondary
interactions of the Cl atom with the nearest H atoms of the
methylene groups of the ring. For this reason, a priori
predictions of the most stable conformer seems to be difficult.

[a] J. L. Alonso, S. Antolinez, A. Lesarri, J. C. Lépez
Departamento de Quimica Fisica
Facultad de Ciencias, Universidad de Valladolid
47005 Valladolid (Spain)
Fax: (-+34)983-423264
E-mail: jlalonso@qf.uva.es

Supporting information (tables of all measured hyperfine components
for the isotopic species observed of equatorial conformer of OBH ---
HCI, as well as their differences with the calculated frequencies) for this
article is available on the WWW under http://www.wiley-vch.de/home/
chemistry/ or from the author.
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6-Oxabicyclo[3.1.0]Jhexane(OBH) is a bicyclic ether with
the oxygen atom forming an oxirane ring. Unlike the other
related six-membered rings alluded to earlier, the most stable
form of OBH is not the chair conformation but the boat one.F!
The oxygen atom has two nonequivalent lone pairs of
electrons directed to the axial and equatorial positions
(Scheme 1).

0l

8,

0 o _
\ \
— — | - S b

o=z

Scheme 1. Representation of the two different conformers expected in the
OBH --- HCI complex: axial (left) and equatorial (right).

As in the case of tetrahydropyran---HCl and pentam-
ethylene sulfide --- HCI complexes, different axial and equa-
torial conformers (Scheme 1) can be expected when forming
the complex with HCI. In order to confirm these expectations
and to provide more insight into the conformational stability
and geometrical properties of the hydrogen bond, we under-
took the rotational analysis of OBH --- HCl complex by MB-
FTMW spectroscopy. The high sensitivity of this technique
makes possible to isolate and characterize different dimers
generated in the supersonic expansion. Furthermore, with the
purpose of obtaining the structure of OBH, for which there is
only a previous study by electron diffraction, the spectra of
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Table 1. Observed rotational transition frequencies (in MHz) for 6-oxabicyclo[3.1.0]hexane.

CsH;O CsH O-C, CsHyO-5C, CsHyO-5C, CsH O-¥0

J K., K., J K, K., obs obs.-calcd®™  obs. obs.-calcd  obs. obs.-calcd  obs. obs.-calcd  obs. obs.-calcd
1 0 1 0 0 0 7790.103  —0.001 7739.362 0.001 7728.944 —0.001 7664.129 0.001 7564.500 0.002
1 1 0 0 0 0 10250.538 0.000 10177.886 0.002 10134.577 0.001 10155.809 0.000 10030.045 0.001
2 0 2 1 0 1 14945.534 0.001 14844.575 0.000 14785.412 0.000 14748.353 —0.001 14593.207 —0.002
2 1 2 1 1 1 14288.064 0.000 14193.249  —0.004 14146.482 —0.001 14080.717 0.002 13933.214 0.001
2 1 1 1 1 0 16872.319 0.000 16764.156  —0.001 16769.265 0.000 16575.764 0.000 16324.747 0.000
2 0 2 1 1 0 12485.099 0.000 12406.055 0.003 12379.781 0.001 12256.673 —0.001
31 3 3 1 2 7527.982 —0.002
31 3 3 2 1 12206.655 0.000
30 3 2 1 1 17064.859 0.000
31 3 2 2 1 13716.421 0.000
4 1 4 4 1 3 11614.650 0.002
51 5 5 1 4 15552.833  —0.001
[a] Obtained with the corresponding spectroscopic constants in Table 2.
Table 2. Spectroscopic constants for 6-oxabicyclo[3.1.0]hexane.

CsH;O CsH;O-5C, CsHO-1Cy CsHO-1°C, CsH;O-*0
A [MHz] 5709.4266(46) 5665.4813(44) 5614.4118(44) 5699.9862(45) 5649.9151(52)
B [MHz] 4541.1158(12) 4512.4067(18) 4520.1683(18) 4455.8265(19) 4380.1332(19)
C [MHz] 3248.9902(12) 3226.9562(12) 3208.7791(12) 3208.3036(13) 3184.3673(15)
P, [uA?] 66.388288(79) 66.908612(86) 67.854058(87) 66.382799(91) 66.38770(10)
A, [kHz] 0.644(91) [0.644] [0.644] [0.644] [0.644]
Ak [kHz] [0.0]t [0.0] [0.0] [0.0] [0.0]
Ag [kHz] 2.25(84) [2.25] [2.25] [2.25] [2.25]
o, [kHz] [0.0] [0.0] [0.0] [0.0] [0.0]
Ok [kHz] —0.44(17) [—0.44] [—0.44] [—0.44] [—0.44]
ol [kHz] 0.95 2.49 0.79 0.98 1.57
NIl 12 6 6 6 5

[a] Standard errors in parentheses are given in units of the last digits. [b] P, = 1/2(, — I, + I.). Conversion factor: 505379.1 uA>MHz. [c] Parameters in square
brackets were kept fixed in the fit. [d] Root mean square (rms) deviation of the fit. [e] Number of fitted transitions.

the parent, '80- and the three '*C-monosubstituted species of
the monomer were also analyzed.

Results
Rotational spectra

6-Oxabicyclo[3.1.0]hexane: For the parent species, a- and c-
type transitions in the range 6-18.5 GHz were accurately
measured. OBH is expected to have C; symmetry with two
sets of equivalent carbon atoms. Consequently, the 1*C species

Abstract in Spanish: EI complejo de enlace de hidrogeno
formado entre 6-oxabiciclo[3.1.0]hexano y cloruro de hidro-
geno se ha investigado mediante espectroscopia de microondas
en chorro supersonico. Con el fin de evitar la reaccion quimica
entre los monomeros se hizo uso de una vdlvula pulsada de
doble flujo. Unicamente se ha observado el conformero
ecuatorial, midiendose el espectro de los tres isotopomeros,
(CsHgO, H*Cl), (CsH3O, HCl) y (CsHO, D*Cl). La
estructura derivada para el complejo presenta simetria C, con
el cloruro de hidrogeno orientado hacia la region del par
electronico ecuatorial no enlazante del dtomo de oxigeno. Los
tres dtomos implicados en el enlace de hidrogeno adoptan una
disposicion angular con una distancia O --- H de 1,77(4) A, un
angulo (O --- H-Cl) =115(4)° y una desviacion de 15,4(14)° del
enlace de hidrogeno con respecto a la linealidad. De acuerdo
con los resultados experimentales, los cdlculos ab initio
predicen que la forma ecuatorial es la mds estable.
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gives rise to three different '3C spectra («, 8, and y positions)
with natural abundances of about 2 % for *C, and '*C; species
and 1% for *C, species. Up to 6u, and u., R-branch
transitions of the three isotopomers with *C were readily
assigned and measured. Based on the assignment of the
normal species and an assumed structure, the isotope shifts for
the 8O species (natural abundance ~0.2%) could be
predicted. After thousands of accumulation cycles, transitions
of approximately the expected intensity were found near the
predictions with no other candidates in the region. The
observed transitions for all isotopic species are given in
Table 1. The derived spectroscopic constants are shown in
Table 2. The near identity of the planar moment P, for “C,
and 80 isotopomers supports the assignment of these species.

6-Oxabicyclo[3.1.0]hexane --- HCl: The initial prediction of
the spectrum based on the two structural models of Scheme 1
indicated that OBH --- HCI would be a near-prolate top with
a-type spectrum for both conformers along with less intense b-
type spectrum for the axial and c-type spectrum for the
equatorial form. After searching a long frequency range in the
region predicted for the equatorial conformer, an a-type
R-branch series with spacing of approximately 1700 MHz,
which accounts for B+ C value of the equatorial form, was
observed. From further analysis, some weaker c-type
R-branch transitions were also assigned. The same procedure
was followed for OBH --- H¥Cl and OBH --- D*Cl isotopom-
ers. A careful seach was performed by scanning wide ranges of
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Figure 1. 6,5 5,, transition of the equatorial CsHgO --- H*Cl complex showing quadrupole coupling components splitted by Doppler effect.

frequency and no line belonging to the axial conformer was
detected.

The splittings of the rotational transitions (Figure 1) arises
from the the interaction of the electric quadrupole moment of
3ClI or ¥Cl with the electric field gradient at the Cl nucleus.
The lines were labeled in terms of the coupling scheme J+I =
F, where I is the nuclear spin angular momentum and J is the
angular momentum of the overall rotation. Table 3 collects a
set of selected measured transitions for the isotopomers of the
OBH --- HCI heterodimer. The transition frequencies of each
isotopomer were fitted in an iterative least-squares analysisl’!
by direct diagonalization of the Hamiltonian including
centrifugal distortion and quadrupole coupling operators.
The A-reduced semirrigid rotor Hamiltonian of Watsonl® in
the I representation was used. The associated observable
spectroscopic quantities of the Cl-nuclear quadrupole cou-
pling operator are the elements y,; of the corresponding
tensor, which are related to the electric field gradient at Cl
nucleus by Equation (1).

B (eQ) PV
Y=\ ) oaop

()

(a, B to be permuted over the principal inertial axes a, b, ¢)

The determined rotational constants, quartic centrifugal
distortion constants and the three independent quadrupole
coupling constants y,., (xs» — X.) and y,. are given in Table 4.

Structure

6-Oxabicyclo[3.1.0]hexane: The rotational constants for all
isotopomers of OBH, shown in Table2, were used to
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determine the complete structure of the ring skeleton. Table 5
lists structural parameters (see Figure2) obtained by two
methods. Column 1 in Table 5 provides the substitution
structure r, calculated using Kraitchman’s equations.l®l Col-
umn 2 in Table 5 contains the effective structure r, calculated

Figure 2. Structure of 6-oxabicyclo[3.1.0]hexane.

by fitting all fifteen rotational constants using a least-squares
fitting procedure.l”? All other parameters were kept fixed to
the electron diffraction values of reference [4].

6-Oxabicyclo[3.1.0]hexane --- HCI: The rotational parameters
of the equatorial conformer in Table 4 were used to determine
the structure of the hydrogen bond. The changes in the
rotational constants upon isotopic substitutions of H(D) and
3CI (*Cl) indicate that the hydrogen atom is closer than the
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Table 3. A selection of observed transition frequencies [MHz] for the equatorial 6-oxabicyclo[3.1.0]hexane --- HCI complex.

C,H,0 - HCl

C,H,0 ---HYCl C.HO - D¥Cl

J K, K, J’ K, K, F F'lal obs. obs.-calcd™ obs. obs.-calcd™! obs. obs.-calcd™

3 1 2 2 0 2 5 4 10149.557 0.000 10012.941 —0.002 10116.531 —0.001
4 3 10151.092 —0.002 10014.150 —0.001 10118.115 0.000
3 2 10147.790 —0.001 10114.745 0.000
2 1 10113.212 0.003

4 0 4 3 0 3 6 5 6853.271 0.000 6653.000 0.000 6822.609 0.000
5 4 6853.261 0.000 6652.976 0.001 6822.595 0.000
4 3 6852.054 0.002 6652.031 0.000 6821.366 0.000
3 2 6851.980 0.002 6651.955 0.000 6821.289 0.000
5 5 6842.897 0.001 6812.056 0.003
4 4 6856.909 —0.001
3 3 6862.448 —0.001

4 1 3 3 0 3 6 5 11993.215 0.002 11798.849 0.002 11950.800 0.001
5 4 11993.623 —0.001 11799.158 0.001 11951.234 0.000
4 3 11992.264 —0.002 11949.844 —0.002
3 2 11991.751 —0.001

5 1 5 4 1 4 7 6 8412.267 0.000 8170.506 0.000 8375.890 0.001
6 5 8411.750 0.000 8170.099 0.000 8375.362 0.000
5 4 8411.372 0.000 8170.141 —0.001 8374.976 —0.002
4 3 8411.877 —0.001 8170.322 0.000 8375.493 0.001
6 6 8403.964 —0.003

6 1 5 5 1 4 8 7 10475.050 —0.001 10163.187 0.000 10426.472 0.001
7 6 10474.761 —0.001 10162.959 0.000 10426.176 0.000
6 5 10474.348 —0.001 10162.633 —0.001 10425.758 0.000
5 4 10474.635 0.000 10162.861 0.001 10426.050 0.000

6 3 3 5 3 2 8 7 10292.793 —0.002 10246.522 —0.003
7 6 10290.097 0.000 10243.779 —0.001
6 5 10290.692 —0.002 10244.391 0.003
5 4 10293.381 —0.003 10247.121 —0.002

7 2 6 6 2 5 9 8 11998.561 0.000 11647.523 0.000 11944.760 0.001
8 7 11997.861 —0.001 11646.889 0.000 11944.059 0.001
7 6 11997.717 0.000 11646.889 0.000 11943.904 0.001
6 5 11998.506 0.000 11647.393 —0.001 11944.714 0.000

8 2 6 7 2 5 10 9 13762.948 0.002 13355.848 0.000 13700.252 0.000
9 8 13762.385 —0.001 13355.415 0.000 13699.685 0.000
8 7 13762.296 —0.002 13355.339 0.001 13699.594 0.000
7 6 13762.828 0.002 13355.759 0.000 13700.131 0.000

[a] F: half integer rounded up to the next integer. [b] Obtained with the corresponding spectroscopic constants in Table 4.

Table 4. Spectroscopic constants for the equatorial 6-oxabicyclo[3.1.0]hex-

ane --- HCI complex.

C.HO - HCl

C.H,0---HYCl

CsH0 -+ D*CI

A [MHz] S671.0825(22)1  5671.0905(32)  5659.8162(22)
B [MHz] 889.30335(47)  862.34953(71)  885.03624(66)
C [MHz] 825.53935(45)  802.25667(69)  822.10076(65)
P, [uA?] 66.50455(81) 66.50642(54) 66.50356(47)
A, [kHz] 0.31479(81) 0.3005(11) 0.3091(11)
A [kHz] 6.249(10) 5.997(22) 5.985(15)
Ay [kHz] [0.0]© [0.0] [0.0]

5, [kHz] 0.02450(59) 0.02310(88) 0.02305(82)
¢ [kHz] 3.19(20) 2.93(30) 3.29(28)
Yoo [MHz] — 41.823(10) — 32.961(48) — 42.544(13)
(tos — 7e0) [MHz] 8.660(20) 6.825(42) 8.659(28)

| %ee| [MHZ] 23.97(29) 18.872(85) 24.38(31)
%l [MHZ] 25.16(18) 19.816(54) 25.66(20)
%,y [MHz] 25.241(15) 19.893(45) 25.601(20)
%.. [MHz] -50.40(18) —39.709(54) —51.26(20)
ol (k Hz) 15 12 1.4

NI 191 125 145

[a] Standard errors in parentheses are given in units of the last digits.
[b] P,=1/2(I,— I, +I.). Conversion factor: 505379.1 uA2MHz. [c] Param-
eters in square brackets were kept fixed in the fit. [d] Principal quadrupole
coupling constants. [e] Root mean square (rms) deviation of the fit.
[f] Number of fitted quadrupole components.
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Table 5. Structure of 6-oxabicyclo[3.1.0]hexane (see Figure 2).

r, structurel? r, structurel®

0-C, [A] 1.43941(14) 1.432(6)
C,~C;[A] 1.50789(16) 1.515(6)
C,—C, [A] 1.54523(17) 1.546(6)
C,-0-C,[*] 61.096(7) 61.0(4)
Cy-C,-C4 [°] 105.285(16) 105.3(6)
al] 73.902(11) 73.7(3)
B 29.02(4) 29.4(7)

[a] The estimated uncertainty reflects only the standard error in the
effective rotational constants due to the fit. [b] Assumed parameters taken
from reference [4]: C—H 1.106 A, H-C-H 107.5°, C,-C,-H 125°, C4-C,-C,-H
149°.

Cl atom to the heterodimer center of mass, which is consistent
with the formation of the complex through a hydrogen bond.

The first necessary step in the structural analysis of the
complex is the experimental confirmation of the previously
asumed C, symmetry of the complex. The almost invariance
among the values of the planar moment P, for the different
isotopomers of equatorial complex (see Table 4) reveals the
subunit HCI lying in the ac plane of the dimer. Furthermore,
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this plane coincides with the ac symmetry plane of free
6-oxabicyclo[3.1.0]hexane since P, value of this monomer (see
Table 2) is very similar with the corresponding quantity of the
heterodimer, which must therefore have C; symmetry. The
same conclusion is derived from arguments based on the
analysis of Cl-nuclear quadrupole coupling tensor. The ratio
Sy ey = 1.2689(37) is in good agreement with the theoret-
ical value 3Q/F7Q =1.26878,1% so there is an ac symmetry plane
that makes the electric field gradient along b axis be insensitive
to changes in Cl nucleus quadrupole, as can be deduced from
Equation (1). The need to include only the off-diagonal
element y,. in the fits is additional proof of C; symmetry.

An ry-like structure for the atoms involved in the hydrogen
bond was determined by least-squares fitsl®) of all the
observed rotational constants. The usual assumption of
unchanged geometries of the monomers (OBH, obtained in
this work, and HCI'l) on complexation has been employed.
The observed rotational constants were found to have a small
dependence on the position of the hydrogen atom, so initially
alinear O --- H-Cl hydrogen bond was considered. Under this
constraint, a first fit was performed to determine the O---Cl
distance and the angle ¢ between the O --- Cl line and the line
bisecting the COC angle (Figure 3). The position of the

Figure 3. Structure of the equatorial conformer of 6-oxabicyclo[3.1.0]hex-
ane --- Cl, drawn to scale, with relevant distances and angles defined.

hydrogen atom can be ascertained from the Cl nuclear
quadrupole coupling tensor. Diagonalization of the coupling
tensor implies a rotation about the b axis, perpendicular to the
ac complex symmetry plane through an angle «. This
parameter was calculated to be 19.69(17)° which can be
expected to be a reasonable approximation to the angle
between the H—CI bond (z) and the a axis in the equilibrium
geometry of the heterodimer (by assuming a cylindrical
symmetry for the electric field gradient at the Cl atom).['”
With the value of this structural parameter constrained to o
iterative least-squares fits yielded precise values of the
r(O--- Cl) distance and the ¢ angle. The results of the fit are
included in the first column of Table 6 along with the derived
values for the remaining parameters that describe the
complete geometry of the hydrogen bond, depicted in Fig-
ure 3.
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Table 6. Experimental and MP2/6—31G**-optimized parameters of the
hydrogen bond for the axial and equatorial conformers of 6-oxabicy-
clo[3.1.0]hexane --- HCL

Equatorial Axial
exp. caled caled
O+ Q1) [A] 3.03(3)! 3.075 3.133
7O+ H) [A] 1.77(4) 1.805 1.849
r(Cl---H,) [A] 3.43(7) 3.335
r(Cl-+-H,) [A] 2.926
¢ 109(3) 105.4 1422
@[ 115(4) 110.0 1422
61°] 15.4(14) 112 0.0
Eqa, [kealmol™] -6.028 —5.602

[a] Standard errors in parentheses are given in units of the last digits.

Ab initio calculations

Ab initio calculations on the complex OBH --- HCI have been
performed with the aim of complementing the experimental
work and rationalizing the observed results. The structures of
axial and equatorial conformers were optimized at the MP2/6-
31G** level of theory using the program package Gaussian
98.181 The employed level has proved adequate to provide
reliable geometries for other related hydrogen-bonded com-
plexes.['* ]

First, the structure of OBH monomer was optimized under
C, symmetry constraint. Then, the HCI subunit was localized
over the OBH-optimized geometry, and the structural param-
eters of the hydrogen bond were optimized. When calculating
values of the stabilization energies for axial and equatorial
complexes, basis set superposition error (BSSE) was correct-
ed by means of the counterpoise procedure (CP).['¥! Table 6
shows the results for both conformers of the OBH---HCl
complex. With respect to the equatorial form, for which the
experimental hydrogen bond geometry is available, the
agreement between theoretical and observed structural
parameters is quite good. This fact leads one to expect that
calculated structure for axial conformer could be also
reasonably close to the possible geometry of such an
unobserved form. The value of the angle ¢ predicted for the
axial conformer is markedly different with respect to that
observed for the equatorial form. A higher stabilization
energy for the equatorial form by 0.426 kcal mol~! is in
agreement with the observation of only the equatorial con-
former.

Discussion

From the observed rotational parameters it can be established
conclusively that the only observed form of the OBH --- HCl
complex is the equatorial conformer. In order to justify the
lack of experimental evidence of the axial conformer, several
reasonable structures were proposed. For all of them, the
distance from the chlorine atom to the closest hydrogen atoms
in the ring was calculated to be shorter than the sum of van der
Waals radii. This short distance would make the axial
conformer less stable. Only dramatic distortions of the
hydrogen bond structure guarantee the absence of electro-
static repulsions. The details of the ab initio structure of the
axial form in Table 6 support this point.
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Accepting that the HCl acts as a probe for the orientation of
the nonbonding pairs at the O atom, the axis of the equatorial
electron pair forms an angle of 115° with the line bisecting the
angle C-O-C. This value is close to that of about 110.6(3)°
obtained for the oxirane---HCIl'l complex, which has an
almost identical angle C-O-C.

The nonlinearity of the hydrogen bond given by 6=
15.4(14)° can be considered as evidence of secondary hydro-
gen-bond interactions between the Cl atom of HCI and the
nearest hydrogen atoms of the ring. The distance between the
atoms involved in these interactions has been calculated to be
3.43 A, which is comparable to those reported for other
related complexes.[2

Since the investigation of OBH:--HCl has only been
possible by means of the dual flow technique, the complex
is presumably a short-lived species. In this sense, the dimer
could represent an early intermediate of the ring-opening
reaction. Ascertaining the ionic character of this prerreactive
species can be achieved by comparison of the diagonal
element y,, = —50.40(18) MHz for the complex with the value
for free H®Cl (- 67.6189 MHz).['8l The small decrease of y,,
value can be attributed to the polarization effects and the
zero-point oscillation of HCl molecule. Thus, it can be
concluded that negligible proton transfer occurs in OBH---
HCI complex.

Experimental Section

The spectral frequencies in the range 6—18.5 GHz of cyclopentene oxide
monomer and the complex OBH--HCI were obtained by using a MB-
FTMW spectrometer reported in detail elsewhere.[!)

OBH was purchased from Aldrich Chemical Co. and used as received. The
spectra of its normal isotopic species, three 3C and *O species in natural
abundance were analyzed. The sample entering the nozzle was approx-
imately 1% OBH and 99 % He, at a pressure of about 1-2 bar.

The compound OBH contains an oxirane ring that is known to be opened
very rapidly by reaction with HCI, even in the gas phase. Once the reactive
character of the mixture of OBH and HCIl was proved likewise, the
formation of the complex was only feasible by employing a modified
commercial pulsed valve. This device, employed for the first time by Gillies
et al.,? pulses the sample into the cavity and serves as a flow reactor. Gas
pulses of about 1% 6-oxabicyclo[3.1.0]hexane and about 10% HCI or DCI
in about 3 bar argon were kept separate until a point just before the nozzle.
At that confluence, the gases were continuously vented through the normal
input of the valve to avoid the reaction. The relation between the flows of
both mixtures seemed to be very critical in the observation of OBH --- HCl
complex, so it was coordinated to obtain the optimal S/N ratio. The
rotational spectra of OBH ---H”Cl and OBH --- D¥Cl were observed in
natural abundance and by using a 99 % deuterium-enriched sample of DCI.
The complexes in the molecular beam were polarized with microwave
pulses of 0.2 us duration and 40 mW peak power which were applied to
each gas pulse of about 0.50 ms duration. After the energy stored in the
cavity had decayed sufficiently, the remaining molecular emission signal
was amplified and converted in two steps down to around 7 MHz frequency
band. The frequencies were determined after Fourier transformation of the
time domain signal with 8 k points, recorded with a sample interval of 40 ns.

Each transition line appears as a Doppler doublet due to the collinearity of
the molecular beam and the cavity axis. The line position is the arithmetic
mean of both Doppler components. Frequency measurements are given an
estimated accuracy better than 5 kHz.
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Giant Vesicles from 72-Membered Macrocyclic Archaal Phospholipid
Analogues: Initiation of Vesicle Formation by Molecular Recognition
between Membrane Components

Tadashi Eguchi,**! Kenji Arakawa,*! Katsumi Kakinuma, Gert Rapp,'*! Sangita Ghosh,!!
Yoichi Nakatani,*! and Guy Ourisson*.%

Abstract: Stereochemically pure arch-
@al acyclic bola-amphiphilic diphosphates
4 and 5, with the basic structure of the
phospholipids found in Sulfolobus, have
been synthesized for the first time. The
self-assembly properties have been com-
pared with those of the nearly identical
72-membered macrocyclic tetraether
phosphates 3a and 3b, analogues of the
major phospholipid components of Sul-
folobus, Thermoplasma, and methano-
genic Archza, which were also synthe-
sized. Phase contrast and fluorescence
microscopies have shown that the dipo-

vesicles. Whereas the macrocyclic dipo-
lar phosphates 3 spontaneously formed
vesicles (phase contrast and fluores-
cence microscopies), the bolaform phos-
phate 4 gave only a lamellar structure
(synchrotron diffraction pattern: repeat
distance of about 4.25 nm but with only a
few layers). However, upon addition of
the unphosphorylated precursors phyta-
nol, phytol, or geranylgeraniol to the

Keywords: amphiphiles - Archza -
macrocycles - molecular recognition
- vesicles

acyclic lipids 4 and 5, giant vesicles were
rapidly formed. Addition of n-hexadeca-
nol or cholesterol did not lead to vesicle
formation. Therefore it was concluded
that this vesicle formation occurs only
when the added molecule is closely
compatible with the constituents of the
lipid layer and can be inserted into
the double layer. A slight mismatch
(cholesterol or n-hexadecanol/polyprenyl
chains) is therefore enough to block the
insertion process presumably required
for vesicle formation.

lar lipids 1 and 2 spontaneously formed

Introduction

Archaa, the third major kingdom of living organisms, possess
membrane lipids structurally unique in that their polar
headgroups are linked to polyprenyl chains (unsaturated or
saturated) by ether bonds, in contrast to the ester bonds and n-
acyl chains of Eucarya (Procarya often contain also branched
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lipids, but of the iso- and anteiso-acyl type). Another striking
feature of some archeal lipids is the presence of 36- (2; Y=
PO,;(CH,),NMe;) or 72-membered rings (3a, 3b; X = PO;H,),
or of bolaform lipids (4, 5; X=PO;H,).l"

We have undertaken to study systematically the effect of
these structural peculiarities on the self-assembly properties
of natural archzal lipids and analogues, such as the formation
of vesicles and their permeability. We have previously shown
that the archaal 36-membered macrocyclic diether phospha-
tidylcholine 2 (Y=PO;(CH,),NMe,;) gave vesicles which
were much less water-permeable than those composed of
acyclic n-diacyl or n-dialkyl phosphocholines.?

The 72-membered macrocyclic tetraether phosphocholine
lipids are major membrane lipids of the highly thermophilic
Sulfolobus and Thermoplasma, and of some methanogenic
Archaa.l'!l They carry two nonequivalent polar heads, based
on glycerol (or more complex polyolsPl); two of the carbon
atoms of glycerol are linked by ether bonds to C, octaprenyl
chains, themselves linked distally to the second headgroup.
The diversity of these phospholipids comes from the nature of
the headgroups and from the presence of zero to four
cyclopentane rings per polyprenyl chain. It was also shown
recently that the 72-membered lipids are present as a mixture
of regioisomers 3a and 3b (with various complex polar
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hypothesized that these poly-
prenyl phosphates may have
been the most primitive phos-
pholipids. As diphytanylglycer-
yl phosphate 1 easily formed
vesicles,' we now study the
phosphates 3ab (X=PO;H,,
1:1 mixture [molar] of 3a and
3b), 4 (X=PO;H,), and 5§ (X=

POH,).

Results

O.
K[ \/\l/\/\l/\/\l/\/\( o'j/ Synthesis

In order to compare the mem-

X-0 4
K[O\/\l/\/\l/\/\l/\/\l/\/l\/\/l\/\/'\/\)\/\om X brane properties of the 72-
)\/\/l\/\/l\/\)\/\ J) membered macrocyclic diphos-

headgroups).l These lipids can be expected, by virtue of their
obvious amphiphilicity, to form organized systems in which
the very long chain is extended across the membrane,
leading to molecular assemblies structurally similar to the
classical bilayers of eucaryotic biomembranes but linked by
C—C bonds in mid-membrane. Indeed, formation of multi-
lamellar liposomes has been reported with the native lipid
mixture isolated from Sulfolobus acidocaldarius,®) whereas
some close derivatives of 3 form predominantly nonlamellar
assemblies such as cubic phases.” Menger and Chen have
synthesized a fully demethylated 72-membered macrocyclic
archzal lipid analogue based on n-alkyl chains, rather than
polyprenyl, which did not form vesicular systems.’! Some
models of natural acyclic bola-amphiphilic lipids have also
been synthesized and their phase properties have been
reported.l

We have previously shown that phosphates instead of
phosphatidylcholines or other complex headgroups are effi-
cient for membrane formation with polyprenyl derivatives,
both with two chains!'® or with only one,'® and we have

Abstract in French: Les diphosphates acycliques bola-amphi-
philiques de Sulfolobus (une archeobacterie) ont ete pour la
premiere fois synthetises stereoselectivement. Les proprietes
d'auto-organisation de ces lipides ont ete comparées avec celles
de diphosphates macrocycliques possedant un squelette voisin.
Le microscopie en contraste de phase et en fluorescence montre
que les lipides dipolaires macrocycliques 3 donnent spontane-
ment des vesicules geantes, tandis que les lipides acycliques 4 et
5 ne forment pas de vesicules par eux-mémes. L'etude par
diffraction de rayons X (Synchrotron DESY) montre que le
diphosphate 4 donne un systeme de couches paralleles distantes
d'environ 4,25 nm. Par addition de phytanol, de phytol ou de
geranylgeraniol, des vesicules geantes sont ete formees rapide-
ment a partir de 4 et de 5. L'addition de n-hexadécanol ou de
cholesterol n'induit pas la formation de veésicules.
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° phates 3ab (X=PO;H,) and
their acyclic counterparts 4
(X=PO3;H,) and 5 (X=

PO;H,), we have synthesized these lipids according to
Scheme 1.

72-Membered macrocyclic diphosphates 3ab: We have re-
cently developed a convenient synthesis of the 72-membered
macrocyclic diol 3ab (X =H, mixture of 1:1 molar ratio of 3a
and 3b).” In the presence of 4-dimethylaminopyridine
(DMAP) and pyridine, a mixture of the diols 3a and 3b
(X =H)" was treated with diphenylphosphoryl chloride!"* in
benzene to give the corresponding bisphospho-triesters. This
mixture was subjected to catalytic hydrogenolysis in the
presence of platinum (from PtO,) to afford the desired
bisphosphoric acid derivatives 3a,b (X =PO;H,, 72 % yield).

Acyclic bola-amphiphilic diphosphates 4 and S: The bola-
amphiphilic phosphate 4, structurally analogous to the macro-
cyclic lipid 3ab but not macrocyclic, has also been found in
Sulfolobus solfataricus.? In this lipid, each of the polar
headgroups is linked to two chains, a C-40 bisphytanyl and a
C-20 phytanyl one. It was synthesized as follows.

Phytanol (6) was oxidized under Swern conditions to give in
82% yield aldehyde 7, which was treated with sn-1-O-
benzylglycerol 81" in the presence of toluene-p-sulfonic acid
and MgSO, to give quantitatively the acetal 9 as a diastereo-
meric mixture. The acetal 9 was treated with diisobutylalu-
minum hydride (DIBAL-H) to give a mixture of positionally
isomeric monoalkylated benzylglycerol derivatives, which
were easily separated by silica—gel column chromatography
to afford the sn-2-O-alkylated benzylglycerol 10 and the sn-3-
O-alkylated benzylglycerol 11 in 48 and 50 % yields, respec-
tively.l'! The sn-2-O-alkylated glycerol 10 was further alky-
lated via its sodium alkoxide with 1717 to afford 2,3-O-
disubstituted sn-1-O-benzylglycerol 12 in 85% yield. Subse-
quent deprotection of the TBS group, Swern oxidation, and
Wittig olefination afforded the half-size diether 15. This was
dimerized by metathesis using the ruthenium-alkylidene
complex, [RuCl,(=CHPh)(PCy;),] developed by Grubbs
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a,b
3ab (X =H) —_— 3ab (X = P(=0)(OH),)
(72 %)
/k/\/l\/\/l\/\/l\/\ ¢ )\/\/l\/\/l\/\/l\/
CHO
OH (82 %)
° 7
OBn o8
Ho"" - )\/\/l\/\/l\/\/l\/<0h;H
HO (quant.) 5
® 9
MM OBn oBn
e O HO.,
HO o
10 (48 %) 11 (50 %)
12: R = CH,OTBS
)\/\/l\/\/l\/\/l\/\ OBn C 2 g (quant,)
f 0. 13: R = CH,OH :I
T ’ ¢ (98 %)
G /l\/\*/\/l\/\/l\/\ 14: R=CHO
’ © 15: R = CH=CH, h (quant.)
i BnO (o) )\/\/l\/\/l\/\/l\/\ OBn
R VY\/M/ O'll’
o \)\/\/l\/\/l\/\/l\/\
O\/\l/\/\l/\/\l/\/\l/\ 5
16
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—_— 4(X=H) —— 4 (X=P(=0)(OH)yp) TBSO
(quant) (62 %) 2 OMs

17

Scheme 1. Synthesis of the dipolar lipids 3ab (X =PO;H,), 4 (X=PO;H,) and 5 (X=PO;H,). Reagents: a) (PhO),P(=0)Cl, DMAP/Py/benzene; b) H,,
PtO,/HOACc; c) Swern oxidation; d) compound 7, p-TsOH, MgSO,/CH,Cl,; ¢) DIBAL-H/toluene; f) NaH, compound 17/DMSO; g) TBAF/THF;
h) Ph;P=CH,/THF; i) [RuCl,(=CHPh)(PCys;),]/CH,CL. j) H,, 10 % Pd-C/EtOAc/HOAc. TBAF = tetrabutylammonium fluoride.

J\/\/l\/\/l\/\/l\/\ g8
f R o

18: R = CH,OTBS

g (89%)

. 19: R = CH,OH
11 — " c (80 %)
(61 %) /I\/\/l\/\/l\/\/l\/\ 20:R=CHO
° 21: R = CH=CH, :] h (50 %)
BnO

i a,b
—_— (X=H)
(98 %) (37 %)

5 (X = P(=0)(OH),)

. o A~ A A,
KEOVY\/Y\/Y\/\I/\)\/\/'\/\/'\/\J\/\OI’J)
M Ol i °

22

Scheme 2. Synthesis of the dipolar lipid 5 (X =PO;H,). Reagents see Scheme 1.

etal.l'® The reaction proceeded smoothly to yield the
unsaturated tetracther 16 in 68% yield. Reduction of the
double bond and deprotection of the benzyl groups of 16 by
catalytic hydrogenation afforded 4 (X =OH) quantitatively.
Finally, phosphorylation as described above gave the acyclic
tetraether core lipid 4 (X =PO;H,) in 62 % yield.

The acyclic tetraether core lipid 5 (X=PO;H,) was
synthesized from 11 in the same manner (Scheme 2).

Optical microscopy: “Giant” vesicles, with a diameter of
10 um or more, can be observed in situ, in water, with an

optical microscope working in the Nomarsky mode.l'”] By

Chem. Eur. J. 2000, 6, No. 18
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addition of Nile Red, a neutral lipophilic fluorescent probe,
one can visualize more clearly the image of the membrane
around the vesicles in the fluorescence mode. When the 72-
membered macrocyclic phosphates 3ab (X =PO;H,), with the
same core structures as the mixture of lipids found in
thermophilic Archza, were dispersed in a neutral buffer, they
easily formed giant vesicles (50-60 pum) (Figure 1).

Lipid 4 (X=PO;H,), when placed on a microscope slide
and covered by a buffer (Tris—HCI or Glycine —-NaOH), did
not form vesicles. Mild sonication, or heating to 45 °C, did not
give any sign of formation of vesicles. However, to our
surprise, formation of giant vesicles started very rapidly when

0947-6539/00/0618-3353 $ 17.50+.50/0 3353
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10 pm

Figure 1. Phase contrast image (left) and fluorescent microscopic image (right) of giant vesicles from the 72-

membered macrocyclic dipolar phosphates 3ab (X =PO;H,).

we treated with the same buffer a film of 4 premixed with a2 —
3 molar excess of phytanol (6), phytol (23) or geranylgeraniol
(24). These vesicles grew in size with time, apparently by
capture of further material from unorganized reservoirs as

24

HO
26

shown in Figure 2. n-Hexadecanol (25) or cholesterol (26), of
similar polarity and dimensions as 6, 23, and 24 (as judged
from scale molecular models), but nevertheless of different
shapes, were also tested as additives, and found not to induce
vesicle formation. In addition, the regioisomeric bola-amphi-

a)

10 pm

Figure 2. a) Phase contrast image of a giant vesicle from the lipid 4/phytanol system (1/2 molar ratio). The vesicle
starts growing almost immediately from the lipid droplet at the center of the image. b) Same frame photographed
after one day, showing that the size of the vesicle has increased. The droplet at the center of the image appears to
be the source of the new material required for the growth of the vesicle. Bar: 10 um.
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philic lipid 5 did not give giant
vesicles when pure, but only
after addition of phytanol.

The insertion of phytanol, phy-
tol, or geranylgeraniol (which
themselves, when pure, did not
form vesicles) into the mem-
brane of vesicles of 4 is of course
made possible by the nearly
identical lipophilic parts of these
molecules. The additives may
favor the formation of vesicles
mainly by reduction of the elec-
trostatic interactions between
the ionized headgroups, and
also act as space-filling partners, facilitating the curvature of
the system to form vesicles. Two similar cases of vesicle
formation induced by additives have been reported./® 2!l

Synchrotron X-ray diffraction:
We and others'!l have shown
that the simplest phosphate 1
easily forms giant vesicles, how-
ever, the diffraction pattern
unexpectedly showed well-ex-
pressed hexagonal structures
over the entire temperature
range measured (from 5°C to
87°C), with a distance between
cylinders of 623 nm at 20°C
and 5.76 nm at 87°C. This ap-
parent contradiction, may be
due to two differences: the
synchrotron study was run at a
103 higher concentration of lip-
id, in pure water (pH 7) instead
of a pH 7.8-8.4 buffer. This may be checked when we can
obtain beam time.

The diffraction pattern of phosphate 4 and water, without
added phytanol, showed only, by a small and broad reflection,
a lamellar structure with a repeat distance of 4.25 nm at 4°C
and 4.18 at 50°C, but with only
a few layers. This interlamellar
distance is compatible with the
thickness expected for a system
made of molecules such as 4,
fully extended.

25

Discussion

These studies suggest several
remarks. First in the context of
our hypothesis of the primitive-
ness of membranes of polyter-
penyl phosphates, our observa-
tions may have some signifi-
cance: assuming polyprenols to
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be formed prebiotically, it would not be necessary to
phosphorylate them fully to induce vesicle formation, but
only to about 1/4-1/3. It may even have been advantageous to
have had, at an early stage of evolution of Archza, an
incomplete conversion to the phosphates of the precursors of
the present complex membrane constituents. In fact, it would
appear warranted to study more critically the mixture of polar
lipids from an archeal organism, to check whether or not they
contain non-phosphorylated polyprenols alongside the highly
polar phospholipids already characterized. It may also be
possible that these mixtures contain phospholipids still with
simple phosphate headgroups, as we had postulated earlier for
“primitive” microorganisms.%]

The factors governing the spontaneous formation of
vesicles or cubic phases from archaal lipids and water, are
not clear,”l and it seems that so far spontaneous vesicle
formation has only been described from the native mixture
(headgroups and chains) of polar lipids from Sulfolobus
acidocaldarius.®! To the best of our knowledge, this is
therefore the first report of the formation of vesicles from a
defined stereochemically pure archazal polar lipid mixture,
which differs from the natural ones only by its phosphate
headgroups (instead of phosphocholines, for example).

Finally, it will also be interesting to refine the observation
made here of a very high selectivity of “recognition” of the
nonpolar part of vesicle-forming phospholipids, and of
membrane-improving additives.

Experimental Section

Synthesis: All reactions, except for catalytic hydrogenations, were carried
out in an inert (Ar or N,) atmosphere. IR spectra were taken on a Horiba
FT-710 Fourier transform infrared spectrometer. 'H NMR and BC NMR
spectra were recorded on a JEOL LA-300 and/or a LA-400 spectrometers.
P NMR spectra were recorded on a JEOL LA-400 spectrometer.
Deuteriochloroform (99.8 atom % enriched, Merck) was used as the
NMR solvent, unless otherwise indicated. 'H NMR and *C NMR chemical
shifts are reported in 0 values based on internal TMS (d44_0), or solvent
signal (CDCl; 6._77.0) as reference. Phosphoric acid was used (dp_0) as an
external standard for *'P NMR spectroscopy. Column chromatography was
carried out on Kieselgel 60 (70 —230 mesh or 230 -400 mesh, Merck). THF
was distilled from sodium/benzophenone ketyl prior to use. Triethylamine
was distilled from potassium hydroxide. DMSO, CH,Cl,, benzene, and
toluene were distilled from calcium hydride.
(28,7R,11R,155,198,225,265,30R,34R,385,43R 47R,515,55S5,585,625,66R,
70R)-2,38-Bis(phosphoryloxymethyl)-7,11,15,19,22,26,30,34,43,47,51,55,58,
62,66,70-hexadecamethyl-1,4,37,40-tetraoxacyclodoheptacontane and (2S,
7R, 11R,15S,198,225,26S,30R,34R,38S,43R 47R,518,555,58S,62S,66R, 70R)-
2,39-bis(phosphoryloxymethyl)-7,11,15,19,22,26,30,34,43,47,51,55,58,62,60,
70-hexadecamethyl-1,4,37,40-tetraoxacyclodoheptacontane  [3ab (X=
PO;H,) |: Diphenylphosphoryl chloride (145 pL, 0.70 mmol) was added
dropwise to a mixture of 3ab (X=H)!"! (35 mg, 27 umol) and DMAP
(14 mg, 0.12 mmol) in pyridine (0.5mL) and benzene (2mL) at room
temperature, and the mixture was stirred at room temperature for 12 h.
Aqueous HCI (2M, 1 mL) was added and the mixture was extracted with
EtOAc. The organic layer was washed with saturated NaHCO; and brine,
dried (Na,SO,), filtered, and concentrated to dryness. The residue was
chromatographed over silica gel with benzene/EtOAc (25:1) to give the
bisphosphotriester (46 mg, 95 %) as an oil. A mixture of bisphosphotriester
(43 mg, 25 umol) and PtO, (18 mg) in acetic acid (6 mL) was stirred at
room temperature under a hydrogen atmosphere for 19 h. The catalyst was
filtered through a pad of Celite and washed with CHCL/CH;OH (2:1 v/v).
The filtrate and washings were concentrated to dryness. The residue was
purified over Sephadex®LH-20 with CHCl;/CH;O0H (2:1 v/v) to give the
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bisphosphoric acid 3ab (X =P(=0)(OH),) (27 mg, 72%) as a hygroscopic
wax. '"H NMR (400 MHz, CDCl,/CD,0D =8:1): 6 =0.84—0.89 (m, 48 H),
1.00-1.70 (m, 104H), 3.45-3.70 (m, 14H), 3.99 (br, 4H); 3C NMR
(100 MHz, CDCIly/CD;OD =8:1): 6=19.52, 19.63, 19.72, 24.27, 24.35,
29.59, 29.74, 32.63, 32.68, 32.91, 34.11, 36.47, 36.74, 37.26, 65.23, 68.81,
69.98, 70.25, 77.52 (d, /=74 Hz); P NMR (162 MHz, CDCly/CD;0D =
8:1): =0.79; elemental analysis (%) calced for CgH,,,0,,P,: C 70.63, H
11.99; found: C 70.90, H 12.21.

(3R,7R,11R)-3,7,11,15-Tetramethylhexadecanal (7): To a stirred solution of
oxalyl chloride (29.0 mL, 2m in CH,Cl,, 58.0 mmol) in CH,Cl, (40 mL) was
slowly added DMSO (5.50 mL, 77.5 mmol) at —78°C. The mixture was
stirred for 35 min. A solution of 6 (5.78 g, 19.4 mmol) in CH,Cl, (44 mL)
was added dropwise over 5 min. The mixture was stirred for 20 min,
warmed to —25°C, and stirring was continued for 2.5 h. The mixture was
cooled to —78°C, and Et;N (25.0 mL, 179 mmol) was added dropwise over
5 min. The mixture was gradually warmed to room temperature, and a
saturated aqueous solution of NH,Cl was added. The mixture was extracted
with ethyl acetate. The organic phase was washed with brine, dried
(Na,S0,), filtered, and concentrated to dryness. The residue was chromato-
graphed over silica gel with hexane/EtOAc (7:1) to give aldehyde 7 (4.73 g,
82%) as an oil. [a]¥ 48 (c 0.83, CHCl;); '"H NMR (400 MHz): 6 =0.85 (d,
J=6.6 Hz,6H),0.87 (d,/=6.8 Hz, 6 H), 0.96 (d, /= 6.6 Hz, 3H), 1.00—1.43
(m, 20H), 1.52 (m, 1H), 2.05 (m, 1H), 2.22 (ddd, J=2.7, 7.8 and 16.1 Hz,
1H), 2.40 (ddd, J=2.0, 2.8 and 16.0 Hz, 1H), 9.76 (t, /=2.2 Hz, 1H);
BC NMR (100 MHz): 6=19.72, 19.74, 20.02, 22.62, 22.71, 24.37, 24.44,
24.78, 2797, 28.20, 32.73, 32.77, 37.06, 37.25, 3726, 37.34, 37.41, 39.35, 51.07,
203.21; IR (neat): 7 =1379, 1464, 1730, 2870, 2927, 2954 cm™!; elemental
analysis (%) caled for C,)H,,0: C 81.01, H 13.60; found: C 80.91, H 13.72.

(4R)-4-Benzyloxymethyl-2-[ 2R,6R,10R)-2,6,10,14-tetramethyl penta-
decanyl]-1,3-dioxolane (9): A mixture of 7 (4.21 g, 14.2 mmol), 1-O-
benzyl-sn-glycerol (8)I'] (2.85g, 15.6 mmol), toluene-p-sulfonic acid
(130 mg, 0.755 mmol), and MgSO, (2.23 g, 18.5 mmol) in CH,Cl, (70 mL)
was stirred for 4.5 h at room temperature. The mixture was filtered, EtOAc
and saturated aqueous NaHCO; were added to the filtrate, and the organic
phase was separated. The aqueous phase was extracted with EtOAc. The
organic phase was washed with brine, dried (Na,SO,), filtered, and
concentrated to dryness. The residue was chromatographed over silica
gel with hexane/EtOAc (20:1) to give an oily 9 as a 7:3 mixture of
diastereomers (6.52 g, quant.). 'H NMR (300 MHz): 6 =0.83-0.88 (m,
12H), 0.93 (d, J=6.6 Hz, 3H), 0.97-1.74 (m, 25H), 3.41-3.59 (m, 2H),
3.64 (dd, J=6.8 and 8.0 Hz, 0.3H), 3.79 (dd, J=5.1 and 8.3 Hz, 0.7H), 3.90
(dd,J=71and 8.1 Hz,0.7H),4.12 (dd, /= 6.8 and 8.3 Hz, 0.3H), 4.18 -4.30
(m, 1H), 4.57 (s, 0.6 H), 4.58 (s, 1.4H), 4.94 (t, /] =4.9 Hz, 0.7H), 5.03 (dd,
J=4.4 and 5.6 Hz, 0.3H), 7.25-734 (m, 5H); C NMR (75 MHz): 6 =
19.76,19.90, 19.98, 22.62, 22.71, 24.18, 24.45, 24.78, 27.96, 29.27, 32.78, 37.26,
3727, 37.37, 37.44, 37.63, 37.72, 39.36, 41.07, 41.19, 6745, 70.53, 71.11, 73.48,
74.37, 74.64, 103.80, 104.35, 127.66, 127.71, 127.73, 128.39, 137.96; IR (neat):
7=698, 735, 758, 1030, 1103, 1128, 1377, 1462, 2868, 2925, 2952 cm™;
elemental analysis (% ) calcd for C3,Hs,O5: C 78.21, H 11.38; found: C 78.41,
H 11.67.

1-O-Benzyl-2-O-[ (3R,7R,11R)-3,7,11,15-tetramethylhexadecanyl]-sn-glyc-
erol (10) and 1-O-benzyl-3-O-[ 3R,7R,11R)-3,7,11,15-tetramethyl hexa-
decanyl]-sn-glycerol (11): A solution of DIBAL-H (42.0 mL, 1M in toluene,
42.0 mmol) was added to a solution of 9 (6.38 g, 13.8 mmol) in toluene
(30 mL) at 0°C. The mixture was stirred for 5 min at the same temperature,
and then at room temperature for 16 h. The reaction was quenched by
addition of saturated aqueous NH,CI at 0°C. After 10 min, diehtyl ether
and HCI (2N) were added. The diethyl ether layer was separated and the
aqueous phase was extracted three times with ether. The organic phase was
washed with saturated aqueous NaHCO; and brine, dried (Na,SO,),
filtered and concentrated to dryness. The residue was purified by flash
chromatography over silica gel with hexane/EtOAc (15:1-7:1) to give a
more polar product 10 (3.08 g, 48%) and a less polar product 11 (3.19 g,
50%). Compound 10: [a]} — 8 (¢ =1.07, CHCl;); '"H NMR (400 MHz): 6 =
0.84 (d, /=6.6 Hz, 6H), 0.86 (d, /=6.8 Hz, 6H), 0.87 (d, /=6.6 Hz, 3H),
1.01-1.75 (m, 24H), 2.13 (br, 1H), 3.52-3.75 (m, 7H), 4.54 (s, 2H), 725 -
7.37 (m, 5H); ¥C NMR (100 MHz): 6 =19.67, 19.73, 19.74, 22.60, 22.70,
24.33, 24.45, 24.77, 2795, 29.81, 32.77, 37.05, 3727, 37.33, 37.37, 37.43, 37.47,
39.35, 62.87, 68.67, 70.00, 73.50, 78.47, 127.61, 127.68, 128.39, 138.00; IR
(neat): 7=698, 735, 820, 1099, 1377, 1462, 2868, 2924, 2954, 3454 cm™;
elemental analysis (% ) calcd for C;)Hs,O5: C 77.87, H 11.76; found: C 77.67,
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H 11.98. Compound 11: [a]¥ —0.4 (c=1.15, CHCl;); '"H NMR (400 MHz):
0=0.84 (d, J=6.6 Hz, 6H), 0.86 (d, /=6.6 Hz, 6H), 0.87 (d, J=6.6 Hz,
3H), 1.00-1.80 (m, 24 H), 2.48 (br, 1H), 3.44-3.57 (m, 6H), 3.98 (m, 1H),
4.56 (s, 2H), 726-7.37 (m, 5H); “C NMR (100 MHz): 6 =19.70, 19.74,
19.76, 22.62, 22.71, 24.35, 24.46, 24.78, 27.97, 29.90, 32.79, 36.57, 37.28, 37.34,
37.39, 37.44, 3749, 39.37, 69.53, 69.98, 71.40, 71.82, 73.44, 127.70, 128.41,
138.03; IR (neat): ¥=698, 735, 750, 1115, 1377, 1462, 2868, 2925, 2952,
3448 cm™!; elemental analysis (%) calcd for C;Hs,O5: C 77.87, H 11.76;
found: C 77.76, H 12.06.

1-O-Benzyl-2-O-[ (3R,7R,11R)-3,7,11,15-tetramethylhexadecanyl]-3-O-

[ BR,7R,118,15S)-16-tert-butyldimethylsilyloxy-3,7,11,15-tetramethylhexa-
decanyl]-sn-glycerol (12): To prewashed NaH (71.7 mg, 1.79 mmol) in
DMSO (2 mL) was added a solution of 10 (261 mg, 0.564 mmol) in DMSO
(3.5 mL). The mixture was stirred for 30 min at room temperature and a
solution of the mesylate 171" (264 mg, 0.520 mmol) in DMSO (2.5 mL) was
added. The mixture was stirred at room temperature for 1 h and at 40 °C for
23 h. After cooling to 0°C, water (5 mL) was added to the mixture. The
mixture was extracted with EtOAc. The organic phase was washed with
brine, dried (Na,SO,), filtered, and concentrated to dryness. The residue
was chromatographed over silica gel with hexane/EtOAc (20:1) to give 12
(385 mg, 85%) as an oil. [a]¥ +1.5 (¢=1.77, CHCl;); 'H NMR (400 MHz):
0=0.04 (s, 6H), 0.84 (d,/=6.6 Hz, 12H), 0.87 (d,J = 6.6 Hz, 15H), 0.89 (s,
9H), 1.00—1.70 (m, 48 H), 3.34 (dd, /= 6.8 and 9.8 Hz, 1H), 3.43-3.66 (m,
10H), 4.56 (s, 2H), 7.26-7.34 (m, 5H); *C NMR (100 MHz): 6 = —5.35,
16.81, 18.35,19.68, 19.72,19.75, 22.63, 22.72, 24.36, 24.39, 24.47, 24.79, 25.96,
27.97,29.81, 29.89, 32.76, 32.79, 32.80, 33.51, 35.76, 36.64, 37.09, 37.29, 37.40,
37.45,37.53,39.36, 68.42, 68.87,69.97,70.31,70.78, 73.35, 77.94, 12748, 127.57,
128.29, 138.42; IR (neat): v=3837, 1101, 1252, 1377, 1462, 2858, 2927,
2954 cm™'; elemental analysis (%) calcd for CsgH,030,Si: C 77.00, H 12.46;
found: C 76.71, H 12.68.

1-0O-Benzyl-2-O-[ 3R,7R,11R)-3,7,11,15-tetramethylhexadecanyl]-3-O-

[ B3R,7R,11S,15S)-16-hydroxy-3,7,11,15-tetramethylhexadecanyl]-sn-glyc-
erol (13): A solution of tetrabutylammonium fluoride (1.00 mL, 1M in THF,
1.00 mmol) was added to a solution of 12 (385 mg, 0.440 mmol) in THF
(10 mL). The mixture was stirred for 8 h at room temperature and
concentrated in vacuo. The residue was chromatographed over silica gel
with hexane/EtOAc (7:1-5:1) to give alcohol 13 (333 mg, quant.) as an oil.
[l +0.5 (¢=0.767, CHCL;); '"H NMR (400 MHz): 6=0.83-0.93 (m,
24H), 0.92 (d, J=6.8 Hz, 3H), 1.00-1.70 (m, 48H), 3.39-3.66 (m, 11H),
4.55 (s, 2H), 726-7.34 (m, 5H); “C NMR (100 MHz): 6 =16.63, 19.68,
19.72,19.76, 22.62, 22.71, 24.36, 24.40, 24.44, 24.47,24.79, 2797, 29.83, 29.91,
32.76, 32.79, 32.80, 33.49, 35.78, 36.64, 37.11, 37.29, 37.30, 37.36, 37.38, 37.40,
37.46,37.53,39.37,68.39, 68.89, 69.97, 70.34, 70.81, 73.36, 77.95, 12748, 127.57,
128.29, 138.43; IR (neat): 7= 1113, 1377, 1462, 2868, 2925, 2952, 3423 cm™';
elemental analysis (%) calcd for CsHo,O,: C 79.09, H 12.48; found: C
78.80, H 12.46.

1-0O-Benzyl-2-O-[ 3R,7R,11R)-3,7,11,15-tetramethylhexadecanyl]-3-O-

[ (3R,7R,11S,15S)-15-formyl-3,7,11,15-tetramethylpentadecanyl]-sn-glycer-
ol (14): To a stirred solution of oxalyl chloride (1.00 mL, 2m in CH,Cl,,
2.00 mmol) in CH,Cl, (6 mL) was slowly added DMSO (200 uL,
2.82 mmol) at —78°C. The mixture was stirred for 30 min. A solution of
13 (333 mg, 0.439 mmol) in CH,Cl, (5mL) was added dropwise over
10 min. The mixture was stirred for 25 min, warmed to — 25 °C, and stirring
was continued for 4 h. The mixture was recooled to —78°C, Et;N (1.00 mL,
7.17 mmol) was added dropwise, and the mixture was gradually warmed to
room temperature. Saturated aqueous NH,CI solution (3 mL) was added,
and the mixture was extracted with EtOAc. The organic phase was washed
with brine, dried (Na,SO,), filtered, and concentrated to dryness. The
residue was chromatographed over silica gel with hexane/EtOAc (20:1) to
give aldehyde 14 (325 mg, 98%) as an oil. [a]f +8 (c=0.667, CHCL);
'H NMR (400 MHz): 6 =0.83-0.87 (m, 24H), 1.09 (d, /=7.1Hz, 3H),
1.00-1.75 (m, 48 H), 2.34 (m, 1H), 3.42-3.66 (m, 9H), 4.55 (s, 2H), 7.26 -
734 (m, 5H), 9.61 (d, /=22 Hz, 1H); C NMR (100 MHz): 6 =13.37,
19.65,19.69, 19.72,19.75,19.77,22.63, 22.72, 24.37,24.42, 2445, 24.48, 24.79,
27.98,29.83,29.92, 30.89, 32.66, 32.80, 32.82, 36.65, 37.01, 37.12, 37.30, 37.34,
37.39, 37.41, 37.47, 37.54, 39.38, 46.35, 68.89, 69.98, 70.35, 70.82, 73.36, 77.97,
127.49, 12757, 128.30, 138.46, 205.36; IR (neat): 7= 696, 735, 1115, 1377,
1462, 1730, 2860, 2925, 2952 cm™!; elemental analysis (%) calcd for
C5oHy,0,: C 79.30, H 12.25; found: C 79.02, H 11.98.

1-O-Benzyl-2-O-[ 3R,7R,11R)-3,7,11,15-tetramethylhexadecanyl]-3-O-

[ (3R,7R,115,15S)-3,7,11,15-tetramethylheptadec-16-enyl]-sn-glycerol (15):
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To a suspension of methyltriphenylphosphonium bromide (310 mg,
0.868 mmol) in THF (7 mL) was added nBuLi (550 uL, 1.50Mm in hexane,
0.825 mmol) at —78°C, and the mixture was stirred at the same temper-
ature for 20 min and at room temperature for 20 min. The mixture was
recooled to —78°C and a solution of aldehyde 14 (324 mg, 0.428 mmol) in
THF (5 mL) was added dropwise over 5 min. The mixture was stirred at
—78°C for 15 min and at —25 °C for 1 h. Saturated aqueous NH,Cl solution
(2 mL) was added, and the mixture was extracted with EtOAc. The organic
phase was washed with brine, dried (Na,SO,), filtered, and concentrated to
dryness. The residue was chromatographed over silica gel with hexane/
EtOAc (50:1-30:1) to give olefin 15 (324 mg, quant.) as an oil. [a]F +5
(¢=0.967, CHCl;); '"H NMR (400 MHz): 6 =0.83-0.87 (m, 24H), 0.98 (d,
J=6.6 Hz,3H), 1.00-1.70 (m, 47 H), 2.11 (m, 1 H), 3.42-3.66 (m, 9H), 4.55
(s, 2H), 4.89 (ddd, /=17, 2.0 and 10 Hz, 1H), 4.94 (ddd, J=1.2, 1.7 and
17 Hz, 1H), 5.69 (ddd, /=76, 10 and 17 Hz, 1H), 7.26-7.34 (m, 5H);
BC NMR (100 MHz): 6 =19.69, 19.72, 19.75, 19.76, 20.23, 22.62, 22.72,
24.37,24.49,24.63,24.79,27.98, 29.83,29.92, 32.76, 32.80, 32.82, 36.65, 36.99,
37.12, 37.30, 37.40, 37.47, 37.54, 37.75, 39.38, 68.89, 69.98, 70.35, 70.82, 73.36,
77.97,112.19, 127.49, 127.58, 128.30, 138.46, 145.01; IR (neat): 7 =696, 733,
908, 1115, 1377, 1462, 1641, 2866, 2925, 2952 cm™!; elemental analysis (%)
caled for Cs;Hy,O5: C 81.10, H 12.54; found: C 81.24, H 12.79.

3,3-0-[ 3R,7R,118,158,18S,225,26R,30R)-3,7,11,15,18,22,26,30-Octame-
thyldotriacont-16-ene-1,32-diyl]-1,1’-di-O-benzyl-2,2’-di-O-[ 3R,7R,11R)-
3,7,11,15-tetramethylhexadecanyl]-sn-diglycerol (16): A mixture of olefin
15 (195 mg, 0.258 mmol) and [RuCl,(=CHPh)(PCys),] (42.3 mg, 51.4 umol)
in CH,Cl, (5.1 mL) was refluxed for 33 h. After concentration of the
mixture, the resulting residue was purified by flash chromatography over
silica gel with hexane/EtOAc (30:1) to afford 16 (131 mg, 68 %) and
unreacted 15 (51 mg, 26 % ). Compound 16: [a]¥ +8 (¢=0.515, CHCL);
'H NMR (400 MHz): 6 =0.82-0.87 (m, 48H), 0.94 (d, /=6.6 Hz, 6H),
1.00-1.70 (m, 94H), 2.02 (br, 2H), 3.42-3.66 (m, 18 H), 4.55 (s, 4H), 5.17
(dd, J=2.2 and 4.6 Hz, 2H), 7.24-7.34 (m, 10H); C NMR (100 MHz):
0=19.69, 19.71, 19.75, 19.77, 21.18, 22.63, 22.72, 24.36, 24.48, 24.51, 24.74,
24.79,21797,29.82,29.92, 32.76, 32.80, 32.81, 32.84, 36.65, 36.71, 37.11, 37.30,
37.40,37.46, 37.54, 39.37, 68.88, 69.97, 70.34, 70.81, 73.36, 77.96, 127.48, 127.56,
128.29, 134.57, 138.44; IR (neat): 7 =696, 733, 1115, 1377, 1462, 2866, 2925,
2952 cm™!; elemental analysis (%) calcd for C;oH;4,04: C 81.02, H 12.51;
found: C 80.99, H 12.77.

3,3-0-[ 3R,7R,118,155,18S,22S,26R,30R)-3,7,11,15,18,22,26,30-Octame-
thyldotriacontane-1,32-diyl]-2,2’-di-O-[ (3R,7R,11R)-3,7,11,15-tetrame-
thylhexadecanyl]-sn-diglycerol [4 (X=H)]: A mixture of 16 (131 mg,
88.2 pmol) and 10 % Pd-C (106 mg) in EtOAc (40 mL) was stirred for 18 h
under an atmospheric pressure of hydrogen at room temperature. The
mixture was filtered through a pad of Celite and washed with EtOAc. The
filtrate and washings were concentrated to dryness. The residue was
chromatographed over silica gel with hexane/EtOAc (7:1) to give 4 (X =H)
(115 mg, quant.) as an oil. [a]§ 49 (c=0.743, CHCL;); 'H NMR
(400 MHz): 6 =0.84-0.89 (m, 54H), 1.00-1.70 (m, 100H), 2.21 (br, 2H),
3.45-3.74 (m, 18H); *C NMR (100 MHz): 6 =19.67, 19.69, 19.75, 22.62,
22.72,24.36,24.46,24.79, 27.96, 29.83, 29.88, 32.79, 33.05, 34.32, 36.58, 37.07,
3728, 37.35, 37.39, 37.42, 37.44, 37.49, 37.57, 39.36, 63.07, 68.63, 70.15, 70.94,
78.30; IR (neat): 7=1049, 1117, 1377, 1462, 2868, 2925, 2952, 3448 cm™!;
elemental analysis (%) calcd for CgH,74Oq: C 79.19, H 13.45; found: C
79.13, H 13.71.

3,3'-0-| 3R,7R,118,155,18S,225,26 R,30R)-3,7,11,15,18,22,26,30-O ctame-
thyldotriacontane-1,32-diyl]-2,2’-di-O-[ (3R,7R,11R)-3,7,11,15-tetrame-
thylhexadecanyl]-sn-diglycero-1,1"-bisphosphoric acid [4 (X=PO;H,)]:
Diphenylphosphoryl chloride (100 uL, 0.48 mmol) was added dropwise to
a mixture of diol 4 (X=H) (26 mg, 20 umol) and DMAP (13 mg,
0.11 mmol) in pyridine (0.5 mL) and benzene (2 mL) at room temperature,
and the mixture was stirred at room temperature for 6 h. Aqueous HCI
(2™, 1 mL) was added and the mixture was extracted with EtOAc. The
organic layer was washed with saturated NaHCO; and brine, dried
(Na,S0,), filtered, and concentrated to dryness. The residue was chromato-
graphed over silica gel with benzene/EtOAc (25:1) to give bisphospho-
triester (34 mg, 97 %) as an oil. A mixture of bisphosphotriester (31 mg,
18 pmol) and PtO, (17 mg) in acetic acid (5mL) was stirred at room
temperature under a hydrogen atmosphere for 10 h. The catalyst was
filtered through a pad of Celite and washed with CHCl;/CH;0H (2:1 v/v).
The filtrate and washings were combined and concentrated to dryness. The
residue was purified over Sephadex®LH-20 with CHCIL;/CH;OH (2:1 v/v)
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to give bisphosphoric acid 4 (X=P(=0)(OH),) (17mg, 64%) as a
hygroscopic wax. 'H NMR (400 MHz, CDCl,/CD;0D (8:1)): 6=0.84—
0.89 (m, 54H), 1.00-1.70 (m, 100H), 3.45-3.70 (m, 14H), 3.98 (br, 4H);
3C NMR (100 MHz, CDCL;/CD;0D =8:1): § =19.42, 19.45, 19.54, 19.63,
22.41,22.51,24.22,24.33, 24.63, 27.80, 29.52, 29.65, 29.78, 32.67, 32.89, 34.10,
36.47,36.75,37.13,37.26,37.28,37.31,37.41,39.51, 65.04 (d, / = 5.8 Hz), 68.81,
70.01, 70.24, 7756 (d, J =74 Hz); *P NMR (162 MHz, CDCL/CD,0D =
8:1):  =2.64; elemental analysis (%) calcd for CgH,,,0,,P,: C 70.54, H
12.11; found: C 70.83, H 12.21.

1-O-Benzyl-2-O-[ (3R,7R,11S,155)-16-tert-butyldimethylsilyloxy-3,7,11,15-
tetramethylhexadecanyl]-3-O-[ 3R,7R,11R)-3,7,11,15-tetramethylhexade-
canyl]-sn-glycerol (18): Compound 11 (571 mg, 1.23 mmol) was treated in
the same manner as described for the preparation of 12 to give 18 (656 mg,
61%) as an oil. [a]F +0.1 (¢ =0.887, CHCl;); '"H NMR (400 MHz): 6 =0.04
(s, 6H), 0.84 (d, J=6.6 Hz, 12H), 0.87 (d, J=6.6 Hz, 15H), 0.89 (s, 9H),
1.00-1.70 (m, 48 H), 3.34 (dd, /= 6.8 and 9.8 Hz, 1 H), 3.43-3.66 (m, 10H),
4.56 (s, 2H), 726-7.34 (m, 5H); *C NMR (100 MHz): 6 = —5.34, 16.82,
18.37,19.69, 19.72, 19.76, 22.63, 22.72, 24.38, 24.41, 24.49, 24.80, 25.97, 27.98,
29.85,29.92, 32.78, 32.80, 32.83, 33.54, 35.78, 36.66, 37.13, 37.30, 37.40, 37.43,
37.47,37.54, 37.56, 39.38, 68.44, 68.91, 69.99, 70.38, 70.83, 73.37, 77.98, 127.49,
127.58, 128.30, 138.47; IR (neat): 7 =775, 837, 1101, 1252, 1377, 1462, 2858,
2927, 2952 cm™!; elemental analysis (%) caled for CsH,4O,Si: C 77.00, H
12.46; found: C 76.74, H 12.76.

1-O-Benzyl-2-O-[ (3R,7R,118,155)-16-hydroxy-3,7,11,15-tetramethylhexa-

decanyl]-3-O-[ 3R,7R,11R)-3,7,11,15-tetramethylhexadecanyl]-sn-glycer-

ol (19): Compound 18 (545 mg, 0.623 mmol) was treated in the same
manner as described for the preparation of 13 to give alcohol 19 (423 mg,
89%) as an oil. [a]f +0.1 (c=1.01, CHCL;); '"H NMR (400 MHz): 6 =
0.83-0.87 (m, 24H), 0.92 (d, /=6.6 Hz, 3H), 1.00—1.70 (m, 48H), 3.39-
3.66 (m, 11H), 4.55 (s, 2H), 726-7.34 (m, 5H); *C NMR (100 MHz): 6 =
16.64, 19.69, 19.72, 19.77,22.63, 22.72, 24.37, 24.40, 24.44, 24.48, 24.80, 27.98,
29.83,29.91, 32.76, 32.80, 32.82, 33.50, 35.79, 36.65, 37.11, 37.30, 37.31, 37.39,
37.41, 37.46, 37.53, 37.55, 39.37, 68.40, 68.90, 69.98, 70.34, 70.81, 73.36, 77.96,
127.49, 127.58, 128.30, 138.44; IR (neat): ¥ =1113, 1377, 1462, 2868, 2925,
2952, 3444 cm™!; elemental analysis (%) calcd for Cs,Ho,O4: C 79.09, H
12.48; found: C 78.81, H 12.50.

1-O-Benzyl-2-O-[ (3R,7R,118,15S5)-15-formyl-3,7,11,15-tetramethylpenta-
decanyl]-3-O-[ 3R,7R,11R)-3,7,11,15-tetramethylhexadecanyl]-sn-glycer-
ol (20): Compound 19 (371 mg, 0.488 mmol) was treated in the same
manner as described for 14 to give aldehyde 20 (299 mg, 80%) as an oil.
[a]B +7 (¢=0.880, CHCL;); '"H NMR (400 MHz): 6 = 0.83-0.87 (m, 24 H),
1.09 (d, J=7.1Hz, 3H), 1.00-1.75 (m, 48H), 2.34 (ddd, /=17, 6.8 and
13.4 Hz, 1H), 3.42-3.66 (m, 9H), 4.55 (s, 2H), 726 -7.34 (m, 5H), 9.61 (d,
J=2.0 Hz, 1H); BC NMR (100 MHz): 6 =13.33, 19.63, 19.66, 19.70, 19.73,
22.60,22.69, 24.34,24.39,24.42,24.45, 24.77,27.93,29.79, 29.86, 30.85, 32.62,
32.76, 32.78, 36.61, 36.97, 37.07, 37.26, 37.31, 37.35, 37.37, 37.42, 37.49, 37.51,
39.34, 46.31, 68.84, 69.93, 70.29, 70.76, 73.31, 77.92, 127.45, 127.54, 128.26,
138.39, 205.29; IR (neat): 7=1665, 696, 735, 1115, 1377, 1462, 1730, 2860,
2925, 2952 cm™!; elemental analysis (%) calcd for C5,H,O4: C 79.30, H
12.25; found: C 79.34, H 12.23.

1-O-Benzyl-2-O-[ (3R,7R,1185,155)-3,7,11,15-tetramethylheptadec-16-en-
yl]-3-O-[ BR,7R,11R)-3,7,11,15-tetramethylhexadecanyl]-sn-glycerol (21):
Compound 20 (203 mg, 0.268 mmol) was treated in the same manner as
described for 15 to give olefin 21 (183 mg, 90%) as an oil. [a]§ +5 (c=
0.750, CHCl;); '"H NMR (400 MHz): 6 =0.83-0.87 (m, 24H), 0.98 (d, /=
6.6, 3H), 1.00-1.70 (m, 47H), 2.11 (m, 1H), 3.42-3.66 (m, 9H), 4.55 (s,
2H),4.89 (ddd,/=1.7,2.0 and 10 Hz, 1H), 4.94 (ddd,J=1.2,1.7 and 17 Hz,
1H), 5.69 (ddd, J=7.6, 10 and 17 Hz, 1H), 7.26-7.34 (m, 5H); “C NMR
(100 MHz): 6 =19.69, 19.72, 19.75, 19.76, 20.23, 22.63, 22.72, 24.37, 24.49,
24.63,24.80, 27.98, 29.83, 29.92, 32.76, 32.80, 32.82, 36.65, 36.99, 37.12, 37.30,
37.40,37.48, 37.54, 37.76, 39.38, 68.89, 69.98, 70.35, 70.82, 73.36, 77.97, 112.20,
127.49, 127.58, 128.30, 138.46, 145.01; IR (neat): 7= 665, 696, 733, 908, 1115,
1377, 1462, 1639, 2866, 2925, 2952 cm™!; elemental analysis (%) calcd for
C5;Hy,05: C 81.10, H 12.54; found: C 80.80, H 12.77.

2,2'-0-[ 3R,7R,118,155,185,22S,26 R,30R)-3,7,11,15,18,22,26,30-O ctame-

thyldotriacont-16-ene-1,32-diyl]-1,1’-di- O-benzyl-3,3'-di-O-[ (3R,7R,11R)-
3,7,11,15-tetramethylhexadecanyl]-sn-diglycerol  (22): Compound 21
(85.0 mg, 0.113 mmol) was treated in the same manner as described for
the preparation of 16 to give E-olefin 22 (51 mg, 61 %) and unreacted 21
(30 mg, 36%) as an oil. Compound 22: [a]¥ +9 (¢=0.510, CHCl;);
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'H NMR (400 MHz): 6 =0.82-0.87 (m, 48H), 0.94 (d, J=6.6 Hz, 6H),
1.00-1.70 (m, 94H), 2.03 (br, 2H), 3.42-3.66 (m, 18 H), 4.55 (s, 4H), 5.18
(dd, J=22 and 4.6 Hz, 2H), 725-7.33 (m, 10H); 3C NMR (100 MHz):
0=19.69, 19.72, 19.76, 19.77, 21.18, 22.63, 22.72, 24.38, 24.48, 24.52, 24.74,
24.80, 27.98, 29.84, 29.92, 32.77, 32.80, 32.82, 32.85, 36.66, 36.71, 37.12, 37.30,
3739, 3742, 3744, 3746, 37.54, 37.56, 39.38, 68.89, 69.97, 70.36, 70.81, 73.36,
77.98, 12748, 127.57, 128.29, 134.58, 138.46; IR (neat): ¥ =696, 733, 1115,
1377, 1462, 2866, 2925, 2952 cm™!; elemental analysis (%) caled for
C00H;340¢: C 81.02, H 12.51; found: C 81.31, H 12.58.

2,2'-0-[ 3R,7R,118,158,18S,225,26R,30R)-3,7,11,15,18,22,26,30-Octame-
thyldotriacontane-1,32-diyl]-3,3'-di-O-[ (3R,7R,11R)-3,7,11,15-tetrame-
thylhexadecanyl]-sn-diglycerol [5 (X=H)]: Compound 22 (100 mg,
0.0677 mmol) was treated in the same manner as described for the
preparation of 4 (X =H) to give 5 (X =H) (87 mg, 98 %) as an oil. [a]¥ +9
(¢=0.533, CHCl;); '"H NMR (400 MHz): 6 =0.84-0.89 (m, 54H), 1.00-
1.70 (m, 100H), 2.19 (t, J=6.1 Hz, 2H), 3.44-3.75 (m, 18H); 3C NMR
(100 MHz): 6 =19.67, 19.70, 19.72, 19.75, 22.62, 22.71, 24.36, 24.47, 24.79,
27.97,29.86, 29.89, 32.80, 33.06, 33.14, 34.33, 34.43, 36.59, 37.08, 37.29, 37.35,
37.38, 37.40, 37.44, 37.49, 3752, 37.58, 39.37, 63.10, 68.65, 70.16, 70.95, 78.30;
IR (neat): 7 =1049, 1115, 1377, 1462, 2868, 2925, 2952, 3458 cm™!; elemental
analysis (%) caled for CgH,;7,04: C 79.19, H 13.45; found: C 79.18, H 13.61.
2,2'-0-[ 3R,7R,115,158,18S,22S,26 R,30R)-3,7,11,15,18,22,26,30-Octameth-
yldotriacontane-1,32-diyl]-3,3'-di-O-[ 3R,7R,11R)-3,7,11,15-tetramethyl-
hexadecanyl]-sn-diglycero-1,1"-bisphosphoric acid [5 (X=P=0)-
(OH),) ]: Compound 5 (X=H) (25 mg, 19 umol) was treated in the same
manner as described for the preparation of 4 to give bisphosphotriester
(29 mg, 86 % ), part of which (25 mg, 14 pmol) was further treated to afford
5 (X=P(=0)(OH),) (9mg, 43%) as a hygroscopic wax. 'H NMR
(400 MHz, CDCly/CD;0D (2:1)): 6 =0.84-0.89 (m, 54H), 1.00-1.70 (m,
100H), 3.45-3.70 (m, 14H), 3.98 (br, 4H); *C NMR (100 MHz, CDCl,/
CD;OD (2:1)): 6 =19.22,19.32,19.38, 22.17,22.27,24.05, 24.13, 24.45, 27.63,
29.33,29.44, 29.57, 32.47, 32.71, 33.94, 36.27, 36.58, 36.93, 37.09, 37.21, 39.03,
65.07 (br), 68.68, 69.83, 70.07, 77.30 (br); 3P NMR (162 MHz, CDCly/
CD;0D =2:1): 6 =0.57; elemental analysis (%) calcd for CgH,7,0,P,: C
70.54, H 12.11; found: C 70.24, H 11.94.

Microscopy: The self-organization of the amphiphiles 1, 3ab, 4, and 5 in
water was studied by phase contrast and fluorescence microscopy. Giant
vesicles were prepared from the lipids following reported procedures.> 22
The lipid (0.5 mg) was hydrated in Tris—HCI buffer (3.2 mL, 0.05Mm) at
pH 7.8 or glycine -NaOH buffer (0.05M) at pH 8.4 (conditions leading to
about 50 % dianion). For lipid 4, a 2—3 molar excess of neat phytanol (6),
phytol (23), or geranylgeraniol (24) was added to the lipid film and
hydrated as usual. Fluorescence microscopy was used to confirm vesicle
formation: the lipid film was prepared with a CHCl;/MeOH solution of
Nile Red and, after hydration of the film, the plate was observed in a
fluorescence microscope.

Phase contrast and fluorescence microscopies were carried out with an
inverted microscope (Axiovert 135, Carl Zeiss) equipped with a charge-
coupled device camera (C2400-75i, Hamamatsu Photonics). The images
were stored and processed on a 7500/100 PowerMacintosh connected to an
image processor (Argus-20, Hamamatsu Photonics).

X-ray diffraction: The samples of lipids 1 or 4 (2 mg) were suspended in
Millipore “pure” water (50 uL, pH 7.0) and transferred into thin-walled
glass tubes and mounted on a Peltier-controlled sample holder with X-ray
transparent windows. Diffraction patterns were recorded on the A2 double
focusing monochromator-mirror cameral®! at Hasylab, at the Deutsches
Elektronen Synchrotron (DESY) in Hamburg, on the storage ring Doris.
The wavelength was fixed at 0.15 nm. We used a data acquisition system
allowing simultaneous recording of reflections at different angular
regimes.?* 2] A fast solenoid-driven lead shutter controlled by the data
acquisition system was used to prevent irradiation of the sample when no
diffraction data were collected. For further details on the X-ray diffraction
technique and data analysis, see refs.[26, 27]
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Highly Enantiomerically Enriched a-Haloalkyl Grignard Reagents

Reinhard W. Hoffmann,* Peter G. Nell, Roland Leo,** and Klaus Harms®**!2]

Abstract: a-Chloro- and a-bromoalkyl Grignard reagents 11 and 30 with >97 % ee
(enantiomeric excess) were generated by a sulfoxide/magnesium exchange reaction

from the enantiomerically and diastereomerically pure sulfoxides 25 and 27. The
resulting o-haloalkyl Grignard reagents are configurationally stable at —78°C.
Racemization sets in at or above —60°C, especially when the solution contains

Keywords: carbenoids
reagents - racemization

Grignard

bromide ions. In the absence of halide ions, the configurational stability extends up to

—20°C, when chemical decomposition commences.

Introduction

a-Heterosubstituted organolithium compounds 1 are chiral d!
synthons. Of these, it is mainly the a-oxygenated and a-
amino-substituted representatives which are used in stereo-
selective synthesis,”! since these compounds are configura-
tionally stable at or above —78°C for extended periods of
time (Scheme 1).

\‘/ I ~ : =Ll
= 2: M = Mg
X

Scheme 1.

In contrast to the former, the configurational stability of a-
arylthio- or a-arylseleno-alkyllithium compounds is so lowF!
that racemization or epimerization occurs during the time
needed to generate these lithium compounds and to trap them
with electrophiles. There are indications™ > ¢! that the corre-
sponding a-heterosubstituted Grignard reagents 2 would have
a substantially higher configurational stability. Yet, there are
hitherto no practical routes to generate species such as 2 in an
enantiomerically pure form.>° We report here on the
generation of a-haloalkylmagnesium compounds 2 (X=Br
and X=Cl) with high enantiomeric purity by a sulfoxide/
magnesium exchange reaction!”! from diastereomerically and

[a] R. W. Hoffmann, P. G. Nell, R. Leo, K. Harms
Fachbereich Chemie, Philipps-Universitdt Marburg
Hans-Meerwein-Strasse, 35032 Marburg (Germany)
Fax: (+49)6421-28-28917
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[*] Part 25: See ref. [1].
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enantiomerically pure a-haloalkyl sulfoxides. With the enan-
tiomer-enriched a-haloalkylmagnesium compounds 2 in hand,
we were able to obtain direct information on their rates of
racemization under conditions relevant to the preparative use
of such compounds.

The sulfoxide/magnesium exchange reaction has been
known for a long time.[®! It has mainly been used to generate
structurally modified sulfoxides 5. Fewer examples concern
the generation of Grignard reagents 6 (Scheme 2).[ 10111

o o-
|+ 2 | 1
s + PR*Mgx —> st + R'-Mgx
A R! AR
3 4 5 6
Scheme 2.

The thermodynamic driving force for the reaction presum-
ably stems from the higher stability of the generated Grignard
reagent R"™MgX (6) over the one (4) used as the reagent. In
this context, it is notable that sulfoxide/magnesium exchange
reactions have been reported in which the R! residue is an a-
haloalkyl moiety.'> 13 This suggested a possible route for the
generation of enantiomerically enriched a-haloalkyl Grignard
reagents 8 from enantiomerically and diastereomerically pure
a-haloalkyl sulfoxides 7. This appeared highly attractive, since
Satoh and Takano! had carried out several sulfoxide/
magnesium exchange reactions at temperatures as low as
—78°C (Scheme 3).

9, 0
+ 3+ RZMgx —» + 4+ XMmg _R®
S R g §
A \‘/ A ONR2 Y
7 X g X
Scheme 3.
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Results and Discussion

Initial experiments were carried out with the racemic
diastereomer mixture of the sulfoxides 9.! The sulfoxide/
magnesium exchange reaction on 9 was tested with a number
of Grignard reagents at low temperatures (Scheme 4).

o

o-
|

+
RMgBr SS,  BrMg
Ph . R, j/\Ph
cl
10 PhCHOl n

HO
Ph)\/\Ph
12 cl
Scheme 4.

The reaction of 9 with ethylmagnesium bromide over a
period of Sh at —78°C led to the formation of 99 % of the
exchanged sulfoxide 10 (R = Et). The new Grignard reagent,
rac-11 was trapped with benzaldehyde to furnish 66 % of the
chlorohydrin 12 as a diastereomer mixture. Similar experi-
ments indicated that isopropylmagnesium chloride is about
equally as effective, whereas tert-butylmagnesium chloride
did not initiate sulfoxide/magnesium exchange over a period
of 14h at —78°C; however, it did at room temperature.
Additional Grignard reagents, with which sulfoxide/magne-
sium exchange could be achieved at —60°C were CH,=CH-
MgX, C.H;MgX, and CH;MgX.

Next, we addressed the synthesis of enantiomerically and
diastereomerically pure a-chloroalkyl-sulfoxides 9. Following
earlier an precedent, (R)-methyl-p-tolyl-sulfoxide (13) was
chlorinated with N-chlorosuccinimide (NCS) in the presence
of potassium carbonate to give 14. This reaction is known to
proceed with essentially complete inversion of the config-
uration at the sulfur center (Scheme 5).014

Subsequent benzylation at the a-position™! led to a 74 %
yield of a 1.2:1 mixture of the a-chloroalkyl sulfoxides 15 and
16. Separation of the two diastereomers was possible by
MPLC or HPLC on a reversed-phase column. The less
abundant diastereomer crystallized. This allowed the assign-
ment of its absolute and relative configuration as 16 by X-ray
crystal structure analysis. It would be preferable, however, to
have a route, which would give one of the diastereomers in
high excess over the other one. Therefore, we tested an
alternative route that employed the sulfoxide 18 (Scheme 6)

Abstract in German: a-Chlor- und a-bromalkyl Grignard
Reagenzien 11 und 30 mit >97 % ee wurden durch eine
Sulfoxid/Magnesium-Austauschreaktion aus enantiomeren-
und diastereomerenreinen Sulfoxiden 25 und 27 freigesetzt.
Die so entstandenen a-Haloalkyl-Grignard-Reagenzien sind
bei —78°C konfigurativ stabil. Eine Razemisierung setzt
oberhalb von —60°C ein, besonders dann, wenn Bromid-
Ionen zugegen sind. In Abwesenheit von Halogenid-lonen
reicht die konfigurative Stabilitit bis etwa —20°C, der Zer-
setzungstemperatur solcher Reagenzien.

3360
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) o
T+ Y
SN NCS s
——— D
/©/ K2CO3 cl
13 14
LDA BnBr

)@f Q %

Scheme 5.

Qln-

U)lIO

0 N o
*(P s

NCS l KaCO3

15 + 16 =64:1
Scheme 6.

which was generated in a standard fashion! from the
universal menthyl sulfinate 17. Sulfoxide 18 was crystalline
and had an ee of >99 % by HPLC analysis. Chlorination of the
latter with N-chlorosuccinimide and potassium carbonate
furnished® a 6.4:1 mixture of 15 and 16. We were able to
crystallize 15 from this mixture (acetone) to eventually
furnish 56 % of diastereomerically pure 15 with >97% ee
(determined by HPLC).

We then investigated the stereochemical course of the
sulfoxide/magnesium exchange reaction on the sulfoxide 15.
The reaction with ethylmagnesium bromide was carried out in
a two-compartment reaction vessell'® at —78°C. The forma-
tion of the sulfoxide 10 (R = Et) was monitored by TLC and
the reaction was found to be complete in less than 5 min.
Addition of three equivalents of benzaldehyde and an
equivalent amount of Me,AlICI® led to the formation of the
chlorohydrin 12 in 77 % yield. The chlorohydrins were formed
with high simple diastereoselectivity as a 90:10 diastereomer
mixture. In order to determine the enantiomeric excess of the
chlorohydrins, the latter were converted to the epoxides 20 in
90 % vyield (cis/trans 88:12). By the use of [Eu(hfc);] (hfc=
3-(heptafluoropropylhydroxymethylene)-p-camphorate) as a
chiral shift reagent, the enantiomeric purity of the cis-epoxide
20 was shown to be 934+3% (Scheme 7).

This finding established that enantiomerically enriched a-
chloroalkyl Grignard reagents 11 can be generated by the
sulfoxide/magnesium exchange reaction and that these
Grignard reagents are configurationally stable for at least
3 h at temperatures below —60°C.

Moreover, the sulfoxide 19 formed in the sulfoxide/
magnesium exchange reaction was isolated in 86 % yield
and 97 % ee (HPLC) ([a]% = +198 (c = 1.00, acetone); ref.:1’):
[a]B = +202.6). Since the absolute configuration of the
starting sulfoxide 15 is known (see above), the optical rotation
of the sulfoxide 19 obtained establishes that the sulfoxide/
magnesium exchange reaction proceeded as expected with
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Scheme 7.

inversion of configuration at the stereogenic sulfoxide center.
Finally, as the absolute configuration of the epoxide 20 is also
known,® these findings establish that the sulfoxide/magnesi-
um exchange proceeded with retention of configuration at the
chlorine-bearing carbon atom.

This statement is only valid if other mechanistic scenarios
can be excluded. For instance, the a-chloroalkyl Grignard
reagents 11 could be thought to racemize rapidly at —78°C,
and, in the presence of one equivalent of the chiral sulfoxide 9,
diastereomeric complexes could be formed, in which the
combination of (R)-19 and (R)-11 might greatly predominate.
To exclude this possibility, the following set of experiments
was carried out: Racemic 1-chloro-1-iodo-2-phenylethane
(rac-21) was prepared by benzylation of chloroiodomethyl-
lithium (Scheme 8).1'7 18]

PhCHBr I MeyCHMgCl  ClMg
Li-CHCIL Y\Ph A Y\Ph
& THF, -78 °C &
Q- 21 22
S +
j OH
PhCHO
> Me,AICI Ph Fh
Cl rac-12
Scheme 8.

Treatment of 21 with iPrMgCl at —78°C in THF for two
hours!"! generated the racemic reagent 22 by a chemo-
selective iodine/magnesium exchange reaction. One equiva-
lent of the (R)-sulfoxide 19 was added and, after stirring for
10 min at —78°C, the mixture was quenched by the addition
of benzaldehyde/Me,AICl. This resulted in the formation of
the chlorohydrin 12 as a racemate in 94 % yield. This clearly
shows that the presence of the chiral sulfoxide does not affect
the stereochemical course of the overall reaction sequence.

These results establish that the a-chloroalkyl Grignard
reagent 11 of high enantiomeric purity can be generated by a
sulfoxide/magnesium exchange reaction on enantiomerically
and diastereomerically pure a-chloroalkyl-sulfoxide 15 (and
probably also on 16). As the purification of 15 by multiple
crystallizations was tedious and implied loss of material, we
wanted to use a sulfoxide system which, we hoped, would have
a higher tendency to crystallize. We envisaged that this would
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apply to the p-chlorophenyl sulfoxides 25 and 26. The
precursor p-chlorophenyl sulfoxide 24 was generated from
the menthyl sulfinate 23 in 82% yield. Chlorination as
before furnished a 6.4:1 mixture of the a-chloroalkyl sulf-
oxides 25 and 26 (Scheme 9).

o~ o~
g+ < ir
/©/ Soa AL BMIA~p ~"pn
———
24
cl al
23
NCS
KoCO3
g, 5.
+ +
S S
/©/ Y\Ph + Y e
cl c
cl cl c
25 6.4 : 1 26

Scheme 9.

Unfortunately, three recrystallizations were required in
order to reach enantiomerically and diastereomerically pure
25, in yields which did not exceed 55 %. The structure of the
(R,R)-25 diastereomer was secured by X-ray crystal structure
analysis. The precursor sulfoxide 24 could also be converted
into the a-bromoalkyl sulfoxides 27 and 28 by bromination in

o)
1
~N"Nen

Q
(-
T
-2
+
Win
s

Cl
27 30 : 1 28

the presence of silver nitrate,?!! which prevented racemiza-
tion. The sulfoxides 27 and 28 were generated in a ~30:1 ratio.
Chromatography, followed by crystallization from acetone,
furnished enantiomerically and diastereomerically pure 27
(44 %), the structure of which was again secured by X-ray
structure analysis.

The sulfoxide/magnesium exchange on the a-chloroalkyl-
sulfoxide 25 was carried out as before with ethyl magnesium
bromide followed by trapping with benzaldehyde/dimethyl-
aluminum chloride, to furnish 99 % of the sulfoxide 29 with
99 % ee. Chlorohydrins 12 were obtained in 56 % yield as a
94:6 diastereomer mixture. After conversion to the epoxide
20, the latter showed an ee of >98% (Scheme 10).

The a-chloroalkylmagnesium chloride 22 could be gener-
ated in similar manner by treatment of the a-chloroalkyl
sulfoxide 25 with ethylmagnesium chloride (Scheme 11).
Grignard reagent 22 was used to establish the stereochemistry
of further transformations: trapping of (R)-22 with trifluoro-
iodoethane generated 1-chloro-1-iodo-2-phenylethane (21) in
74 % vyield. The latter, on reaction with isopropylmagnesium
chloride regenerated the Grignard reagent (R)-22. This was
evident from trapping with benzaldehyde/dimethylaluminium
chloride, followed by conversion of the chlorohydrins to the
epoxide 20. The latter was obtained in >97% ee as the
enantiomer shown in Scheme 11.
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This indicates that both the trapping of the Grignard
reagent 22 with trifluoroiodoethane®! and the iodine/magne-
sium exchange reaction on 21 proceeded without significant
loss of stereochemical integrity. Since these two steps proceed
with overall retention of configuration, it is tempting to
assume that each of these steps occurs with retention of
configuration.

Finally, the a-bromoalkyl Grignard reagent 30 was gener-
ated from the a-bromoalkyl sulfoxide 27 (Scheme 12): the
bromohydrins 31 were obtained as a 92:8 mixture of
diastereomers. Upon closure to the epoxides, the resulting
20 had an ee of merely 85 % despite the fact that the starting
sulfoxide 27 had an ee of 99 %, which was reflected in the
enantiomeric purity of the coproduct, sulfoxide 29 (99 % ee,

IIO

EtMgBr

|
S Bng
\‘/\ Ph W Y\
Br
Cl
27

(R)-30

_Pnoko oH
“NeAC )Y\ /Y\Ph
Br Br
(R,R)-31 KOH * EtOH (S,R)-31
Ph
QC:)/\ * <€
: Ph P Ph
20 90 : 10
Scheme 12.
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HPLC). Apparently, the a-bromoalkyl Grignard reagent has
suffered partial racemization under the reaction conditions
used. We ascribed this racemization to a nucleophilic sub-
stitution at 30 by an external bromidel'": 2324 that is present as
a result of the use of ethylmagnesium bromide. Indeed, when
the reaction was repeated with ethylmagnesium chloride, the
bromohydrin 31 obtained in a 96:4 diastereomer ratio gave,
on treatment with potassium hydroxide, the epoxide cis-20
with an ee of 97 %.

Configurational stability of 1-chloro-2-phenylethylmagensi-
um compounds: The foregoing results proved that the a-
chloroalkyl and the a-bromoalkyl Grignard reagents 11 and
30 can be generated at —78°C in a highly enantiomerically
enriched form. This is also valid for the corresponding a-
phenylthio-alkyl Grignard reagent.” Information on the
configurational stability of such Grignard reagents is a key
prerequisite for their application in stereoselective synthesis.
We therefore explored the limits of the configurational
stability of the a-chloroalkyl Grignard reagent 11. The latter
has been generated with 1.3 equivalents of the starting
Grignard reagent with respect to the sulfoxide 15 in the
sulfoxide/magnesium exchange reaction. The resulting o-
chloroalkyl Grignard reagent 11 was trapped with benzalde-
hyde/dimethylaluminium chloride and the yield of the result-
ing chlorohydrins was recorded (Table 1). The syn/anti ratio of

Table 1. Racemization studies of the Grignard reagent 11.

Reaction Chlorohydrin 12 ee
T[°C] ¢[min] yield[%] synlanti [%]®

En- Grignard reagent
try (1.3 equiv)

1 EtMgBr -50 15 70 89:11 64
2 EtMgCl -50 15 69 91:9 89
3 iPr,Mg -50 15 83 84:16 92
4 EtMgBr -50 5 71 89:11 91
5 EtMgBr -50 10 48 91:9 78
6 EtMgBr -50 20 70 87:13 60
7 EtMgBr -78 15 56 94:6 93
8 EtMgBr —-40 15 58 84:16 17
9 iPr,Mg -50 60 56 77:23 93
10 iPr,Mg —-40 15 62 84:16 94
11 iPr,Mg -30 15 46 77:23 92
12 iPr,Mg -20 15 48 69:31 91
13 iPr,Mg+1equiv MgBr, —50 15 84 89:11 88
14 iPr,Mg+2equiv MgBr, —50 15 88 91:9 84
15 iPr,Mg+1equivMgl, —-50 15 60 96:4 15

[a] Determined at the stage of epoxide 20.

the chlorohydrins—though not of immediate interest in the
present context—is also given in Table 1.8 The chlorohydrins
12 were converted to the epoxides 20 and the ee values of the
major cis-epoxide are listed in the last column of the table.

Given the arbitrarily chosen temperature of —50°C, it can
be seen that racemization is already occurring at this temper-
ature. The extent of racemization depends on the nature of
the Grignard reagent used for the sulfoxide/magnesium
exchange: the least racemization occurs with diisopropylmag-
nesium while the highest is with ethylmagnesium bromide
(see Table 1; entries 1-3). Racemization with ethylmagnesi-
um bromide was followed for periods of 5—20 min at —50°C
(Table 1; entries 1 and 4 - 6): racemization of 11 is minimal at
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—78°C and almost complete after 15 min at —40°C (Table 1;
entries 7 and 8). When the a-chloroalkyl Grignard reagent 11
is generated from 15 with diisopropylmagnesium, there
appears to be some initial racemization of <10%; however,
11, generated in this manner, is configurationally stable for
15 min at temperatures ranging up to —20°C, above which
decomposition occurs (Table 1; entries 9—12). The addition of
magnesium bromide induces racemization (Table 1; entries 13
and 14) although the effect is not as marked as with
ethylmagnesium bromide of similar concentration (see Ta-
ble 1; entry 1). Magnesium iodide leads to rapid racemization
(see Table 1; entry 15).

These observations suggest that the a-chloroalkyl Grignard
reagent 11 is racemized by the influence of external halide
ions, most likely in a Sy2-type halide exchange process, a
mechanism that has already been suggested.[!!- 23 2]

From a preparative point of view, the following qualitative
conclusions may be drawn: the a-chloroalkyl Grignard
reagent 11 is configurationally stable in THF for periods of
>15min at temperatures up to —20°C, provided that the
solution does not contain magnesium halides. In the presence
of magnesium bromide or if ethyl magnesium bromide is used
as the reagent, there is significant racemization over a period
of 15 min at —50°C. With ethylmagnesium chloride at —50°C,
the racemization reaches merely 10 % over 15 min. At —60°C
or below, racemization of the a-chloroalkyl Grignard reagent
11 remains slow—if it is occurring at all—irrespective of the
way 11 has been generated.

Experimental Section

All temperatures quoted are not corrected. Reactions with organometallic
compounds were carried out in dried solvents under nitrogen or argon.
'H NMR, BC NMR: Bruker ARX-200, AC-300. Flash chromatography:
silica gel 60 (40—-63 um; E. Merck AG, Darmstadt). Preparative HPLC:
column with LiChrosorb RP18 (7 um; Knauer, Berlin).

(S-R,1-R) and (S-R,1-S)-p-Tolyl-1-chloro-2-phenylethyl sulfoxide (15 and
16): A solution of n-butyllithium in hexane (2.05M, 6.3 mL, 13 mmol) was
added dropwise at —20°C to a solution of diisopropylamine (1.32 g,
13 mmol) in THF (20 mL). The mixture was stirred for 15 min at 0°C and
cooled to —78°C. A solution of (—)-(R)-p-tolyl-chloromethyl-sulfoxide
(14)P1(1.90 g, 10 mmol) in THF (10 mL) was added dropwise. After further
stirring for 30 min, benzyl bromide (2.22 g, 13 mmol) was added dropwise
and stirred for a further 20 min at —78°C. Saturated aqueous NH,CI
solution (5 mL) was added and the aqueous phase was extracted with tert-
butyl methyl ether (3 x10mL). The combined organic extracts were
washed with water (2 x 10 mL) and brine (2 x 10 mL). The solution was
dried over MgSO, and concentrated to give a 1.2:1 mixture of the
diastereomeric sulfoxides 15 and 16 (2.05 g, 74 % ). The diastereomers were
separated by preparative HPLC with methanol/water =3:7.

Major diastereomer (—)-(R,R)-15: Colorless crystals from acetone; m.p.
77-78°C; [a]® =—91.8 (c=2.0, acetone); 'H NMR (300 MHz, CDCl;):
0=245 (s,3H), 2.73 (dd, J=14.3 and 9.7 Hz, 1H), 3.64 (dd, J=14.3 and
4.5 Hz, 1H), 4.68 (dd, J=9.8 and 4.5 Hz, 1H), 7.23-7.37 (m, 7H), 7.59 (d,
J=8.2Hz, 2H), cf. the data in ref. [9]; *C NMR (75 MHz, CDCL): 6 =
215,371, 76.5, 125.8, 1274, 128.8, 129.5, 129.6, 134.9, 135.6, 142.5.

Minor diastereomer (S,R)-16: m.p. 62°C (acetone). The structure was
secured by X-ray crystal structure analyses; see below.

Alternative method: To a solution of (+)-(R)-p-tolyl-2-phenylethyl sulf-
oxide (18)P! (1.22 g, 5.0 mmol) in anhydrous dichloromethane (10 mL),
were added potassium carbonate (400 mg) and subsequently N-chlorosuc-
cinimide (1.32 g, 10.0 mmol). The suspension was stirred for five days.
Diethyl ether (50 mL) was added and the solution was washed with 4%
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aqueous sodium iodide solution (50 mL) and 10% aqueous sodium
thiosulfate solution (50 mL). The organic phase was dried (Na,SO,) and
concentrated. Flash chromatography of the residue (petroleum ether/ethyl
acetate 4:1) furnished a 6.4:1 mixture of 15 and 16 (1.02g; 73%).
Recrystallization from acetone gave enantiomerically and diastereomeri-
cally pure 15 (781 mg; 56 %).

(1R,2R)-1,3-Diphenyl-2-chloro-1-hydroxypropane (12): In the top com-
partment of a two-compartment reaction vessel,l was placed a solution of
(=)-(R,R)-p-tolyl-1-chloro-2-phenylethyl-sulfoxide (15, 97 % ee, 50.0 mg,
0.18 mmol) in anhydrous THF (3 mL). The lower compartment was
charged with a solution of ethylmagnesium bromide in THF (0.11m,
2.28 mL). After cooling to —78°C, the top solution was slowly added to the
lower compartment. After 2h, a precooled mixture of a solution of
benzaldehyde (31.8 mg, 0.30 mmol) in anhydrous THF (2mL) and
dimethylaluminum chloride in hexane (1.0m, 0.30 mL, 0.30 mmol) was
added. The mixture was stirred for 12 h at —60°C and then a saturated
aqueous solution of NH,Cl (1 mL) was added. The phases were separated
and the aqueous phase was extracted with fert-butyl methyl ether (3 x
10 mL). The combined organic extracts were washed with water (2 x 5 mL)
and brine (2 x 5 mL). The solution was dried (Na,SO,) and concentrated.
Flash chromatography (petroleum ether/ethyl acetate 10:1 to methanol)
furnished 12 (34 mg; 77%) as a colorless oil and (+)-(R)-p-ethyltolyl
sulfoxide (195 26 mg; 86 %). [a]% = +198 (¢ =1.00, acetone; lit.:1") [a]F =
+202.6.). Enantiomeric purity by HPLC=97%. Compound 12 was
obtained as a 9.4:1 syn/anti mixture (by '"H NMR spectroscopy). Elemental
analysis (%) calcd. for C,;sH;sClO (246.7): C 73.02, H 6.13; found: C 72.96,
H 5.83.

(R,R)-12: 'H NMR (300 MHz, CDCL,): 6 =2.78 (brs, 1H), 2.93 (dd, J =
142 and 9.0 Hz, 1H), 3.11 (dd, J = 14.1 and 5.2 Hz, 1 H), 4.33 (ddd, J =9.0,
5.4,and 5.4 Hz, 1H),4.76 (d,J = 5.5 Hz, 1 H), 7.17-7.45 (m, 10 H); *C NMR
(75 MHz, CDCL,): 6 =410, 69.8, 75.8, 126.5, 128.15, 128.22, 128.49, 128.53,
129.2, 1374, 140.2.

(S,R)-12: The following signals could be recorded: 'H NMR (300 MHz,
CDCl3): 6 =2.89 (s, 1H), 3.10 (dd, 1H), 3.24 (dd, J=15.2 and 6.7 Hz, 1H),
4.45 (ddd, J=8.7, 5.6, and 5.6 Hz, 1 H), 5.00 (d, /=4.4 Hz, 1H), 7.17-745
(m, 10H); *C NMR (75 MHz, CDCl;): 6 =37.8, 68.3, 76.8, 125.8. 125.9,
126.2, 126.6, 127.2, 128.1, 128.2.

Synthesis of epoxide 20 from the syn/anti mixture of 12: A solution of
potassium hydroxide in ethanol (0.4M, 0.4 mL, 0.16 mmol) was added
dropwise at 0 °C into a solution of 12 (18 mg, 0.08 mmol) in ethanol (2 mL).
After stirring for 12 h, ammonium chloride was added (=100 mg). The
solution was concentrated and the residue then partitioned between
aqueous saturated NH,CI solution (5mL) and fert-butyl methyl ether
(10 mL). The aqueous phase was extracted with zert-butyl methyl ether
(3 x 10 mL) and the combined organic phases were washed with brine (2 x
5SmL). The organic phases were dried (Na,SO,) and concentrated to give
epoxide 20 (15mg, 90%) as a colorless oil. The cis/trans ratio was
determined by "H NMR spectroscopy to be 88:12. For the spectral data of
cis-20 see ref. [6]. The enantiomeric purity of cis-20 was determined to
93 % ee as described in ref. [6].

trans-20: "H NMR (300 MHz, CDCL,): 6 =3.01 (d,J = 5.8 Hz, 2H), 3.20 (td,
J=54 and 2.0 Hz, 1H), 3.70 (d, J=2.0 Hz, 1H), 720-739 (m, 10H);
13C NMR (75 MHz, CDCL,): 6 =387, 58.5, 62.8, 125.6, 125.9, 1267, 1277,
1284, 128.6, 129.0, 1370, 1374.

1-Chloro-1-iodo-2-phenylethane (21): A solution of n-butyllithium in
hexane (1.49M, 18.8 mL, 38.0 mmol) was added at —30°C to a solution of
hexamethyldisilazane (7.26 g, 45.0 mmol) in THF (15 mL). The resulting
solution was placed in the top compartment of a two-compartment reaction
vessel.') The lower compartment was charged with a solution of
chloroiodomethane (5.29 g, 30.0 mmol) in THF (30 mL). After cooling to
—105°C the solution of the lithium hexamethyldisilazide was slowly added
to the lower compartment. After 30 min, a precooled (— 105 °C) solution of
benzyl bromide (6.41 g, 37.5 mmol) in THF (5 mL) was added slowly over
30 min. The mixture was allowed to reach 0°C over 10h. Saturated
aqueous NH,CI solution (25 mL), 20 % aqueous Na,S,0; solution (5 mL),
and petroleum ether (10 mL) were added. The phases were separated and
the aqueous phase was extracted with petroleum ether (3 x 15 mL). The
combined organic phases were washed with brine (2 x20mL), dried
(Na,S0,), and concentrated. Bulb-to-bulb distillation at 1.0 mbar (50°C)
furnished 21 (1.93 g; 24%) as a colorless liquid, which was stored over
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copper powder. 'H NMR (300 MHz, CDCl;): 6 =3.58 (dd, J=14.4 and
72 Hz,1H), 3.69 (dd, J=14.4 and 6.5 Hz, 1H), 5.82 (dd, /= 6.9 and 6.9 Hz,
1H), 7.25-7.38 (m, 5H); *C NMR (75 MHz, CDCl,): 6 =29.5, 52.7, 126.1,
1279, 129.4, 137.1; elemental analysis (%) caled for CgHgCII (266.5): C
36.05, H 3.03; found: C 36.20, H 3.13.

Reaction of 21 with isopropylmagnesium bromide in the presence of
sulfoxide 19: A solution of isopropylmagnesium bromide in diethyl ether
(1.74Mm, 0.86 mL, 1.49 mmol) was added at —78°C to a precooled solution
of 1-chloro-1-iodo-2-phenylethane (21, 330 mg, 1.24 mmol) in THF (8 mL).
After stirring for 1h, a solution of (+)-(R)-ethyl-tolyl-sulfoxide (19;
94 % ee; 313 mg, 1.86 mmol) in THF (1 mL) was added. After stirring for
10 min, a solution of benzaldehyde (158 mg, 1.49 mmol) and of dimethyl-
aluminum chloride in hexane (1.0m, 1.49 mL, 1.49 mmol) in THF (1 mL)
were added. The mixture was stirred for 1 h at — 78 °C followed by 30 min at
—40°C. Saturated aqueous NH,CI solution (2 mL) was added and the
mixture was worked-up as described for 12 above to furnish 2-chloro-1-
hydroxy-1,3-diphenylpropane (12; 288 mg; 94 %) as a colorless oil. After
conversion to 20 as described above, the enantiomeric excess was <1%.

(+)-(R)-p-Chlorophenyl-2-phenylethyl-sulfoxide (24): A solution of 2-phe-
nylethylmagnesium bromide in diethyl ether (2.0M, 17.5 mL, 35.0 mmol)
was concentrated in a vacuum to dryness. The residue was taken up in
toluene (20 mL) and cooled to —60°C. A solution of (—)-(1R,2R4S)-
menthyl-(S)-p-chlorophenylsulfinate® (5.00 g, 15.8 mmol) in toluene
(35mL) was added dropwise. The mixture was allowed to warm to
—20°C and a saturated aqueous solution of NH,Cl (10 mL) was added.
Addition of aqueous hydrochloric acid (2M, 5 mL) clarified the solution.
The phases were separated and the aqueous phase was extracted with
diethyl ether (6 x 25 mL). The combined organic phases were washed with
water (2x20mL) and brine (2 x 20 mL), dried (MgSO,), and concen-
trated. The residue was crystallized from acetone (=5 mL) to give 24
(3.43 g, 82 %) as colorless crystals. For analyses a sample was recrystallized
twice from acetone. M.p. 72°C; [a]¥ = +105.5 (c = 1.27, acetone); 'H NMR
(300 MHz, CDCl,): 6 =2.81-3.15 (m, 4H), 7.16-7.32 (m, 5H), 7.48-7.59
(m, 4H); *C NMR (75 MHz, CDCl;): 6 =28.0, 58.3, 125.4, 126.8, 128.5,
128.8, 129.5, 1372, 138.5, 142.3; eclemental analysis (%) caled for
C,,H;;CIOS (264.8): C 61.03, H 7.36; found: C 60.73, H 7.39.

(R,R)-p-Chlorophenyl-1-chloro-2-phenylethyl sulfoxide (25 and 26): Po-
tassium carbonate (0.62 g) and N-chlorosuccinimide (2.02 g, 37.8 mmol)
were added to a solution of (+)-(R)-p-chlorophenyl-2-phenylethyl-sulf-
oxide (24, 2.00 g, 7.55 mmol) in anhydrous dichloromethane (20 mL). After
the mixture had been stirred for five days, diethyl ether (50 mL) was added.
The solution was washed with aqueous sodium iodide solution (4%,
S0 mL) and aqueous Na,S,0; solution (10%, 50 mL). The combined
organic phases were washed with brine (2 x 10 mL), dried (Na,SO,), and
concentrated. Flash chromatography (petroleum ether/ethyl acetate, 10:1)
furnished a mixture of 25 and 26 (1.47 g, 65%) as a colorless solid. The
diastereomer ratio was determined by 'H NMR spectroscopy to be 6.4:1.
Crystallization from acetone (3 x ) furnished colorless 25 (m.p. 113°C).
[a]f =—82.4 (c=1.53, acetone); 'H NMR (300 MHz, CDCl): 6 =2.72
(dd, J=14.3 and 9.5 Hz, 1H), 3.64 (dd, /=14.3 and 4.8 Hz, 1 H), 4.68 (dd,
J=9.5 and 4.8 Hz, 1H), 7.22-737 (m, 5SH), 7.52-7.66 (m, 4H); *C NMR
(75 MHz, CDCly): 6 =371, 76.3, 127.1, 1276, 128.8, 129.3, 129.5, 135.1,
138.4. The absolute and relative configuration was secured by X-ray crystal
structure analyses (see below).

The sulfoxide/magnesium exchange reaction of 25 with ethylmagnesium
bromide was carried out as described for 15.

(S)-1-Chloro-1-iodo-2-phenylethane (21) and reaction with isopropylmag-
nesium chloride: The bottom compartment of a two-compartment reaction
vessel'®l was charged with ethylmagnesium chloride (1.78m in THF,
0.35mL, 0.62 mmol) and THF (4mL) and the top compartment was
charged with a solution of (R,R)-p-chlorophenyl-1-chloro-2-phenylethyl
sulfoxide (25, 155 mg, 0.52 mmol) in THF (4 mL). After the apparatus had
been cooled to —78°C, the top solution was allowed to drip into the lower
compartment. A solution of CF;CH,I (154 uL, 1.56 mmol) in THF (4 mL)
was precooled to —78°C and added after 10 min. After the mixture had
been stirred for 10h at —20°C, saturated aqueous NH,CI solution
(0.5 mL), water (2 mL), and aqueous Na,S,0; solution (10 %, 3 mL) were
added. The phases were separated and the aqueous phase was extracted
with tert-butyl methyl ether (3 x 15 mL). The combined organic phases
were washed with brine (2 x 15 mL), dried (Na,SO,), and concentrated.
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Flash chromatography (petroleum ether/ether, 19:1) furnished 21 (103 mg;
74 %) as a colorless oil. The spectral data of 21 are given above.

A solution of isopropylmagnesium chloride in diethyl ether (2.0M, 65 pL,
0.13 mmol) in THF (2 mL) was placed in the lower compartment of a two
compartment reaction vessel.l'®) The top compartment was charged with
the solution of the chloroiodo compound obtained above (26 mg,
0.10 mmol) in THF (2mL). After the apparatus had been cooled to
—78°C the upper solution was allowed to drip into the lower solution.
After stirring for 10 min at —78°C, the mixture was allowed to react with
benzaldehyde (0.20 mmol) and dimethylaluminum chloride, as described
above for 12. The resulting 2-chloro-1-hydroxy-1,3-diphenylpropane was
converted to the epoxide, as described above, to give 20 with >97 % ee.
(—)-(R,R)-p-Chlorophenyl-1-bromo-2-phenylethyl sulfoxide (27): To a
solution of (+)-(R)-p-chlorophenyl-2-phenylethyl sulfoxide (24, 99 % ee,
1.103 g, 4.17 mmol) in acetonitrile (12mL) was added silver nitrate
(1.701 g, 10.0 mmol) and pyridine (2.09 mL). The mixture was cooled to
—40°C. A solution of bromine (800 mg, 5.01 mmol) in acetonitrile (4 mL)
was added slowly to control the exothermic reaction. After stirring for
60 min at —40°C, the suspension was filtered. The filtrate was concentrated
and the residue was purified by flash chromatography (pentane/ethyl
acetate, 10:1). 'H NMR analyses showed the product to be a 30:1 mixture
of 27 and 28. Recrystallization from acetone furnished 27 (621 mg, 44 %) as
colorless crystals. M.p. 72°C; [a]® = —74.4 (c=1.21, acetone); 'H NMR
(300 MHz, CDCl3): 6 =2.88 (dd, J =14.4 and 9.4 Hz, 1 H), 3.79 (dd, J = 14.4
and 5.2 Hz, 1H), 4.74 (dd, J=9.5 and 5.2 Hz, 1H), 7.11-7.65 (m, 9H);
BC NMR (75 MHz, CDClLy): 6 =377, 69.2, 127.2, 1276, 128.9, 129.2, 129.4,
135.8, 138.1, 138.3; elemental analysis (% ) caled for C,,H;,BrOS (342.0): C
4893, H 3.52; found: C 48.88, H 3.52. The absolute and relative
configuration was secured by X-ray crystal structure analysis, see below.
(R,R)-2-Bromo-1-hydroxy-1,3-diphenyl-propane  (31): (R,R)-p-chloro-
phenyl-1-bromo-2-phenylethyl-sulfoxide (27, 50 mg, 0.15 mmol) and ethyl-
magnesium chloride (2.0M in THF, 95 pL, 0.19 mmol) were allowed to react
as described for the synthesis of 12, to furnish 2-bromo-1-hydroxy-1,3-
diphenylpropane (315 30 mg; 69 %) as a 96:4 syn/anti mixture. The *C and
'H NMR data corresponded to those given in the literature.[®!

Representative procedure to monitor the racemization of 11: the lower
chamber of a two-compartment reaction vessell'®! was charged with a
solution of diisopropylmagnesium (0.8 M in THF, 260 uL, 0.21 mmol) and
THF (2 mL). The top chamber was charged with a solution of (R,R)-p-
chlorophenyl-1-chloro-2-phenylethyl sulfoxide (25, 48 mg, 0.16 mmol) in
THF (2 mL). The system was cooled to the given temperature at which the
contents of the top chamber were allowed to flow into the bottom chamber.
After the indicated time, a precooled solution of benzaldehyde (51 mg,
0.48 mmol) and a solution of dimethylaluminum chloride in hexane (1.0Mm,
480 pL, 0.48 mmol) in THF (2 mL) were added. The mixture was stirred for
20 min at the given temperature, and then saturated aqueous NH,CI
solution (0.5 mL) and water (3 mL) were added. The phases were separated
and the aqueous phase was extracted with ferr-butyl methyl ether (3 x
7 mL). The combined organic phases were washed with brine (2 x 7 mL),
dried (Na,SO,), and concentrated. The chlorohydrins 12 were isolated by
flash chromatography (petroleum ether/ethyl acetate, 19:1). They were
converted to the epoxides 20 for the determination of the enantiomeric
purity.

Crystallographic data for 16, 25, and 27: The data were collected with an
Enraf Nonius CAD 4 diffractometer with monochromatic Cuy, radiation at
213 K. The structures were solved by direct methods (SHELXS-97) and
refined against F2 values (SHELXL-97).

16: C;sH;sCIOS, M, =278.78: crystal dimensions: 0.4 x 0.2 x 0.1 mm, mon-
oclinic, space group P2, a="768.5(2), b=500.6(1), c=1858.0(5) pm, =
97.94(2)°, U="707.9(3) A3, pyiea=1.308 gem= for Z =2, F(000) =292, u=
3.637 mm~', R1=0.0700 (for 1210 reflections with / >20(I), wR2 =0.2106
(all 1782 unique data), Flack parameter (absolute structure) = —0.02(6).

25: C,H,CLOS, M,=299.20: crystal dimensions: 0.3 x 0.3 x 0.1 mm,
triclinic space group P1, a=901.8(1), b=967.7(1), ¢=9974(1) pm, o=
71.56(1), B=62.99(1), y=62.95(1)°, U=683.9(1) A3, peyea=1.453 gem?
for Z=2, F(000) =308, u=5.562 mm~!, R1=0.0437 (for 5367 reflections
with I>20(I), wR2=0.1226 (all 5411 unique data), Flack parameter=
—0.008(14).

27: C,,;H;;BrCIOS, M,=343.66: crystal dimensions: 0.3 x 0.24 x 0.12 mm,
triclinic, space group P1, a=911.2(1), b=976.0(1), c=997.6(1) pm, a =
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84.68(1), B=62.89(1), y=63.40(1)°, U=699.2(1) A3, peyeq=1.632 gcm™>
for Z=2, F(000) =344, u=7.031 mm~!, empirical absorption correction,
R1=0.0523 (for 5042 reflections with I>20(I), wR2=0.1495 (all 5147
unique data), Flack parameter = 0.00(3).

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-102492 (16,
K. Harms, private communication), CCDC-146741 (25) and CCDC-
146742 (27). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Molecular Modeling of Saccharides, Part 27+

Synthesis and Molecular Geometry of an Achiral 30-Crown-12 Polyacetal

from a-Cyclodextrin

Stefan Immel, Toshio Nakagawa, Hans J. Lindner, and Frieder W. Lichtenthaler*!?!

Abstract: Periodate oxidation of a-cy-
clodextrin followed by borohydride re-
duction readily provided an octadeca-
hydroxymethyl-substituted 30-crown-12
polyacetal 1, its 30-membered macro-
cycle being composed of six meso-buta-
netetrol/glycolaldehyde acetal units,
which is, consequently, optically inac-
tive. Its solid-state molecular geometry
emerged from the X-ray structural anal-

acetate 2, which revealed the undulated
macrocycle to be molded into three
loops with a unique order of succession
of the -CHR-CHR-O-CHR-O- units:
alternating gauche- and anti-conforma-
tions of the meso-butanetetrol portions

Keywords: cyclodextrins - crown
acetals - macrocyclic polyacetals -
oligosaccharides

and consecutive disposition of the gly-
colaldehyde-acetoxymethyl groups
above and below the mean-plane of the
macrocycle. In solution, however, as
evidenced by 'H- and 3C-NMR spectra,
the macrocycle is highly flexible at
ambient and higher temperatures, its
mobility becoming distinctly restricted
only below —20°C.

ysis of the well-crystallizing octadeca-

Introduction

Unlike crown ethers that have played a pivotal role in the
development of supramolecular chemistry,!'! macrocycles with
acetalic oxygen atoms have received comparatively little
attention, conceivably because their cation complexation
properties—as compared to the more basic ether oxygens—
are less propitious. Thus, Pedersen®? noted already thirty
years ago “that -O-CH,-O- is a less favorable linkage than
-O-CH,CH,-O- for complexation”, based on crown ether
acetals of the type 18-C-6, 20-C-7, and 22-C-8, namely cyclic
polyethers with one or two acetal groupings in their skeletal
backbone. Various other investigators have since amply
corroborated the drastic decrease in cation binding ability
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by introducing acetal groupings into crown ethers even when
bearing the same number of oxygen atoms.?*-]

Macrocycles exclusively containing acetal-oxygen atoms,
and, hence, deserving the designation crown acetal’®! are
rare, the presently known examples being limited to systems
with two formaldehyde/alkanediol acetal units, that is con-
taining only four oxygens in the ring (Figure 1).

n acronym ref.

2 10-C-4 [9]

PN 3 12-C-4 [10]

(~OH + o Oq 4 14-C-4 [
+ CHy(OR);, ——— > (CHy), (CHp), 5 16-C-4 [12]

A L ] 6 18-C-4 [13]

oH o0 ° 9 24-C-4 [13]
10 26-C-4 [13]

14 34-C-4 [13]

Figure 1. Crown acetals!”! composed of two alkanediol/formaldehyde units.
Of these, only the geometries of 10-C-41 and 14-C-4!'" have been verified
by X-ray structural analysis.

Cycloacetals with a higher number of oxygens in the ring
are, as of now, utter curiosities: The products formed on BF;-
induced oligomerization of 1,3-dioxolane in yields of 1-2%
were deemed to be the 10-crown-4, 15-crown-6, 20-crown-8,
and 25-crown-10 polyacetals,??] despite of insufficient char-
acterization, and the polyaldehydes generated by periodate
oxidation of a-, 8-, and y-cyclodextrin,l') which de facto
constitute polyacetals with a 30-crown-12, 35-crown-14, and
40-crown-16 skeletal backbone; they have similarly eluded
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unequivocal structural characterization—not surprising in
view of the manifold possibilities of elaborating cyclic acetal
and hemiacetal structures. Of the products ensuing from these
“CD-polyaldehydes” upon chlorite oxidation!”! and borohy-
dride reduction,!'” only the per-hydroxymethylated 30-crown-
12 and 35-crown-14 polyacetals—prepared from a- and 5-CD
in modest yields—have been unequivocally characterized as
such and as their per-O-acetates, 1%l yet the sparse NMR data
provided gave no clues as to their molecular geometries.

o
BF.
) — % o
G (3l n
(n=2) 10-C-4
(n=3) 15-C-6
(n=4) 20-C-8
(n=5) 25-C-10
OH
{’Q_OYO][ @
: : n
HO/ \OH
n
(n=6) a-CD (n=6) 30-C-12
(n=7) B-CD (n=7) 35-C-14
(n=8) y-CD (n=8) 40-C-16
l n NalOg4 I NaBH4
OH fo)

-
~©
[e]
I
<O
(o]
=

n

Scheme 1. Synthetic access to large ring crown acetals with repetitive C-C-
O-C-O-fragments in their skeletal backbones. Top: Systems with two to
five ethyleneglycol/formaldehyde units®! [Eq. (1)]. Lower part: cyclo-
dextrin-derived substituted analogues composed of six, seven, and eight
consecutive D-erythrose/glyoxall'¥l or—upon hydride reduction—meso-
butanetetrol/glycolaldehyde segments [Eq. (2)].

Our past interest in the generation of flexible cyclooligo-
saccharide hosts!'”l to mimic the induced-fit mode!'¥ rather
than the rigid lock-and-key principle!'”) has led presently to
the preparatively satisfactory, high-yield preparation of the a-
cyclodextrin-derived 30-crown-12 polyacetal 1 composed of
six consecutive meso-butanetetrol/glycolaldehyde acetal
units, and to the unravelment of its molecular geometry
through an X-ray structural analysis of its octadeca-acetate 2.

)\ /k 30-C-12
R™ "0 0 o 0" "R 1 R=CH,0H
R)\I/ s \I/kR 2 R=CHy0Ac
R R R
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Results and Discussion

Of the three native cyclodextrins readily accessible, a-cyclo-
dextrin (a-CD), with six a-(1— 4)-linked glucose units the
smallest, undergoes periodate oxidation of its diol function-
alities slowest," yet when reacted with a 3.0 molar excess of
oxidant for 11 d at ~0°C, the conversion was complete. The
resulting polyaldehyde, due to its manifold possibilities of
forming hemiacetals and/or hemialdal hydrates, was only
characterized as a chromatographically uniform powder, and
then subjected to reduction with sodium borohydride in
methanol to provide the octadeca-hydroxymethyl 30-crown-
12 polyacetal 1. Its characterization in pure form is best
accomplished by in situ acetylation to yield its well-crystalliz-
ing, octadeca-acetate 2 (92 % based on a-CD) and subsequent
Zemplén deacetylation. Neither 1 nor 2 showed any rotational
value—expectedly, since the six butanetetrol units generated
from a-CD by the periodation-reduction sequence have
erythro-configuration and erythritol is a meso-compound.

Invited by the high crystallinity of the 30-crown-12 poly-
acetal 2, an X-ray structural analysis could be performed
(Figure 2), which revealed the unique conformational intri-
cacies of the 30-membered macrocycle: The ring adopts a
three-loop shape, which is not planar but assumes a distinct
undulating form. The ring symmetry is reduced from C,, to
approximately C;, with the six acetoxymethyl groups of the
glycolaldehyde acetal units pointing alternatingly above and
below the mean-plane of the macrocyclic backbone. In
addition, each of the six pairs of vicinal acetoxymethyl groups
of the meso-butanetetrol units features one OAc group
pointing towards the front, and the next directed to the rear
relative to the ring periphery. As is lucidly borne out by the
color representations of Figure 2 and particularly by the side-
view ribbon model therein, a total of nine acetoxymethyl
groups point away from either side of the macrocyclic
backbone in an alternating fashion. This entails for the crown
acetal 2 a compact, nearly cylindrical overall shape. Albeit 2
was crystallized from EtOH, the crystals do not contain any
residual solvent since the molecular packing is very tight and
the center of the molecule seems to be inaccessible for any
guest. As detailed in Figure 2 (bottom plots), the three-looped
structure is caused by a characteristic alternating gauche- and
anti-arrangement for the O-C-C-O-torsion angles of the six
meso-butanetetrol units, a conformational feature that was
translated into a conventional formula drawing in Figure 3.

As 2 itself is an achiral compound with an achiral space
group (monoclinic, Pn), each unit cell contains two symmetry
related formula units of 2, one being the exact mirror
geometry of the other. Thus, the meso-butanetetrol units in
the solid-state geometry of 2 adopt either successive (+)-
gauchelanti- or (—)-gauchelanti-conformations, of which only
the former are shown in Figure 2. The ring torsion angles @, —
O; for each meso-butanetetrol/glycolaldehyde unit A—-F of
the 30-membered macroring are listed in Table 1: Of these
values, @, reflects directly the alternating gauchel/anti-ar-
rangements described above, whilst the other torsion angles
display less pronounced fluctuations only.

Although the 30-crown-12 macrocycle is anticipated to be
quite flexible in solution, both temperature dependent 'H-
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Figure 2. Solid-state topography for the asymmetric unit of the octadeca-(acetoxymethyl)-30-crown-12 polyacetal 2 in ball-and-stick type representations.
Top: Ribbon models of the macrocyclic core, amply illustrating its three-looped shape, which, as shown in the side view (left), is not planar but adopts an
undulatory form with the yellow-blue coloring of the braid; this indicates the twist of the backbone. In the crystal lattice, two formula units of achiral 2—the
geometry shown here and its symmetry related mirror image—occupy each unit cell. Bottom: Accentuation of the skeletal backbone of the 30-membered
macrocycle (left) with acetyl groups and hydrogens omitted for clarity and all ring carbon atoms marked yellow; the molecular orientation corresponds to the
top left plot. The meso-butanetetrol units are successively in gauche- and anti-arrangements (as labeled), whereas the acetoxymethyl groups of the six
glycolaldehyde units are alternatingly directed towards both sides of the macrocycle. On the right, a single-loop segment of the macrocycle is enlarged, with
one (+)-gauche meso-butanetetrol/glycolaldehyde unit colored yellow and atoms labeled; in the following -OCCOCO- repeating unit, of which the carbon
atoms are in green color, the butanetetrol unit is in anti-arrangement.

secondary hydrogens of the butanetetrol units (cf. '"H NMR in
Figure 4), and the ring carbons C-2, C-4, and C-5 (*C NMR)
are largely unresolved and display unusually broad signals. At
elevated temperatures (up to +100°C), the NMR spectra (in
C,D,Cl,) exhibit one set of signals consistent with a time-
averaged C,, symmetrical structure of 2: a single low-field
triplet for H-2, chemically equivalent resonances for H-4, H-5,
and 4,5-CH,, and the 2-CH, signals (although 4,5-H* and 4,5-
H® are magnetically nonequivalent and thus, largely sepa-
rated). The acetyl resonances are resolved into two peaks with

2 R=CH,0Ac

Figure 3. Conventional formula drawing of the crown acetal 2 in the same
orientation as given in the left plots of Figure 2 to visualize the successive
gauchelanti-arrangements of the meso-butanetetrol units.

and BC-NMR patterns in CD,Cl, and C,D,Cl,, point towards
the overall shape of the solid-state conformation being largely
retained in these solvents. At ambient temperature (24 °C) the
individual ring protons, that is the acetalic hydrogen H-2, the

3368
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an integral ratio of 12:6 for the meso-butanetetrol and
glycolaldehyde units (‘H NMR in Figure 4, the *C-NMR
spectra display analogous characteristics). At lower temper-
atures (—90 to 0°C in CD,Cl,), all signals are significantly
broadened or split; most notably the H-2 protons are clearly
separated at —60°C into two triplets (cf. Figure 4), and the
acetyl groups split into four peaks with a ratio of 6:6:3:3.
Below —60°C the C-4 and C-5 signals are separated into a
total of four peaks. All of these data are consistent with the

0947-6539/00/0618-3368 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 18
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Table 1. Succession of 30 ring torsion angles in the solid-state geometry of the 30-crown-12 acetal 2 with

estimated standard deviations in parenthesis.l*!

butanetetrol segments within
the macroring. The strait-jacket

Torsion angles O, o, O, o, O of the macrocycle obviously
] 01-C2-03-C4  C203-C4-C5  03-C4C5-O1'  C4-C5-O1-C2'  C5-O1-C2-03  fayors low-symmetry confor-
A 119.3(7) —148.7(6) 71.6(8) 161.8(7) —115.7(7) mations energetically over all-
B 98.9(7) —147.3(6) —170.0(5) 135.6(6) —80.7(7) gauche or all-anii arrange-
c 136.3(6) —136.8(6) 65.9(7) 148.6(6) —127.4(7) ments, with the conformational
D 82.2(7) — 145.1(6) —173.0(6) 160.5(6) —64.7(8) o o

E 116.2(7) ~142.9(7) 70.1(7) 150.7(7) ~99.0(8) transitions occuring in a coop-
F 109.5(7) —144.4(7) —171.6(6) 146.9(7) —65.4(9) erative fashion. Hence, the sol-

[a] Torsions are listed in row-column order, equivalent torsions for 2 are listed in columns; the atom numbering
Scheme corresponds to Figure 4 (i.e., [-O1-C2-O3-C4-C5-]¢ with units labeled A-F for the 30-membered
macroring), primed atom designators refer to the neighboring unit. The torsion angles @, and Os, as well as 0,

id-state geometry of 2 can be
considered a realistic snapshot
over the state in solution.

and @, are chemically equivalent (clockwise and anti-clockwise ring numbering, symmetry Cy,); the alternating
gauche —trans sequence of units in 2 is manifested through the O-C-C-O-torsion angle of the meso-butanetetrol

units (©3). All torsion angles are listed for one molecule of 2 contained in the unit cell only, the second molecule
being the exact mirror image of the former with all torsion angles of opposite sign, respectively.

Conclusion

The solid-state structure of the
per-acetoxymethyl-substituted

12 30-C-12 crown acetal 2 detailed

herein provides the second

H-2 OAc X-ray diffraction study of a 30-

E_“g a4 8\?/9} membered crown compound,

a-cH °A S s the first being the simple ali-

4-cu§5’6ﬂ52_cﬂ2 AcO Ohe phatic 30-C-10 crown ether.?!]

5-CH; ' / A comparison of their molec-

\ i | ) 12A¢ ular geometries is interesting in

% ( = 3’33%((66/:\2 such as they are distinctly dif-

50°C A AN J ferent—not  unexpected as

40°C M‘nﬁ 3Ac -OCH,CH,O- units in crown
24°C rrsAc .

A ethers and the respective

24°C e — W -OCH,CH,0OCH,O- units in

20°C JA-A——/U“U,U—J the crown acetal are apt to

COLL A0 e ~ follow different crystal engi-

J=560Hz J=499Hz °?90°c B neering patterns. Thus, whilst

A A MMM AR the 30-membered ring in crown

s=523 =49 3 acetal 2 adopts an undulating

2 three-loop shape (Figure 2), the

Figure 4. '"H NMR (300 MHz) spectral patterns of 2 at different temperatures recorded in CD,Cl, (T=—90-
+24°C) and C,D,Cl, (T=+24- +100°C). At —60°C the H-2 resonances of the glycolaldehyde acetal protons
are separated into two triplets with equal populations, whereas at 100 °C both signals collapse into a single triplet
(see box insertions and enlarged spectra); coalescence is observed at about room temperature. The very broad
low-temperature (— 90 °C) signals between 6 =3.5-4.7 evolve into sharply resolved single peaks at above 50°C,
as the acetyl group resonances start to form separate singulets with an integral ratio of 12:6 (i.e., twelve equivalent

OAc groups at C-4 and C-5 versus six glycolaldehyde OAc residues).

notion that the solid-state geometry of 2 is largely retained in
solution as the succession of anti- and (%)-gauche-meso-
butanetetrol units reduces the ring symmetry and accounts for
the NMR patterns observed.

At higher temperatures the gauche < anti transitions are
sufficiently fast and display the time-averaged patterns,
whereas at lower temperatures 2 starts to freeze into its
solid-state geometry. The coalescence temperature 7 for the
H-2 and C-2 resonances is observed at about room temper-
ature, although the solvent had to be changed at around 24 °C.
From the low-temperature separation of the signals, and
dynamic NMR line shape analysis,?”! the rough estimate T
~290+25K yields an activation barrier of approximately
AG* ~604 5 kImol™ for the gauche < anti transitions of the
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30-C-10 crown ether macrocy-
cle organizes itself in a planar,
rectangular form, characterized
by the bridging of two parallel
sets of three -OCH,CH,- units
in anti-arrangement with two
gauche-oriented ethylenedioxy
units on either end in a handle-
like fashion (Figure 5).%!! In solution, however, both macro-
cycles are highly flexible and thus capable of elaborating
variously sized cavities, which in their size can adapt to the
size of the potential guest molecules or cations to be
incorporated. In the case of 30-C-10 this has been already
evidenced by the X-ray structure of its tetrahydrate, which has
the four water molecules located inside the substantially
widened macrocycle.

Attempts to induce the 30-C-12 crown acetals 1 and 2 to
form inclusion compounds, as of now, have not been
successful. More favorable in this respect are the 5-CD- and
y-CD-derived 35-C-14 and 40-C-16 crown acetal analogues of
1 and 2. The prospects for their acquisition in a form suitable
for X-ray structural investigations appear to be favorable, as
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Figure 5. Solid-state molecular geometries of the 30-membered macro-
cycles in a 30-C-10 crown ether?l and in the 30-C-12 crown acetal detailed

herein, that is a planar rectangular shape versus an undulated three-looped
structure.

the B-CD- and y-CD derived analogue of 2, that is the
peracetoxymethyl-substituted 35-crown-14 and 40-crown-16
polyacetals with seven and eight CCOCO-units in the macro-
cyclic core, have already been crystallized (m.p. 109-111 and
143.5-145°C). The solid-state molecular geometry of the
crown acetal with the “uneven” (seven) meso-butanetetrol/
glycolaldehyde acetal units may be predicted to resemble that
of 2, with the “uneven” unit inserted in gauche-orientation
into the alternating gauche/anti-arrangements, inasmuch as
two successive anti-disposed glycol fragments would inflict
considerable strain into the macrocycle. For the y-CD-derived
40-C-16 crown acetal analogues of 1 and 2, however, we
envisage an undulated four-loop structure, not unlike the
shape of a four-leaf clover. We hope to be in a position to
report on these issues in the near future.

Experimental Section

Octadeca-(acetoxymethyl)-30-crown-12 polyacetal (2):??! a-Cyclodextrin
(1.95 g, 2.00 mmol) was added to a stirred and cooled (0—5°C) aqueous
solution of NalO, (3.85 g, 18.0 mmol, in 90 mL) and the clear solution was
kept at 0°C in a dark ice-box for 11 d, whereafter TLC revealed a single
spot (R;=0.64, 2:2:1 nBuOH/MeOH/water) of the dodeca-aldehyde (in
one of the various hemiacetal and/or hemialdal hydrate forms possible).
Then, 1,2-ethanediol (0.34 mL, 6.1 mmol) was added while stirring to
decompose excess NalO,, the mixture was kept in a dark ice-box overnight,
and an aqueous BaCl, solution (1.90 g, 9.12 mmol, in 10 mL) was added to
the mixture. The solution as allowed to stand for a few hours at ambient
temperature, and the resulting precipitate was filtered off, followed by
evaporation of the filtrate to dryness in vacuo. The residue was suspended
in dry MeOH (20 mL), kept in a refrigerator overnight, the solids were
filtered off upon addition of charcoal, and the filtrate was evaporated to
dryness in vacuo at ~35°C. This procedure was repeated twice to give a
white powder (2.33 g), which was dissolved in MeOH/water (40 mL, 3:1).
Upon cooling (0°C) NaBH, (600 mg) was added while stirring and the
mixture was kept at room temperature overnight. Addition of acetone
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(3 mL) to remove excess reagent, neutralization with cation-exchange resin
(IR 120, H* form), evaporation to dryness, and several co-evaporations of
the residue from dry MeOH left the polyol 1 as a colorless solid. Polyol 1
was dissolved in a mixture of Ac,0O (15mL) and pyridine (30 mL), and
stirred overnight at room temperature. Subsequent evaporation to dryness
in vacuo at 40°C, followed by co-evaporation with toluene (3 x 25 mL)
afforded a syrup which was dissolved in hot EtOAc, treated with charcoal,
filtered, and evaporated to dryness. The residue was crystallized by
trituration with EtOAc/EtOH, affording 2 (3.20 g, 92 %) as colorless plates
of m.p. 171-173°C. Lit.:l" m.p. 162-164°C; yield 0.6 %. [a]% = 0.00 (c =
2, CHCl;); 'H NMR (300 MHz, C,D,Cl,, 100°C): 6=5.06 (t, 6H, J=
5.1 Hz, 2-H), 4.40 (dd, 12H, J=38.6, 4.0 Hz, 4-CH,*, 5-CH,"), 4.15-4.03
(brm, 24H, 4-H, 4-CH,® 5-H, 5-CH,?), 4.01 (d, J=5.1 Hz, 12H, 2-CH,),
2.03 (s, 36 H, 12 AcCH,), 1.98 (s, 18 H, six 2-AcCHs;); “C NMR (75 MHz,
C,D,Cl;, 100°C): 6=170.4, 170.3 (AcCO), 1014 (C-2), 771 (4-CH,,
5-CH,), 65.0 (2-CH,), 64.2 (C-4, C-5); for other temperatures, see Figure 4;
ESI-MS: m/z:1763.5 [M+Na]*; C;,H,s0.5 (1741.6): caled C 49.65, H 6.25;
found C 49.29, H 6.18.

Crystals suitable for X-ray analysis were obtained by slow crystallization of
2 from EtOH containing a small amount of EtOAc. A colorless crystal of
dimensions 0.55 x 0.20 x 0.18 mm was analyzed on a Enraf-Nonius CAD-4
diffractometer using graphite-monochromated Moy, (4 =0.71093 A) radi-
ation. Crystal data of 2: C,,H,30,3, M, = 1741.59 gmol~!, monoclinic, space
group Pn, a=15.729(2), b=12.757(1), ¢ =22.333(5) A, =96.04(2), V=
44563(12) A3, Z=2, p=1298gcm, u(Mog,)=0.103mm"!, T=
298(2)1 K. Of 7333 reflections collected, 7333 are independent (R;, =
0.0000). The structure was solved by direct methods (SHELXS-86)1*1 and
successive synthesis. Refinement (on F?) was performed by full-matrix least
squares method with SHELXL-97.21 R(F) = 0.0608 for reflections with />
2al, wR(F?)=0.2022 for all 7333 reflections (w = 1/[0*(F3) + (0.1293P)* +
2.3009P); where P=(F¢+2F?2)/3); goodness-of-fit on F?: §=1.045. All
non-hydrogen atoms were refined anisotropically; hydrogen atoms were
considered in calculated positions with the 1.2 U, value of the correspond-
ing bound atom. Graphics of Figure 2 were generated using the MolArch*
program.4l

Crystallographic data (excluding structure factors) for the structure 2
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-143715.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

Octadeca-(hydroxymethyl)-30-crown-12 polyacetal (1):?! A few drops of
2N methanolic sodium methoxide were added to a solution of octadeca-
acetate 2 (2.75 g, 1.58 mmol) in dry MeOH (50 mL) and the mixture was
stirred at room temperature overnight. After neutralization with IR-120
(H* form) the solution was evaporated to dryness in vacuo, and the residue
was crystallized from 1-propanol as colorless plates (1.30 g, 84 %); m.p.
200-203°C; '"H NMR (300 MHz, [D]DMSO): 6 =4.92 (t, 6H, J=5.6 Hz,
2-OH), 4.88 (t,6 H,J =4.9 Hz, 2-H), 4.65 (t, 12H, J = 5.4 Hz, 4-OH, 5-OH),
3.84 (brs, 12H, 4-H, 5-H), 3.65-3.45 (m, 24 H, 4-CH,, 5-CH,), 3.45-3.37
(brt,J=5.0 Hz, 2-CH,); 3C NMR (75 MHz, [D{]DMSO): 6 =103.2 (C-2),
78.3 (4-CH,, 5-CH,), 63.1 (2-CHy,), 60.9 (C-4, C-5); ESI-MS: m/z: 1007.6
[M+Na]*; C3H,,05+1.5H,0 (1012.0): caled C 42.73, H 747; found: C
42.69; H 7.52.
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Oxidative Addition of Allylic Carbonates to Palladium(o) Complexes:

Reversibility and Isomerization

Christian Amatore,*?! Sophie Gamez,'*! Anny Jutand,*'*! Gilbert Meyer,*!
Marcial Moreno-Manas,*” Lurdes Morral,'’! and Roser Pleixats!’!

Abstract: The oxidative addition of a cyclic allylic carbonate to the palladium(o)

complex generated from a [Pd(dba),]+2 PPh; mixture affords a cationic m-allylpalla-
dium(11) complex with the alkyl carbonate as the counter-anion. This reaction is
reversible and proceeds with isomerization of the allylic carbonate at the allylic

Keywords: allyl complexes - cata-
lysts - oxidative addition - palla-
dium

position. The equilibrium constant has been determined in DMF. The influence of the

precursor of the palladium(o) is discussed.

Introduction

Nucleophilic substitutions on allylic acetates [Eq. (1)]I'! and
carbonates [Eq. (2)](%? are catalyzed by palladium(o) com-
plexes (Tsuji—Trost reactions). Chiral ligands on the palla-
dium induce enantioselective reactions.®! Allylic carbonates
have some advantages over allylic acetates. They are more
reactive and do not require pre-formed anionic nucleophiles
Nu~. Instead, neutral pronucleophiles NuH can be used
[Eq. (2)] since they may be deprotonated by the basic
ethoxide RO~ generated in situ by decarboxylation of the
carbonate anion ROCQO,~ which is released in the oxidative
addition of the palladium(o) catalyst to the allylic carbo-
nate.[t 2

- Pd -
o OC0R + N ——> AN 4 Reo; M
N
A~ OCOR iy P A~ RoH + CO, ()]

Kinetic investigations by us have demonstrated clearly that
the first reaction of the catalytic cycle, namely the oxidative
addition of palladium(o) complexes to allylic acetates is a
reversible two-step reaction which leads to cationic -
allylpalladium(i) complexes. This has been established when
the palladium ligand is PPh; [Eq. (3)] and for bidentate
bisphosphine ligands (dppb, diop, dppf)."!
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E-mail: amatore@ens.fr
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[b] Dr. M. Moreno-Manas, L. Morral, Dr. R. Pleixats
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Starting from a cyclic allylic acetate and [Pd’(PPhs),], Trost
et all’ have reported that the oxidative addition, in the
absence of a nucleophile, proceeds with isomerization at the
allylic position. This brought a clear evidence of the reversi-
bility of the oxidative addition, a fact which could be
responsible of the loss of stereospecificity in catalytic
reactions. The isomerization process was first interpreted as
an attack of the acetate ion, in which the acetate ion behaves
as a nonstabilized nucleophile, on the cationic palladium(ir)
center followed by a reductive elimination (Scheme 1, route
A).[%7 This route which requires a vacant site on the
palladium(i1) center is favored in the absence of any ligand
and is inhibited by addition of chloride ions, as established by
Bickvall et al.l¥l Later on, it was suggested that the isomer-
ization might proceed via the equilibration of the intermedi-
ate m-allylpalladium(1) complex by a Sy2 mechanism induced
by the palladium(o) complex (Scheme 1, route B), where the
acetate anion behaves then as a stabilized nucleophile prone
to attack the allyl ligand rather than the palladium(i1) center.”]
Evidence of this Sy2 mechanism has been given by Bickvall et
al., starting from isolated cyclic cationic m-allylpalladium(ir)
complexes with BF,~ or TfO~ as counter-anions.['"]

The oxidative addition of palladium(o) complexes to allylic
carbonates, was generally regarded as a fast irreversible
reaction due to the supposed fast decarboxylation of the
carbonate anion ROCOQO,™ released in the reaction. In the
absence of any nucleophile, palladium(o) complexes catalyze
the formation of allylic ethers from allylic carbonates, the
RO~ anion formed by the decarboxylation of the alkyl
carbonate anion acting as a nucleophile [Eq. (4)].'
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A loss of stereochemistry was observed when starting from
a trans cyclic allylic carbonate. This was interpreted as
resulting from partial isomerization of the starting allylic
carbonate; this suggests that the oxidative addition was
reversible and the decarboxylation of the alkyl carbonate
anion not as fast.!" Indeed, some cationic mn-allylpalladi-
um() complexes have been synthesized by an oxidative
addition of a palladium(o) complex to allylic carbonates by
Ozawa and Yamamoto et al.l'”l with the alkyl carbonate anion
ROCO,™ as the counter-anion and PMe; as the ligand; this
indicates that the decarboxylation of the alkyl carbonate
anion is not so fast. Recently, stereochemical scrambling
observed by us in palladium(o)-catalyzed allylation of anilines
has been rationalized by considering a reversible oxidative
addition which proceeds with isomerization of the starting
allylic carbonate.!¥! Isomerization was effectively observed in
the presence of catalytic amount of [Pd’(PPh;),] [Eq. (5)].

We report here kinetic results which confirm that the
oxidative addition of palladium(o) complexes to allylic
carbonates is indeed reversible and proceeds with isomer-
ization of the starting allylic carbonate at the allylic position.

Abstract in French: L’addition oxydante du carbonate ally-

lique cyclique 1 avec le complexe du palladium(o), forme a

partir d’'un melange: [Pd(dba),]+2 PPh;, conduit a un com-
plexe m-allylpalladium(y) cationique avec le carbonate d’alkyle
comme contre-anion. Cette reaction est reversible et elle
s’accompagne d’une isomerisation au niveau du carbone
allylique portant la fonction carbonate. La constante d’equi-
libre a ete determinee dans le DMF. L’influence du precurseur
du palladium(o) est discutee.

Abstract in Spanish: La adicion oxidante entre el carbonato
alilico ciclico 1 y el complejo de paladio(o0) formado a partir de
una mezcla: [Pd(dba),] +2 PPh;, conduce a un complejo
cationico de m-alilpaladio con el carbonato de alquilo como
contraanion. Esta reaccion es reversible y estd acompariada de
una isomerizacion en el carbono alilico que soporta la funcion
carbonato. La constante de equilibrio ha sido determinada en
DME La influencia del precursor de paladio(o) es discutida.
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Results and Discussion

Among the various precursors of palladium(o) complexes
used in allylic nucleophilic substitutions, mixtures of
[Pd°(dba),] (dba = trans,trans-dibenzylidenacetone)  and
phosphine ligands, afford efficient catalysts.'*] The reversi-
bility of the oxidative addition of the allylic acetate to the
palladium(o) generated from [Pd(dba),]+2PPh; in DMF (S)
has been kinetically established and the value of the overall
equilibrium constant determined in the following Equa-
tions (6) —(9).1

[Pd(dba),] 4+ 2 PPh; — [Pd’(dba)(PPh;),] 4+ dba 6)
[Pd°(dba)(PPhs),] .= [Pd’(PPh;),] + dba ™
[Pd°(PPh;),] + CH,=CH-CH,-OAc = (1n*-C;Hs)Pd(PPh;),]* + AcO~ (8)
overall equilibrium: K/C,=0.035 (DMF, 20°C):

[Pd(dba)(PPh,),] + CH,~CH-CH,-OAc
L [(17-C3H:)Pd(PPhy),]* + AcO- +dba  (9)

The oxidative addition performed under the same conditions
with the allylic carbonate CH,=CH-CH,-OCO,Et resulted in
a faster and irreversible reaction; the rate constant k was
determined from conductivity measurements [Eq. (10)]:

[Pd’(dba)(PPhs),] + CH,~CH-CH,-OCO,Et
S [(7-C4H5)Pd(PPh,),]*+EtOCO, +dba  (10)

where k=1.5 moldm~*s~! (DMF, —15°C).
After prolonged reaction times, the starting palladium(o)
complex [Pd’(dba)(PPh;),] was partially recovered together
with some CH,=CH-CH,-OEt [Eq. (4)], which indicates that
some decarboxylation of the carbonate EtOCO,™ had occur-
red after a longer period of time.["!

The allylic carbonate cis-1, which is expected to be less
reactive than CH,=CH-CH,-OCO,Et, was tested in its

oxidative addition to the palladi- Me
um(o) complex generated from ]

[Pd(dba),]+2PPh;. The oxidative ad- ©
dition is supposed to afford the =
cationic trans-2 m-allylpalladium(in) '
complex in the first step. trans-2

Evidence of the reversible formation of a cationic x-allylpal-
ladium() complex in the oxidative addition of the allylic
carbonate cis-1 to the palladium(o) complex formed from
[Pd(dba),+2PPh;] by conductivity measurements in DMF

As for allylic acetates, the oxidative addition of allylic
carbonates to palladium(o) complexes is supposed to produce
ionic species, that is a cationic m-allylpalladium(i) complex
with EtOCO," as the counter-anion.["?l Conductivity measure-
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ments have been performed in DMF at 20 °C with a solution of
[Pd’(dba),] (2 mmol dm~?%) and two equivalents of PPhs, in the
presence of various amount of the allylic carbonate cis-1
(Figure 1). Starting from a residual conductivity of 1 pS, after

50

T 1T 1

R a b
40! v+ dba (5 equiv.)
1) n=49
I |+ dba
>30¢ (44 equiv.)
=
©
220"
c
(=]
o
10 -
0
0 500 1000 1500 2000
t/s —>

Figure 1. Conductivity measurements in DMF at 20°C. Part a: [Pd(dba),]
(2 mmol dm~—3) and PPh; (4 mmol dm~3) in the presence of n equivalents of
cis-1. Partb: [Pd(dba),] (2 mmoldm=—), PPh; (4 mmoldm™), cis-1
(98 mmoldm) in the presence of added dba: 5 and then 44 equiv
compared with [Pd(dba),].

addition of n = 1.8 equiv cis-1, the conductivity increased as a
function of time to reach a plateau (Figure 1, part a).
Successive addition of cis-1 resulted in the same phenomenon
thus enhancing the plateau conductivity value. From these
experiments, it is established that ionic species are indeed
formed by reaction of a palladium(o) complex with the allylic
carbonate and that this reaction is an equilibrium because the
ionic species steady concentration increased when the allylic
carbonate concentration is increased beyond the 1:1 stoichi-
ometry. The conductivity decreased when dba was added
(Figure 1, part b), establishing that dba is involved in the
equilibrium with the allylic carbonate and shifts the equili-
brium back to the formation of the neutral allylic carbonate.
Since the anion EtOCO,~ has been characterized by 'H-NMR
spectroscopy (vide infra), we assume that the allylic carbonate
cis-1 reacts with the palladium(o) through an overall rever-
sible reaction (11) which affords a cationic n-allylpalladium(1))
complex 2 with EtOCO,~ as the counter-anion.

[Pd®(dba)(PPhy),] + allyl-OCO,Et (1)

K,
= [(-allyl)Pd(PPhy),]* (2) + EtOCO,~ +dba  (11)

Evidence of the reversibility of the oxidative addition of the
allylic carbonate cis-1 to the palladium(o) complex formed
from [Pd(dba),]+2PPh; by UV spectroscopy: Determination
of the equilibrium constant in DMF

As already reported, the complex [Pd’(dba)(PPhs),] (1 mmol
dm3 in DMF) formed in a {[Pd(dba),]+2PPh,} mixturel! is
characterized by its absorption band (4,,, =396 nm) in UV
spectroscopy (Figure 2, left).[1**] Addition of one equivalent of
cis-1 to this solution resulted in a fast decay of the absorbance
of [Pd’(dba)(PPhs),] which reached a constant value. Succes-
sive additions beyond the 1:1 stoichiometry of cis-1 resulted in
successive additional decays of the absorbance of

3374
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Figure 2. Left: UV spectrum performed in DMF in a 1 mm path cell with a
solution of [Pd(dba),] (1 mmoldm—) and PPh; (2 mmoldm™) in the
presence of n equivalents cis-1 at 20°C. Right) Determination of the
equilibrium constant K; in DMF [Eq. (11)] from UV spectroscopy. Plot of
(1+x)/((1 = x)(n — x)) as a function of 1/x2. C,=[Pd(dba),],, n: equivalent
of cis-l, x=(Dy—D)/(Dy—D.) (Dy: initial absorbance of
[Pd’(dba)(PPh;),], D.,: absorbance at the equilibrium position, D.:
absorbance when the equilibrium (11) is totally shifted toward its right-
hand side). Slope =0.14 = K,/C,.

[Pd°(dba)(PPhs),], thus confirming that this complex and cis-1
are involved in an equilibrium (11). The equilibrium constant
K, was determined from UV spectra of solutions of [Pd(dba),]
(initial concentration: C,) containing two equivalents of PPh;
and various amounts of cis-1 (n equivalents).

At equilibrium: [Pd’(dba)(PPhs),] = C,(1 —x); [1] = Cy(n —
X); [2] = Cyx; [EtOCO, | = Cyx; [dba] = Cy (1 +x)

[2] [EtOCO;] [dba] K,

= =

[Pd’(dba)L,)] Cyx?

x=(Dy—D.)/(D,— D) (Dy: initial absorbance of [Pd’(dba)-
(PPhs),] at A=420nm, D.,: absorbance at the equilibrium
position, D : absorbance when the equilibrium (11) is totally
shifted toward its right-hand side).

The plot of (14x)/((n —x)(1 —x)) versus 1/x? for different
values of n was linear with a zero intercept (Figure 2, right). The
equilibrium constant K; was then determined from the slope
of the regression line with K;/Cy=0.14 (£ 0.01) (DMF, 20°C)

(1+4x)
(1=n)(n—x)

Evidence of the isomerization at the allylic position during the
oxidative addition of allylic carbonate to [Pd’(PPh;),] and to
the palladium(o) complex formed from [Pd(dba),+2 PPh;] by
NMR spectroscopy

The isomerization of cis-1 to trans-1 has been already
observed by us in the presence of a catalytic amount of
[Pd°(PPh;),] in THF at room temperature.l'® This reaction has
been reinvestigated with [Pd(dba),+2PPh;] and a stoichio-
metric amount of cis-1 to characterize the m-allylpalladium(ir)
complex 2 formed in the oxidative addition. The reaction was
performed in CDCl; and monitored by 'H-NMR spectroscopy
(400 MHz). Twenty minutes after mixing, the spectrum
showed the signals characteristic of the trans-1 compound as
identified by comparison with the authentic sample. Its
concentration progressively increased as a function of time
at the expense of cis-1. After 1 h, a ratio of cis-1:trans-1 40:60
was found which is close to the equilibrium ratio observed
when the isomerization was induced by [Pd°(PPhj;),].[""!
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Additional signals were also observed twenty minutes after
mixing, that is before the isomerization equilibrium cis-1/
trans-1 was fully reached. A triplet at 6 =1.26 (3H, J=7 Hz)
associated to two quadruplets at 6 =3.74 and 3.75 2H, J=
7 Hz) characterized for the CH; and CH, protons of the ethyl
carbonate anion CH;CH,OCO, .[' A broad signal at § = 4.93
(Av,,, =60 Hz) which integrated for 2H when compared with
the signal of CH;CH,OCO,™ charac-
terized the two allylic protons H; of

i the cationic sm-allylpalladium(i) com-

plex 2.
H1Pd+H Hi A second broad signal at 0=06
o P/ha\Pthg integrating for 1H characterized the

2 allylic proton H, of complex 2. These
two signals are very similar in posi-
tion to that of isolated related com-

plexes!'¥) except that they are broader, as expected for species
involved in an equilibrium. A thin doublet at 6 =0.99 (3H,
J=7Hz) characterized the Me substituent on the cycle in
complex 2. Due to the cis-1/trans-1 isomerization process, the
cis-2 and trans-2 complexes should be observed and charac-
terized by two different doublets for the Me group as
observed for OMe or CO,Me substituents of related cis and
trans cationic m-allylpalladium complexes.'”) A 3P-NMR
(101 MHz) spectroscopy performed on the same solution
exhibited beside the two signals of [Pd’(dba)(PPh;),] at 6 =
26.81 and 24.63, a signal at 23.11 assigned to the cationic -
allylpalladium complex 2. The cis-2 and frans-2 complexes
could not be discriminated by *'P- and 'H-NMR performed in
CDCl;, thereby suggesting that they are involved in a fast
equilibrium. However, in DMF, a solution of [Pd(dba),]
and 2PPh; containing 6 equiv of cis-1 exhibited, beside
the two signals at 0 =2747 and 25.64 characteristic of
[Pd°(dba)(PPh;),], two broad signals at 6 =24.42 (Av,,=
20 Hz) and 23.58 (Av;, =32 Hz) in the ratio 38:62 which are
assigned to both cationic complexes 2.

These results show that the oxidative addition affords a
cationic m-allylpalladium(ii) complex with the ethyl carbonate
as the counter-anion by an overall equilibrium [Eq. (12)]
which is established in less than 20 min as observed in UV
spectroscopy and by conductivity measurements while the
overall cis-1/trans-1 isomerization requires a much longer
time. The "H-NMR signals of the cationic complex and of the
ethyl carbonate anion in CDCIl; remained unchanged after
1 h; this indicates a relative stability of the ethyl carbonate
anion in chloroform*?! with respect to its decarboxylation.

[Pd°(dba)(PPhs),] + cis-1/trans-1
= cis-2/trans-2+EtOCO, +dba K,

12)
On the '"H-NMR spectrum of a solution of [Pd°(PPh;),] and
one equivalent of cis-1 in CDCl;, a mixture of cis-1 and trans-
1 was observed whose equilibrium ratio was already reached
after 15 min. The ratio of the carbonate anion over the cis-1
and trans-1 mixture was about 20 % higher than that obtained
when the oxidative addition was performed from
[Pd(dba),+2PPhs]; this gives evidence that the equilibri-
um (13) is more shifted toward its right-hand side than the
equilibrium (12) (for example K, > K;). However, the signal

Chem. Eur. J. 2000, 6, No. 18
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of the CH, protons of the ethyl carbonate anion was less
resolved and appeared as one broad quadruplet instead of two
quadruplets; this indicates that the equilibrium (13) is faster
than (12) on the NMR time scale.

[Pd°(PPh;);] + cis-1/trans-1

13
= cis-2/trans-2 + EtOCO, +PPh; K, (13)

In DMEF, a solution of [Pd(PPh;),] containing 30 equiv cis-1
exhibited two broad signals at 6 =24.35 (Av,, =50 Hz) and
23.50 (Av,, =60 Hz) in the ratio 42:58 which are assigned to
both the cationic complexes 2. These signals are broader than
when starting from [Pd(dba),]+2PPh; (vide supra), which
suggets that the complexes are involved in a faster equilibrium
as observed in 'H-NMR spectroscopy (vide supra).
Whatever the precursor of the palladium(o) complex,
{[Pd(dba),]+2 PPhs} or [Pd’(PPh;),], [Pd’(PPhs),] is the active
complex which reacts with the allylic carbonate [Eq. (14)].

oo /l\/OCOZEt//\\
PdoL, + vy 2 = Pd0 === Pd+ + EtOCO; (14)
L/ AN L L/ AN L

The main difference between the two catalytic precursors
considered in this study stems from the availability of
[Pd°(PPh;),] whose concentration is controlled by equilibri-
um (15) or (16) according to the precursor.

[Pd’(dba)(PPh,),] .= [Pd°(PPh,),] + dba (15)

[Pd°(PPh;),] = [Pd°(PPhs),] + PPh; (16)

From previous work!# it is known that the concentration of
[Pd°(PPh;),] in the equilibrium (16) is higher than in the
equilibrium (15) and is responsible for the higher reactivity of
[Pd°(PPh;),] compared with that of {[Pd(dba),]+2PPh;} in
oxidative addition (about tenfold). The fact that the overall
equilibrium (13) is slightly more shifted toward the formation
of the cationic complex than the equilibrium (12) (K, > K)) is
then consistent with the overall higher reactivity of
[Pd°(PPh;),] compared with that of {[Pd(dba),]+2PPh;} in
oxidative addition. The higher concentration of [Pd°(PPhs),]
in equilibrium (16) versus that in equilibrium (15) is at the
origin of the faster cis-1/trans-1 equilibration observed when
starting from [Pd°(PPh;),]. This is in favor of an overall
isomerization proceeding through a reversible Sy2 mechanism
between the trans-2 and cis-2 cationic complexes (Scheme 2),
followed by the nucleophilic attack of the ethyl carbonate
anion onto the m-allyl ligand.

Me Me

© + PdoL, +PdOLy @ - PdoL, ©
EtOCO; tocoy
Pd+ + EtOCO; a+ +Et0cO; E0C02
cis-1 trans-1
[ { %
L =PPh, trans-2 cis-2

Scheme 2. Mechanism of the oxidative addition of allylic carbonate to Pd’
complexes.
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As for [Pd(dba),]+dppe,’! we did not observe any cis-1/
trans-1 equilibration at room temperature when starting from
[Pd(dba),]+(+)diop.

Conclusion

The oxidative addition of the allylic carbonate 1 to the
palladium(o) complex generated from [Pd(dba),] and 2PPh;
affords a cationic m-allylpalladium(ir) complex 2 with the ethyl
carbonate as the counter-anion. The reaction is reversible (K;/
Cy=0.14 in DMF at 20°C) and proceeds with isomerization at
the allylic position. The isomerization rate depends on the
precursor of the palladium(o) active in the oxidative addition.

Experimental Section

General: '"H-NMR spectra were recorded on a Bruker spectrometer
(400 MHz) with TMS as an internal reference. 3'P-NMR spectra were
recorded on a Bruker spectrometer (101 MHz) with H;PO, as an external
reference. UV spectra were recorded on a DU 7400 Beckman spectropho-
tometer. Conductances were measured on a Tacussel CDM210 conductim-
eter (cell constant=1 cm™).

Chemicals: DMF was distilled from calcium hydride under vacuum and
kept under argon. PPh; was commercially available (Acros). [Pd(dba),]!""]
and cis-11""! and were prepared according to reported procedures.

UV experiments: They were performed in a thermostated 1 mm path
length cell on mixtures of [Pd(dba),] (1 mmoldm~3) and 2 equiv PPh; in
DMEF and the suitable amount of the allylic carbonate cis-1.

Conductivity measurements: They were performed in a thermostated cell
containing DMF (15 mL), [Pd(dba),] (17.2 mg, 0.03 mmol), PPh; (15.7 mg,
0.06 mmol), and the suitable amount of the allylic carbonate cis-1.
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Syntheses and 'H-, 1*C- and "N-NMR Spectra of Ethynyl Isocyanide,
H—C=C—-N=C, D-C=C—N=C and Prop-1-ynyl Isocyanide, H;C—C=C—-N=C,
D;C—C=C—N=C: High Resolution Infrared Spectrum of Prop-1-ynyl

Isocyanide

Hans Biirger,*!*! Dieter Lentz,*!?! Britta Meisner,?! Natascha Nickelt,!?!
Dagmar Preugschat,*! and Michael Senzlober!!

Abstract: Ethynyl isocyanide, H-C=
C-N=C (1a), deuteroethynyl isocya-
nide, D—C=C-N=C (1b), prop-1-ynyl
isocyanide, H;C—C=C-N=C (1¢), and
trideuteroprop-1-ynyl isocyanide, D;C—
C=C—N=C (1d) are synthesized by flash
vacuum pyrolysis of suitable organome-
tallic precursor molecules (CO)sCr-
(CN—CCI=CCIH) (5a), (CO)sCr(CN—
CCI=CCID) (5b), (CO);Cr(CN—CCI=
CCI—CH;) (5¢) and (CO)sCr(CN—
CCI=CCI-CD;) (5d), respectively.
Compounds Sa-d are formed in two

mate, NEt[Cr(CO)s(CN)] (2) by
1,1,2,2,-tetrachloroethane (3a), 1,1,2,2-
tetrachloro-1,2-dideuteroethane  (3b),
1,1,2,2,-tetrachloropropane (3¢), and
1,1,2,2-tetrachloro-1,3,3,3-tetradeutero-
propane (3d) yielding [(CO)sCr(CN—
CCl,—CCl,—H)] (4a), [(CO)sCr(CN—
CCL,—CCLL,D)] (4b), [(CO)sCr(CN—
CCl,—CCl,—CH;)] (4c¢), and [(CO)sCr-
(CN—CCl,—CCl,—CDs)] (4d). Dehalo-

Keywords: alkynes . chromium -
high resolution IR spectroscopy -

genation of 4a—d using zinc in diethyl-
ether/acetic acid gives Sa-d, respec-
tively. A multinuclear NMR study re-
vealed the 'H-, 3C- and "N-NMR data
of 1a and 1c. Molecular spectroscopic
data of 1c¢ were determined by high
resolution infrared spectroscopy. The
by-products of the pyrolysis are the E
and Z isomers of the halogenated ethen-
yl isocyanides H(Cl)C=CCI-NC (6a)
and H;C(Cl)C=CCI-NC (6¢) which
have been characterized by IR, MS and
NMR spectroscopy.

steps by radical alkylation of tetraethyl-
ammonium pentacarbonyl(cyano)chro-

Introduction

More than 100 years after the synthesis of the first isocyanides,
ethyl isocyanide by Gautierl! and phenyl isocyanide by
Hofmann?! we reported on the preparation, microwave
spectroscopic study and structure of the first alkynyl isocya-
nide, ethynyl isocyanide, H-C=C—NC.Fl This has been
studied by Hel and Hell photoelectron spectroscopy,*
millimeter-wave spectroscopy,’) and high-resolution FT-IR
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isocyanides

spectroscopy.l! Recently the very unstable CN—C=C—CN
molecule which had only been obtained before in an argon
matrix and characterized by IR spectroscopy!”! could be
synthesized, and a broad study has been performed by a group
of connected laboratories.[’] Fehlhammer et al. succeeded in
synthesizing and stabilizing H-C=C-NC, Me;Si—-C=C-NC
and CqH;—C=C—NC on a transition metal complex.”) How-
ever, no attempt has been made to obtain the free isocyanide.

Furthermore, alkynyl isocyanides are molecules of astro-
chemical interest. Soon after the discovery of H-NC[I®! and
H—C=C—CN! in interstellar molecular clouds Wilson pro-
posed that the isomer H-C=C—NC might be an interstellar
molecule, too, and calculated the rotational constant by ab
initio methods.'l Additional theoretical work including
related molecules like propynyl isocyanide has been pub-
lished by various groups.'> 'l Immediately after the labora-
tory data of H-C=C—NC were known Kawaguchi et al.
reported on the detection of ethynyl isocyanide in the
interstellar molecular cloud TMC-1.91 In 1997 there a was
second report about its identification in TRC + 10216.1¢] In
1992 the missing third isomer HNCCC was also found in
TMC-1 by the same groupl'”l mainly based on theoretical
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calculations by Botschwina et al.,['8! and laboratory millimeter
wave spectroscopic work of Hirahara et al.l'”! Interestingly the
interstellar chemistry of cyano alkynes is not limited to
H-C=C-CN. A whole series of cyano polyynes
H—(C=C),—CN has been detected and the question of the
carbon source of these molecules has led to the discovery of
Cy, buckminster fullerene.?”) Recently, Thaddeus et al. suc-
ceeded in generating H—(C=C),—NC (n =2,3) (approximately
0.1 to 1 pmole) by electrical discharge in a molecular beam of
butadiyne, propynenitrile or others seeded in Ne, besides
large amounts of other compounds.?"- 22 The detection of the
isocyanopolyyne molecules is based solely on Fourier trans-
form microwave spectroscopy in combination with ab initio
calculations.

As propynyl cyanide (butyronitrile), H;C—CC—CN, could
also be idendified in the interstellar space, the existence of
propynyl isocyanide in dark molecular clouds may be
expected.” In continuation of our work on alkynyl isocya-
nides, organometallic pathways to unstable isocyanides and
molecules of radioastronomical interest we report in detail on
the synthesis and NMR spectroscopic data of ethynyl
isocyanide and propynyl isocyanide and the high resolution
infrared spectrum of propynyl isocyanide.

Results and Discussion

Syntheses: The syntheses of eth-1-ynyl isocyanide (1a), its
isotopomer D—C=C—NC (1b), and prop-1-ynyl isocyanide 1¢
and the deuterated compound 1d are outlined in Scheme 1.
Radical alkylation of tetraethylammonium-pentacarbonyl-

Abstract in German: Ethinylisocyanid, H—-C=C—N=C (1a),
Deuteroethinylisocyanid, D—C=C—N=C (1b), Prop-I1-inyliso-
cyanid, H;C—C=C—N=C (1c) und Trideuteroprop-I-inyliso-
cyanid, D;C—C=C—N=C (1d) konnten durch Vakuumpyrolyse
geeigneter Organometall-Precursor-Molekiile wie [(CO)s-
Cr(CN—CCECCIH)] (5a), [(CO)sCr(CN—CCI=CCID)]
(5b), [(CO)sCr(CN—CCI=CCI—CH;)] (5¢) und [(CO);Cr-
(CN—CCECCI-CD;)] (5d) erhalten werden. Die Verbindun-
gen 5a—d werden jeweils in zwei Stufen synthetisiert. Durch
radikalische Alkylierung von Tetraethylammoniumpentacar-
bonyl-(cyano)chromat, NEt,[Cr(CO)s(CN)] (2) in 1,1,2,2,-
Tetrachlorethan (3a), 1,1,2,2-Tetrachlor-1,2-dideuteroethan
(3b), 1,1,2,2,-Tetrachlorpropan (3¢) und 1,1,2,2-Tetrachlor-
1,3,3,3-tetradeuteropropan (3d) erhilt man [(CO)sCr(CN—
CCL—CCl,-H)] (4a), [(CO);Cr(CN—CCL—CCL,D)] (4b),
[(CO);Cr(CN—CCl,—CCl,—CH;)] (4c¢) und [(CO);Cr(CN—
CCL—CCl,—CD;)] (4d). Dehalogenierung von 4a-d mit
Zink in Diethylether/Eisessig ergibt 5a—d. Aus ein- und
zwei-dimensionalen NMR Spektren konnten die 'H-, 3C- und
BN-NMR spektroskopischen Daten von 1a and 1 c erhalten
werden. Molekiilspektroskopische Daten von 1c wurden
mittels hochaufgeloster IR Spektroskopie bestimmt. Die Ne-
benprodukte der Pyrolysereaktionen sind die E und Z Isomere
der halogenierten Ethenylisocyanide H(Cl)C=CCI-NC (6a)
und H;C(Cl)C=CCI-NC (6¢), die durch IR, MS und NMR
Spektroskopie charakterisiert wurden.
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Scheme 1.

(cyano)chromate (2) in the presence of stoichiometric
amounts of benzenediazonium tetrafluoroborate following a
procedure described by Fehlhammer et al.? using 1,1,2,2-
tetrachloroethane (3a), 1,1,2,2-tetrachloro-1,2-dideutero-
ethane (3b) or 1,1,2,2,-tetrachloropropane (3¢), and 1,1,2,2-
tetrachloro-1,3,3,3-tetradeuteropropane (3d) as solvents
yields pentacarbonyl(1,1,2,2-tetrachloroethyl isocyanide)-
chromium (4a), its deuterated isotopomer 4b, pentacarbon-
y1(1,1,2,2-tetrachloropropyl isocyanide)chromium (4¢), and
its deuterated analogue 4d, respectively. Dehalogenation of 4
using zinc powder in diethylether in the presence of acetic
acid yields Sa—d as a mixture of the £ and Z isomers. No
attempts have been made to separate the isomers as TLC
using different eluents indicates similar R; values for the
isomers.

The spectroscopic data of 4a and Sa are in perfect
agreement with those published by Fehlhammer et al.?l The
purity of the deuterated isotopomers 4b and 5b was checked
by 2D-NMR spectroscopy. The characterization of 4¢-d and
5c¢-d is based on spectroscopic methods. The 'H-NMR (*°D-
NMR) spectrum of 4¢ in CDCl; and 4d in diethylether shows
a single resonance at 0 =2.44 (6 =2.53). The BC{'H} NMR
spectrum of 4¢ consists of eight signals which are assigned as
follows: 0 =32.3 (CHj;), 91.7 (CCL,—NC), 92.8 (H;C—CCl,),
192.8 (NC), 212.7 (COy;), 213.8 (CO,,4s)- As Sc is obtained as
a mixture of the £ and Z isomer, two sets of resonances are
observed both in the 'H- and *C-NMR spectra. Integration of
the signals in the 'TH-NMR spectrum allowed an estimation of
the isomer ratio of 2.4:1. However, the spectra did not allow
an unambiguous assignment of the resonances to the E or Z
isomer.

Flash vacuum pyrolysis of Sa—b at 240°C yielded 1a-b
which were trapped at —196°C, purified by fractional
condensation in vacuo (1073 Pa) through traps kept at — 196,
—125, and —78°C, and analyzed by NMR, IR, and mass
spectra. According to the mass spectroscopic analysis almost
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pure 1ais collected in the trap kept at —125°C. The —196°C
trap contains la besides chloroethyne and HCN; this
indicates that the elimination of CICN is the second, less
favored reaction channel of the pyrolysis of 5a. 1,2-Dichloro-
ethenyl isocyanide (6a) is collected in the trap kept at —78°C
and characterized by spectroscopic methods.

The mass spectrum of 1a exhibits the molecular ions at
m/z =51 as well as fragment ions due to loss of H (m/z =50)
or HC, (m/z=26). As long as the pyrolysis temperature is
kept at 240°C no evidence for the formation of the isomeric
propynenitrile can be found in the IR spectrum in which 1a
exhibits strong absorptions at 3339, 2219, 2037, 1228, and
621 cm~'. High resolution IR data, MW and MMW spectra of
1a and 1b were reported elsewhere.® >

Figure 1 compares the structural data of 1a and 1¢ obtained
from the rotational constants of several isotopomers [ ] with
those of the related nitriles?®» % and cyanoisocyanoacetyl-
ene.l’l As expected, related C—C bond lengths exhibit only
small variations and the nitrile C=N bond is shorter than the
isocyanide N=C bond. Although 1a polymerizes readily in the
condensed phase, 1a is perfectly stable in the gas phase at low
pressure even at ambient temperature or in dilute solutions at
—65°C. This fact allowed us to obtain NMR spectroscopic
data of 1a by a combination of one- and two-dimensional

1.055(1) 1.202(1) 1.318(1) 1.176(1)
H—C=C—N=C 1a

1.454(2) 1.208(3) 1.316(2) 1.176(1)
C=C—N==C 1c

H,C

1.057(2) 1.203(2) 1.382(2) 1.157(2)
H—C=C—C=N

1.458(10)1.203(10) 1.379(10) 1.157(10)
H,C—C=C—C=N

1.160(1) 1.368(1) 1.211(1) 1.306(1) 1.178(1)
N=C—C=C—N=C

Figure 1. Structural data (r/A) of 1aPl and 1¢! in comparison to

H—C=C-CN,?" H;C—C=C—CN,l and CN—C=C—CN.BI

methods. The '"H-NMR spectrum of 1a in CD,Cl, exhibits a
resonance at 0 =2.29 which shows a correlation due to scalar
coupling to the nitrogen isotope N in the gradient selected
HMOQC spectrum. This results in a chemical shift value of 0 =
—2275 relative to nitromethane in a region typical of
isocyanides.’®! The *C{'H} NMR spectrum exhibits two
resonances at 0=479 (H-C=C-N=C) and 160.2
(H-C=C—N=C) besides a very broad, but weak signal at
0=061.6 (H-C=C—N=C) which could not be unambiguously
detected in the one-dimensional spectrum due to the poor
signal-to-noise ratio. However, an unambiguous result was
obtained by a gradient selected correlation spectrum shown in
Figure 2 which further allowed the determination of
LJ(*H,®C) =273 Hz and %J(*H,®C) =59 Hz.

As expected, 1,2-dichloroethenyl isocyanide (6a) is formed
as a mixture of £ and Z isomers. The mass spectrum exhibits
the molecular ion at m/z =121 besides fragment ions by loss
of CI, CICN, and Cl,. The infrared spectrum of gaseous 6a is
dominated by a very strong absorption at 2101 cm~! which can
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Figure 2. Gradient selected heteronuclear bond correlation experiment
(*H{"*C}-HMBC) of ethynyl isocyanide 1a.

be assigned to the N=C vibration. A band due to the C—C
double bond is observed at 1601 cm~'. Gradient selected
'H,®C correlation spectra allow the determination of the
chemical shift values and coupling constants of the alkene
proton and carbon atoms. Due to the lack of a scalar coupling
no correlation to the isocyanide carbon atom could be
observed. At first sight no direct assignment of the £ and Z
isomers to the two different signal sets seems to be possible.
However, in 1,2-difluoro derivatives such as 1,2-difluoroe-
thene,® 1,2-difluoroethenyl isocyanide and pentacarbon-
yl(1,2-difluoroethenyl isocyanide)B” the proton resonance of
the Z isomer is observed at higher field than that of the E
isomer. Thus, one might assume that the major isomer of Sa
and 6a can be assigned to the Z isomer, too. However, the
difference in 'H chemical shift values in E- and Z-12-
dichloroethene is very small with the E isomer about 0.04 ppm
at higher field®! which makes the above mentioned assign-
ment ambiguous.

The mass spectrum of 1¢ exhibits the molecular ion m/z =
65 as most abundant ion and smaller fragment ions due to
successive loss of protons, CH, and CH;. Signals at m/z =100
and 135 indicate the presence of small amounts of 1,2-
dichloroprop-1-enyl isocyanide as an impurity. The "H-NMR
spectrum at — 65 °C shows a singlet at 6 = 1.88 corresponding
to the methyl protons and signals at 6 =2.24 and 2.33, which
can be assigned to the E and Z isomers of 1,2-dichloroprop-1-
enyl isocyanide. The 3C-NMR data of 1¢ could be obtained
and assigned by a combination of one- and two-dimensional
techniques. The methyl carbon atom is observed as a quartet
at 0 =2.57, Uy = 134 Hz. Whereas the methyl bonded alkyne
carbon atom exhibits a well resolved quartet at 6 =55.57,
2Jcu=11 Hz, the nitrogen bonded alkyne carbon atom can
hardly be recognized in the one dimensional “C-NMR
spectrum due to line broadening by unresolved coupling to
the nitrogen isotope “N. A gradient selected heteronuclear
bond correlation experiment (HMBC) allowed the unambig-
uous assignment of this resonance at 0 =59.1. The isocyanide
carbon atom shows a resonance at 0=155.24 typical of
isocyanide carbon atoms. Two weak signals at 0 =21.0 and
23.0 are due to the E and Z isomer of 1,2-dichloroprop-1-enyl
isocyanide, respectively. Finally a gradient selected hetero-
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nuclear bond correlation experiment (HMBC) revealed the
5N chemical shift of the isocyanide nitrogen atom at ¢ = —225
(CH;NO,, external standard).

The low resolution IR spectrum of 1¢ in the gaseous phase
is dominated by one very strong band (2083 cm™') besides
several weak bands which will be discussed below. The results
of an independent millimeterwave and microwave study by
Guarnieri et al. are published elsewhere.”! Ab initio calcu-
lations of 1¢ and 1d by Botschwina et al.l’”? will be reported
independently.

High resolution infrared spectrum of propynyl isocyanide:
CH;CCNC has C;, symmetry and possesses 6 A; and 6 E
vibrational fundamentals. We have observed the A, funda-
mentals 7, — 7; which reveal typical compact POR structure,
and the E fundamentals 7;— 7, showing pronounced and
widely spread PRQy branches. A search for 7, and 75 in the
appropriate ranges was only of little success, in agreement
with the predicted low intensities,’? while 7 and 7, — 7,, were
outside the spectral range covered by the present investiga-
tion. Table 1 gives the presently best experimental wave-
numbers of the vibrational fundamentals.

Compound 1c is a prolate symmetric top with an extremely
large A:B ratio of about 74. It is therefore not surprising that
the energy levels of 1 ¢ offer many possibilities for anharmonic
and rotational perturbations. Furthermore, Q branches of
parallel bands are very weak and therefore difficult to detect.
The low wavenumbers of #;; and 7¥,, 285 and 143 cm1*
cause very strong hot bands, Boltzmann factors at room
temperature (to be multiplied by 2 for (#,+7) — 7, i=1-3
and 7-9;r=11 and 12, respectively, to get relative intensities)
being 0.25 (r=11) and 0.50 (t=12). Consequently hot bands
with 7, as lower level may be as strong as the cold band (for a
detailed evaluation of hot band intensities see ref. [33]). It is
therefore crucial to have a tool enabling discrimination of cold
and hot bands. Since, however, only few lines were resolved
this cannot be easily done in the usual fashion by means of
combination differences of P and R lines sharing a common
upper level.

Ground state constants available from microwave measure-
ments/?’! were most useful for the analyses. That in reality hot
band J clusters in the 2P and R branches of the parallel bands
7, — 73 are not always as prominent as those of the cold bands
is due to differences in the K-dependent parameters of the

Table 1. Molecular parameters of CH;CCNC; ground state [cm~1].12]

lower and upper E states involving ¥, and 7}, on the one hand,
and to perturbations of the upper states on the other hand.

We have observed the parallel bands 7, — 7; of CH;CCNC
located at 2941.01, 2289.15, and 2082.99 cm~!, respectively and
resolved their J clusters. These bands are illustrated by
Figure 3A - C. As is evident from Figure 3A the parallel band

V7

Ry A

2950 v/cm™ ' 3050

V2
hb
Vo

. B

2275 viem™ 2295

2070 v/em 2050

Figure 3. #,/7; (A), 7, (B) and #; band (C) of CH;CCNC. For experimental
details see Table 4.

7, is superimposed on a perpendicular band (#,), *Q,, *Qs, and

PO, branches of 7, standing out of the P, Q, R-type structure of

7,. The Q branch of 7, is weak but discernible, and J clusters
are sharp and were followed up to J'=52.

The next parallel band 7, is weak and overlapped by lines of

residual *CO,, Figure 3B. The strongest hot band, presum-

ably (7, + 7,) — 745, is displaced

by x,;,=—110cm™". On the

contrary, 7, is very strong, in

7 7y [em™) (Ag—A") (By—B") (Ac?) No. data J o fact by far the strongest band of

[10-*cm™] [cm™] [Kyal  [102%cm™']  all, and well resolved into J
7 2941.0122(4) —0.027(3) 68 5Ib] 1.7 clusters, Figure 3C. Here, the O
v,  2289.14847(18) 3.3244(4) 122 99lb] 1.3 branches of the cold and of the
73 2082.98788(5) 1.83636(10) 179 1071 0.45 strongest of the hot bands are
7o 1395 quite sharp, and the anharmonic-
¥, 2984.91(10) 0.373(21) - fe] ; ’ o
Py 1447.9(14)4 —1.6(4) _ fel ity constant, x;;,=—0.90cm™,
7, 1032.500(5)! —3.137(29) 0.267(30) 21508 (4) 35 28 43 has been determined.

[a] Ref. [25] A=5.297; B=7.3261823 x1072; D;=3.4854 x107?%; Dx=7.2193x10"7; Dx=0 (constrained);
this work B=7.32609(5) x 1072, D;=3.44(3) x 10~°. [b] See text. [c] Estimated from Coriolis effects and low
resolution spectrum. [d] For A, fixed to 5.297 cm~". [e] See Tables 2 and 3.

3380

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Since the ?P and ©R clusters
of 7, — 73, although sharp, could
not be resolved into K compo-
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nents, we had to fit the peak maxima. The constant Dy has a
very small value and we do not know exactly the K values
associated with the peak maxima. Therefore, no K correction
could be applied.

First, a polynomial fit was performed according to:

Vops = a + bm +cm?+ dm? (€9

with the approximations a =v%,, b=(B'+B"), c=(B'—B"),
d=—4Dj; and m = —J in the P and J+1 in the R branch. The
results of this fit and their standard deviations are consistent
with those of a fit using a conventional model in which the
peaks were assigned to K=0. Ground state and 7, energies
(s=1-3) were taken as:

E(v,J, K) =70+ B, J(J+1)+(A, — B)K> @
— D}JX(J+1)? — Di JJ+1)K? — Dy K*

and Dj and Djk constrained to their ground state values
obtained from the rotational spectra, Table 1. A, was adopted
from the ab initio calculation and D fixed to zero.

Now 70 and a® = (B, — B’) are physically more meaningful
because B’ is no longer correlated with the ground state
parameter B,. The values of the former parameters are set out
in Table 1. The difference (D;. — Dy’), when calculated, was
almost zero which is a proof of the absence of rotational
perturbations in the ¥, — 75 states. Such perturbations would
supposedly exert effects on the sharpness of the J clusters and/
or on the value of (Dy. — Dy').

In order to independently determine the ground state
parameters By and D} of 1¢ from the infrared spectra we have
merged the data of ¥, —7; and fitted 106 ground state
combination differences (GSCD) with o(Fit)=5 x 10~ cm~.
The following ground state values were obtained:

B,=0.0732609(5) cm ", DY =3.44(3) x 10~ cm ™!

These parameters do not differ by more than two of their
standard deviations from the more accurate ones determined
by pure rotational spectroscopy./” The inevitable presence of
systematic errors due to omission of K-dependent contribu-
tions (D;x) should, however, be mentioned. Regretably,
combination differences could not be formed from individual
J, K lines belonging to the perpendicular bands.

The perpendicular bands 7, -7, consist of strong and sharp
QO branches revealing strong —weak —weak intensity alterna-
tion for the K=3p and K =3p + 1, O branches, respectively,
with p=0, 1, 2. Each of these Q branches, which altogether
span a spectral region of more than 100 cm~!, consist of a
bunch of components whose shifts from the strongest (“cold”)
Q branch vary in an irregular fashion. The different, rather
sharp components represent mostly the entire unresolved J
manifold of cold and hot band Q branch transitions although
splittings by J crossings with unknown perturbers occur as
well. The separation of different components is <1 cm™! and
small in relation to that of successive Q branches, which is
given by 2(A — A¢” — B), about 10 cm~.

The assignment of the strongest of the O branch compo-
nents to the cold band is not unambiguous since this assign-
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ment cannot be checked by GSCD. In view of the presumably
mostly anharmonic perturbations, with K level crossings, this
is, however, of no importance for the admittingly somewhat
coarse conclusions that we can draw for the perpendicular
bands. For several KAK series of #; and 7 and the RR; series
of 7, it was possible to relate individual lines to respective Q
branches and to determine a J-dependent parameter, (B, —
B.;). In all other cases only Q branch maxima were subjected
to fits which were based, for the most general case, on the
energy expression:

EMw, 17, k) =50+ BJ(U+1)+(A, — B)k?

3
— DI+ — Dl JU+1)k? — D k* — [2ALE — 0y JUT+1) — nuck? Tkl ®)

The K assignment of Q branches followed from their intensity
alternation, the symmetric intensity distribution within the
band, the slightly different shapes of RQ, branches owing to
[(2,2) resonance, and in some cases the observation of first RR
and PP lines with J= K. Whenever reasonable fits could be
made, a least-squares program was used.

The 7; band associated with the degenerate CH; stretch is
shown in Figure 3A. Q branches were followed from KAK =
—9 to +9. The displacement of ’Qjs is obvious at first glance.
Series of individual AJ£1 lines were assigned as set out in
Table 2. Their fits matched the positions of the related Q

Table 2. Subband fits [cm~'] of the #, and #; bands.

Subband Band origin (By—B) Joax, No.of ox10°

KAK x 10 data

noo—1 2979.9783 (8)  0.333(17) 30 24 22

0 2989.1806(24)  — 0.06(10) 19 11 23

+1 2099.0228(12)  0.218(24) 30 2 2.8

+3 3017.9659(6)  —0.148(12) 31 25 18

+4 3027.6982(16)  —0.073(34) 29 18 32

+5 3037.2312(16)  — 0.04(5) 23 13 2.4

+6 3046.5642(22)  1.22(20) 4 8 31

g —6 1373.2231(8) 1.441(7) 46 40 3.0

-3 1417.9229(10) —1.180(21) 29 24 2.9

0 1455.3110(5) —1.023(4) 59 82 2.8

+3 1496.9224(7)  —0.512(6) 49 40 28

[a] Dimensionless.

branches perfectly. The fit of the subband origins PQ(K) and
ROk (K+1) either given by the Q branch maxima and weighted
0.1, or by extrapolation from AJ £ 1 series and unit-weighted,
is set out in Table 3. The meaning of the parameters of the
polynomial:

x =a+b(KAK) + c(KAK)?

is

a=7w,+(A' - B')—2A¢"

b=2(A'—Ac'— B’ @)

c=(A"-Ay)—(B'—B,)

This fit disclosed many more systematic shifts of subband
origins due to perturbations.
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The 73 band associated with

Table 3. Fit of subband origins 7 [cm™~'] of #; and 7.1%]

the asymmetric CH; bending KAK iy, Vg obs. — calcd weight KAK Vg, Vi obs. — caled weight
mode  and ?’ftendmg from 2901.04 0.38 0.1 —9 133045 ~163 0.1
1330-1570 cm™" was followed — _g 2910.58 —o11 0.1 -8 1344.62 137 0.1
by means of broad but unre- -7 2920.44 —0.24 0.1 -7 1358.90 -0.97 0.1
solved Q branches with —9<  —6 2930.31 —032 0.1 -6 1373.22 " -0.52 1.0
KAK <+9. Of these Q branch- 3 2938.69 —1.84 0.0 -5 (1387.57) - 0.0
P e R g 4 2950.24 —~0.14 0.1 —4 1402.11 0.72 0.1
es, "Qs is missing while *Q, an -3 2960.03 -0.16 0.1 -3 1417.92 274 1.0
®Qs are split into several com-  _3 2969.80 —0.16 0.1 -2 1425.96 —2.99 0.1
ponents, those belonging to *Q, -1 2979.98 0.29 1.0 -1 1441.13 —1.56 0.1
being quite sharp. RQ, is most 0 2989.18 —~0.19 1.0 0 145531 —~1.09 1.0
ronounced. While Qs to PO 1 2999.02 0.01 1.0 1 1469.16 —0.94 0.1
p ’ 9 6 2 3008.56 —0.04 0.1 2 1481.56 —2.20 0.1
are J-degraded to low wave- 2 1484.67 0.91 01
number, *Q, to RQy are oppo- 3 3017.97 -0.18 1.0 3 1496.92 —0.49 1.0
Sltely degraded to hlgh wave- 4 3027.70 0.04 1.0 4 1509.14 —1.89 0.1
number. This is indicative of an 5 3037.23 0.11 1.0 5 1523.23 —~1.39 0.1
. . 6 3046.56 0.02 1.0 6 1541.26 3.07 0.1
x,y Coriolis rotational pertur- 7 3055.79 0.12 0.1 7 1553.83 2.09 0.1
bation by an A; type band 8 3065.26 0.02 0.1 8 1566.99 173 0.1

coming to resonance with 7 at 9 3074.24 0.28 0.1

kl=—4 and in agreement with
the absence of any discernible
feature attributable to Q5. The
perturber is certainly the fun-
damental 7, (0, CH;) that is clearer visible in the low
resolution spectrum, Figure 4. Several series of AJ==1 lines
attached to the respective Q branches have been observed:
PP, PP, RP,, RR,, RR;, and RR,. Some of these series have
been fitted as outlined for #,. The results of these fits of
individual KAK series are set out in Table 2.

[a] 7x =a+b(KAK)+c(KAK)? [em™']; a (7;) =2989.37(10), a (¥5) =1456.4(14); b () =9.659(21), b (V) =
13.70(27); ¢ (v;) = —0.022(4), ¢ (v;) =—0.01(6); o (¥;) =0.17, o (¥;) = 1.6. [b] Calculated.

sublevels as evident from RQ, and RQs seem to be local. The
subband origins are set out in Table 3.

The CHj; rocking fundamental 7, centered at 1032.5 cm™!
and displayed in Figure 5 is apparently less perturbed. Q
branches were followed from —9 < KAK <+ 9, and RR; lines
could be identified up to J” =28. Q branches are quite sharp,

100 'WWV\
'S ] 7 ’V1 8 "2
2
g
2 60 -
g
= ] HCN

40

L v
20 T T T T - T T T
4000 3000 2000 V/cm-! 1000

Figure 4. Low resolution infrared spectrum of CH;CCNC.

The separation between subband origins of 7 varies in an
irregular fashion from 8 to 14 cm~!, and strong anharmonic
perturbations in addition to the above mentioned Coriolis
resonance are indicated. Although any fit of subband origins
7 is physically not meaningful, the differences (obs. — calcd),
Table 3, reveal some interesting insight. Apparently two
anharmonic level crossings occur near kl=-—2 (mostly
affecting P(PQOR);) and near kl=7 (mostly affecting
R(PQR)s). Anharmonic constants are estimated to be of the
order of 3—4 cm™! in the former and 2-3 cm™! in the latter
case. Nothing is known on the nature of the perturber and the
mechanism involved. The perturbations of the k/=3 and 6
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Figure 5. 7, band of CH;CCNC. The insert shows the RQ, branch region.

half widths not exceeding 0.5 cm~!, and are mostly J-degraded
to low wavenumber. RQjs reveals an irregular shape, which is
accompanied by a displacement from the expected position by
about +0.2 cm~L. Likewise also PQy is displaced by about
+0.1 cm™' from the expected position.

Since the majority of the Q branches behave as if they were
unperturbed, subband origins can be fitted refining 7,, Ag*
and (A, — A’). A merge with the RR; lines, from which (B, —
B’) may be deduced, yields the results reported in Table 1.
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Table 1 contains all numeri-
cal information deduced from

Quadrupol

the high resolution study that

Mass Spectrometer

may also be suitable for com-
parison with predictions from
ab initio calculations.

Conclusion

Our studies have shown that
alkynyl isocyanides and halo-
genated ethenyl isocyanides can .

)

be synthesized by flash vacuum
pyrolysis of halogenated ethen-
yl isocyanide complexes. NMR
studies of 1a and 1c have demonstrated that the alkynyl
isocyanides possess a stability in dilute solution high enough
to allow a study of their interesting reactivity which might
result from the small energy difference between the lone pair
at the isocyanide carbon atom and the HOMO which is
situated at the C=C triple bond.l However, these studies will
be limited to a few examples as our method is not suitable for
the preparation of large amounts.

Experimental Section

General: All reactions were carried out under dry argon by using standard
Schlenk and vacuum techniques. Volatile materials were handled in a
conventional glass vacuum line and amounts were determined by PVT
techniques. Moisture sensitive compounds were handled in an automatic
dry box (Braun) under dry argon. 'H-, 2D-, *C-, and "’N-NMR spectra were
recorded using a JEOL FX 90Q or JEOL LAMBDA 400 instrument with
TMS or solvent signals, and nitromethane (N) as standards. Low
resolution infrared spectra were taken on a Perkin— Elmer 883 instrument;
for high-resolution spectra see below. Mass spectra were obtained on a
Varian MAT 711 (80 eV). Tetraethylammonium-pentacarbonyl(cyano)-
chromate (2) was prepared following the literature procedure,* however,
using sublimed hexacarbonyl chromium and freshly sublimed sodium-
bis(trimethylsilyl)amide to get a maximum yield of 95% and to avoid
pyrophoric by-products. 1,1,2,2-Tetrachloropropane was prepared from
dichloroacetone and phosphorous pentachloride in accordance to a
literature procedure,®® distilled from the reaction vessel under high
vacuum and purified by distillation on a spinning band column under
vacuum (b.p. 80-88°C, 21 mbar); nevertheless traces of an impurity could
not be removed. 1,1,2,2,-Tetrachloro-1,3,3,3-tetradeuteropropane was pre-
pared by chlorination of deutero propyne (containing approx. 6%
tetradeutero allene)®” obtained by deuterolysis of Mg,C; prepared from
magnesium powder and pentane.l’” 3! Pentacarbonyl(E/Z-dichloroethenyl
isocyanide)chromium and its deuterated isotopomer were prepared by
literature methods.*!

Ethynyl isocyanide (1a): The pyrolysis tube (/=500 mm, & =16 mm) of an
apparatus as shown in Figure 6 was heated to 350°C without cooling the
traps and evacuated for 2 h. Then the oven temperature was lowered to
about 200 to 240°C, the first trap is cooled —78°C, and a test tube
containing a small magnetic stirring bar (which allowed the adjustment of
the sample tube within the pyrolysis tube) was charged with pentacarbo-
nyl(dichloroethenyl isocyanide)chromium 5a (300 to 600 mg) and placed
into the pyrolysis tube by opening the teflon fitting at the rear end. After
closing the apparatus was evacuated immediately. Unreacted Sa was
trapped at —78°C. An optimum pyrolysis temperature (240°C) and
pressure (0.1 to 1 Pa) was obtained by adjusting the position of the sample
using a magnet and monitoring the products using the quadrupole mass
spectrometer. When the desired products were detected the second trap
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Figure 6. Schematic representation of the pyrolysis apparatus.

was cooled using liquid nitrogen. After couple of hours all Sa had been
sublimed. Crude 1a was purified by fractional condensation from a trap
kept at —78°C into traps kept at —125°C and — 196 °C, respectively. The
trap kept at —78°C contained 6a as shown by mass, IR and NMR
spectroscopy. The trap kept at —196°C contained small amounts of 1a,
HCN, and chloroethyne, whereas almost pure 1a was collected in the trap
kept at —125°C.

The amount of 1a (0.1 to 0.5 mmol) obtained in the —125°C trap was
sufficient to record a IR spectrum in a 100 mm infrared gas cell. To record
the NMR spectra the compound was condensed into an ordinary glass
NMR tube containing [D,]dichloromethane (0.7 mL) and sealed under
vacuum. NMR spectra were recorded at —65°C to avoid decomposition.

Compound 1a: 'H NMR (399.78 MHz, CD,Cl,): 6 =2.29; “C{'H} NMR
(100.54 MHz, CD,ClL): 6=479 (CN—-CCH), 61.6 (CN—CCH), 160.2
(CN—CCH); gradient selected 'H/*N HMBC: 6 =—-227.5 (CN-CCH);
IR (gaseous): 7= 3339, 2219, 2037, 1228, 621 cm~'; MS (80 eV, EI): m/z: 51
[M]*, 50 [M —H]*, 26 [CN]*.

Compound 6a: 'H NMR (399.78 MHz, CD,Cl,): 6 =6.54 (Z), 6.90 (E);
gradient selected 'H{"*C} HMBC (CD,Cl,): 6 =113 (CN—C(Cl) =C(Cl)H,
7), 115 (CN—C(C)=C(CD)H, E), 120 (CN—C(C)=C(C)H, ey =256 Hz,
Z), 124 (CN—C(Cly=C(ChHH, 'J; =256 Hz, E); IR(gaseous): 7#=3100 (w),
2101 (vs, NC), 1601 (w, C=C), 1102 (w), 1052 (m), 968 (vw), 900 (w), 856 (s),
799 (m), 760 (w), 621 (w) cm~L

Deuteroethynyl isocyanide (1b) was prepared as described above using 5b
as starting material and identified by microwave,’l millimeterwave,®l and
high resolution IR spectroscopy.!®)

Pentacarbonyl(1,1,2,2-tetrachloropropyl isocyanide)chromium (4c):
NEt,[Cr(CO)s(CN)] (6.96 g, 20 mmol) was dissolved in 1,1,2,2-tetrachlo-
ropropane (3a) (80 g) in a 250 mL Schlenk flask equipped with a magnetic
stirring bar and slowly cooled to —35°C. After the addition of C;HsN, - BF,
(4.03 g, 21 mmol) the reaction mixture was allowed to warm to ambient
temperature and stirred for 12 h. The precipitate was filtered on a sintered
glass fritt and washed with pentane. The solvent was removed in vacuum
(0.1 Pa) at ambient temperature and the solid residue was sublimed at 40 to
50°C in vacuum (0.1 Pa) yielding 4¢ (2.25 g, 21%) as pale yellow crystals
which decompose on heating to 103 °C.

IH NMR (89.6 MHz, CDCl): 6 =2.44; BC{!H} NMR (23.04 MHz, CDCl,):
0=323 (CH;), 91.7 (CCI,-NC), 92.8 (H;C-CCl,), 192.8 (NC), 212.7
(CO), 213.8 (CO,ya); IR (n-hexane): 7=2115 (vw), 2012 (w), 1979 (vs),
1948 (m) cm™!; Raman (solid): #=2953 (vw), 2152 (vw), 2119 (w), 2019
(m), 2000 (m), 1961 (w), 1947 (vw), 1103 (w), 1054 (w), 915 (w), 903 (w), 806
(w), 684 (w), 665 (w), 658 (W), 574 (W), 524 (m), 499 (w), 458 (w), 436 (W),
390 (vs), 360 (w), 338 (vw), 300 (w), 225 (w), 199 (vw), 174 (w), 103
(vvs)cm™'; MS (80 eV, EI): m/z: 397 [M]*, 362 [M — Cl]*, and smaller
fragment ions; m/z: 396.81780 ([M]* found), 396.81705 ([M]" calcd), the
experimental and calculated isotopic patterns of the molecular ion are in
good agreement.

Pentacarbonyl(1,1,2,2-tetrachloro-3,3,3-trideuteropropyl isocyanide)chro-
mium (4d): Compound 4d was prepared as described above using 1,1,2,2-
tetrachloro-1,3,3,3-tetradeutero-propane (3d) (36.7 g) as a solvent and 2
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(3.51g, 10 mmol) and C¢H;N,-BF, Table 4. Experimental details.

(2.06 g, 11 mmol). Yield 4d: 650 mg,

16%: 2D NMR (ELO, TMS): 6 —2.53,  opectrum No. O @ ® @ ®
(EIZ)-Pentacarbonyl(1,2-dichloropro- Wavenumber range [cm™!] 450-1150  970-1670  1750-2400  2000-2950  2500-3340
penyl isocyanide)chromium (E/Z-5¢):  bands studied vy Vg 73 7 W, 7
Compound 4¢ (2.25 g, 5.5 mmol) were  Path length [cm] 28 28 28 28 28
dissolved in diethyl ether (50 mL).  Pressure [mbar] 10 10 3 10 10
After the addition of zinc powder  temperature [°C] =25 -23 +22 -20 -23
(2 ) and acetic acid (3 mL), the mix- ~ Windows CsBr CsBr KBr CsBr CsBr
ture was stirred for 3.5 h at ambient beam splitter KBr KBr KBr KBr CaF,
temperature. After filtration the sol-  detector Cu/Ge MCT 800  InSb InSb InSb
vent was removed under vacuum and resolution (1/MOPDU) [103cm™!'] 3.8 2.7 33 44 44
the residue was sublimed in vacuum at ~ 1O- of scans 500 30 150 80 130
signal/noise of power spectrum 200 80 700 500 100

40°C yielding 5¢ (1.8 g, 80%) as pale

yellow crystals; m.p. 77-83°C;
'H NMR (399.78 MHz, CDCly): 6 =
230 (237, CH;), 2.36 (1.0, CH,);
3C NMR (100.54 MHz, CDCly): 6 =
22.16 (CHj, Yy =130 Hz, major isomer), 22.94 (CH;, Yey=132 Hz,
minor isomer), 110.19 (CCl, major isomer), 111.82 (CCl, minor isomer),
130.91 (CCl, 2 =79 Hz), 134.41 (CCl, %oy =7.9 Hz), 183.67 (CN, major
isomer), 184.16 (CN, minor isomer), 213.47 (CO,,, minor isomer), 213.56
(CO,, major isomer), 215.07 (CO,,,,,, minor isomer), 215.30 (CO,y,,,,,, minor
isomer); IR (n-hexane): 7 =2114 (vw), 2027 (m), 1972 (vs), 1941 (vw), 1718
(s) cm~'; MS (80 eV, EI): m/z: 327 [M]*, 299 [M — CO]*, 271 [M —2CO]*,
243 [M —3CO]*, 215 [M — 4CO]J*, 187 [M — 5CO]* and smaller fragment
ions.

(E/Z)-Pentacarbonyl(1,2-dichloro-3,3,3-trideuteropropenyl isocyanide)-
chromium (E/Z-5d): (E/Z)-5d was prepared as described above using 4d
(650 mg, 1.6 mmol), zinc (1g), acetic acid (1.6 mL), and diethylether
(5mL) yielding 5d as pale yellow crystals (300 mg, 56%). 2D NMR
(13.71 MHz, Et,0): 6=2.32 (CH;, major isomer), 2.40 (CH;, minor
isomer); MS (80 eV, EI): m/z: 330 [M]*, 302 [M — COJ*, 274 [M — 2COJ~,
246 [M —3CO]*, 218 [M —4CO]*, 190 [M — 5CO]* and smaller fragment
ions.

Prop-1-ynyl isocyanide (1c): In a typical experiment 5¢ (300 mg) was
placed in a small test tube containing a magnetic stirring bar. A glass tube
(=16 mm, / =500 mm) was connected to a high vacuum glass line by two
U-traps, placed into an oven (/=300mm), closed by a stopper, and
evacuated while heating to 350°C to remove volatile impurities from the
glass surface. After 1 h the oven was cooled to 240 °C, the traps were cooled
to —196°C and —78°C, the glass tube was opened and the test tube was
placed into the glass tube. The position of the test tube within the glass tube
was varied by using a magnet until an optimized evaporation rate of 5S¢ was
reached which corresponded to an increase of the pressure to 0.1 to 1 Pa
due to carbon monoxide formed during the pyrolysis. Under these
conditions the pyrolysis was complete within 8 to 12 h. The amount of 1¢
(0.1 to 0.2 mmol) obtained in the —196°C trap was sufficient to record an
IR spectrum in a 100 mm gas cell. To record the NMR spectra the
compound was condensed into an ordinary glass NMR tube containing
[D,]dichloromethane (0.7 mL) and sealed under vacuum. NMR spectra
were recorded at — 65 °C to avoid decomposition. Compound 1¢: 'H NMR
(399.78 MHz, CD,Cl,): 6 =1.86; BC{'H} NMR (100.54 MHz, CD,Cl,): 6 =
2.57 (CN—CC—CH;), 55.57 (CN—CC—CH;), 59.0 (CN—CC—CHs;), 155.26
(CN—CC—CH;); gradient selected 'H{”"N} HMBC: ¢=-225
(CN—CC—CH,); IR (gaseous): see Table 1; MS (80 eV, EI): m/z: 65 [M]*,
64 [M —H]*, 63 [M —2H]*, 62 [M —3H]*, and smaller fragment ions, as
well as two peaks due to the impurity 6¢ m/z=136 [CN—CCl=
CCI-CH,]*, 100 [CN-C,CI-CH;]*.

High resolution IR spectrum of propynyl isocyanide: Although purified by
fractional condensation in vacuo, 1e¢ collected in a —126°C trap still
contained some impurities, in particular HCN, part of which might have
been formed in the absorption cell. This may explain in part why the
spectrum is rather weak. A survey spectrum is shown in Figure 4. Five high
resolution spectra (1)—(5) in the 450-3340 cm™' region were recorded;
details are set out in Table 4. Owing to the thermal instability of 1¢ most
measurements were carried out with the cell cooled to —20 to —25°C. A
Bruker 120 HR interferometer was employed and calibration of spectra
performed with standard reference lines of CO, and H,0.*) Wavenumber
accuracy of sharp features is better than 1 x 1073 cm~. Optical filters were
used to eliminate low and high wavenumber radiation.
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[a] MOPD = maximum optical path difference.
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Phenylalanine Ammonia-Lyase: The Use of Its Broad Substrate Specificity for
Mechanistic Investigations and Biocatalysis—Synthesis of L-Arylalanines

Andreas Gloge,!?! Jerzy Zon,™ Agnes Kovari,*! Laszlo Poppe,'> ! and Janos Rétey*!?!

Abstract: Several fluoro- and chloro-
phenylalanines were found to be good
substrates of phenylalanine ammonia-
lyase (PAL/EC 4.3.1.5) from parsley.
The enantiomerically pure L-amino
acids were obtained in good yields by
reaction of the corresponding cinnamic

mechanism comprising an electrophilic
attack of the methylidene-imidazolone
cofactor of PAL at the aromatic nucleus
as a first chemical step. In the resulting
Friedel — Crafts-type ¢ complex the -
protons are activated for abstraction and
consequently the pro-S is abstracted by

an enzymic base. Results from semi-
empirical calculations combined with a
proposed partial active site model
showed a correlation between the ex-
perimental kinetic constants and the
change in polarization of the pro-S

acids with 5M ammonia solution (buf-
fered to pH 10) in the presence of PAL.
The kinetic constants for nine different
fluoro- and chlorophenylalanines do not
provide a rigorous proof for but are
consistent with the previously proposed

alanines -

Introduction

Phenylalanine ammonia-lyase (PAL) catalyzes the reversible
conversion of L-phenylalanine to trans-cinnamic acid. PAL is
the key enzyme in the metabolism of phenylpropanoids in
plants, since cinnamic acid is the precursor of lignins,
flavonoids, and coumarins.l"2 Early biochemical evidence
indicated a catalytically essential electrophilic group at the
active sites of PAL and the related enzyme histidine
ammonia-lyase (HAL). Inactivation by radiolabelled nucle-
ophiles (K*CN and NaB*H,) followed by total hydrolyses of
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Cs—H bond and heat of formation of
the o complexes, thus making the elec-
trophilic attack at the neutral aromatic
ring plausible. Furthermore, while 5-pyr-
imidinylalanine was found to be a mod-
erately good substrate of PAL, 2-pyri-
midinylalanine was an inhibitor.

enzyme

the proteins afforded radioactive products which could be
derived from a dehydroalanine residue being the electrophilic
prosthetic group.> 43

Its precursors have been found by site-directed mutagenesis
to be Ser202[% and Ser143["1 in PAL and HAL, respectively.
Since both enzymes have been overexpressed in E. coli cells in
active forms, the post-translational modification takes place
autocatalytically.[> ]

Recently, the 3D structure of HAL has been elucidated by
X-ray analysis which revealed that the electrophilic prosthetic
group is methylidene-imidazolone (MIO).') MIO can be
regarded as a modified dehydroalanine. The ring structure
and the geometry dictated by the protein conformation
prevents the lone pairs of the imidazole nitrogens to deloc-
alize into the a/f-unsaturated carbonyl system, thus enhanc-
ing the electrophilicity of the latter. The driving force for the
formation of MIO from the tripeptide Ala142Ser143Gly144 is
unknown but not without precedence. The chromophoric
imidazolone of the green fluorescent protein!': 2 3] must be
formed by a similar autocatalytic process.

The discovery of the electrophilic prosthetic group was
followed by the proposal that it reacts with the amino group of
the substrate in a type of Michael addition.['¥] It was suggested
that this reaction would enhance the leaving ability of the
amino group, that is facilitate the elimination of ammonia, but
it leaves the question open how the “non-acidic S-proton”
could be abstracted by an enzymic base.
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Recently, experimental evidence accumulated in favor of
an electrophilic attack at the aromatic nucleus as shown in
Scheme 1 for the PAL reaction.!'> ! In the Friedel - Crafts-
type o complex the S-protons of the side chain are activated
for abstraction by an enzymic base. The proton transfer is then
followed by ammonia elimination concomitant with restora-
tion of the prosthetic group and the aromaticity of the six-
membered ring.

COH'

_ENZYME
MIO - B
N

lB/ENZYME

g ENZYME

COO~  ammonia

X elimination

L-Phe extended o complex model

Scheme 1. Postulated mechanism, partial putative active site/substrate,
and active site/o-complex models for the reaction catalyzed by phenyl-
alanine ammonia-lyase.

The question is legitimate, why the S-proton is abstracted
leading to an exocyclic double bond while abstraction of the
ring proton would straightforwardly lead to re-aromatization.
Although the latter would preferentially take place in
solution, PAL prevents this reaction by excluding any basic
group in the binding site for the phenyl group. Simultaneously,
a basic group is correctly positioned to abstract the pro-S 8-
proton of the substrate.

In the present communication we describe the enantiospe-
cific synthesis of various fluoro- and chlorophenylalanines by
reversal of the PAL reaction. Kinetic measurements with
these new substrates and the results from theoretical calcu-
lations and a proposed partial active site model are discussed
in terms of the Friedel - Crafts-type mechanism of the PAL
reaction.

Results and Discussion
Enantioselective synthesis of L-phenylalanines halogenated in
the ring: Contrary to early reports that the PAL reaction is

irreversiblel'” it can be reversed by applying high concen-

Chem. Eur. J. 2000, 6, No. 18
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trations of ammonia.l'®l For preparative conversions the
halogenated cinnamic acids were solved in half concentrated
ammonia solution whose pH was brought to 10 by bubbling
CO, into the solution. The reaction was started by addition of
recombinant PAL (1-2iU). After incubation overnight at
37°C the enzyme was removed by boiling and acidification
(pH 1.5) followed by filtration. Chromatography on an acidic
cation exchange column afforded the enantiomerically pure
substituted phenylalanines in moderate to excellent yields.
Their ee was determined by chromatography on a chiral
column to be more than 99%. The separability of the
enantiomeric phenylalanine derivatives was checked also on
chiral thin layer plates. The halogenated cinnamic acids and
phenylalanines were characterized by their NMR-, and UV
spectra, as well as their R; values. Their structures together
with the yields of the isolated phenylalanines are shown in
Scheme 2.
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Scheme 2. Preparative conversion of various halogenated phenylalanines
by reversal of the phenylalanine ammonia-lyase reaction.

Determination of the kinetic constants for the halogenated
phenylalanines: The prerequisits for the quantitative meas-
urement of the concentrations of the cinnamic acid products
was the determination of their extinction coefficients (¢) at
the wavelengths at which a maximal difference existed
between those of the arylalanines and the corresponding
cinnamic acids (see Experimental Section). The values were
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measured in 0.1m Tris-buffer pH 8.8. These were the con- the activating effect on the -protons by the positive charge in
ditions also for the kinetic measurements. In columns 4 and 5 the ring were carried out. To facilitate the problem, semi-
of Table 1 the V,,, values relative to that of phenylalanine and empirical calculations were applied to simplified models of
the K, values, respectively, are listed. the putative o complexes containing the substrates in their

Inspection of the relative V,,,, values reveals that phenyl- zwitterionic form. In these studies two types of models were
alanines halogenated in the 3'-position react on PAL signifi- investigated. Simple models contained a methyl group which
cantly faster than the parent compound. This is consistent corresponds to the carbon of the methylidene moiety of MIO
with an electrophilic attack of MIO at the aromatic nucleus. A (Scheme 3), while the more sophisticated models were
halogen substituent in 3'-position facilitates such an attack in derived from a putative partial active site model (Scheme 1).
the ortho- or para position by stabilisation of the cationoid Conformational analysis of the simple model from L-Phe
transition state. Both positions are available for the attack by indicated that the most decisive conformation factor for the

the sterically fixed MIO due to free rotation of the phenyl ring molecular properties is the dihedral angle (&) between the
before substrate binding. This effect is similar to that C, — C, and the pro-S C;—H bonds (Scheme 3). Results from

previously found with a 3’-hydroxyphenylalanine (m-tyrosine) semiempirical calculations are compiled in columns 2 and 3 of
as substrate.!"”] Halogen substituents in the phenyl ring may Table 1.

also influence the acidity of the S-protons of the side chain. With respect to the o complex formation and scissible bond
While this effect should activate the S-protons in the neutral polarization the 2'F, 2'Cl and 4'Cl substituted compounds,
ground state, the opposite effect is expected for the cationoid particularly the B-type sigma complexes are similar to the
intermediate. In the latter, delocalization of the positive unsubstituted L-Phe. Accordingly, their kinetic behavior is
charge to the halogen atoms will decrease electron deficiency similar to that of the natural substrate.

in the ring and hence diminish the acidity of the side chain The putative active site model suggests that the aromatic
protons. The acidifying effect of the halogen substituents is, ring of the substrate is sandwiched between MIO and a phenyl
however, much less than that of a nitro group. Apart from ring of Phe399. The arrangement as shown in Scheme 1 allows
that, the S-proton abstraction does not seem to be the rate maximal overlap between the m system of MIO and the
determining step for good substrates as shown by deuterium aromatic C, position. The 2" H of the aromatic moiety might
labelling.'”) While the attack by MIO is partially rate be stabilized in a charge transfer or @ complex type manner
determining, another rate-limiting step seems to be product without the possibility of rearomatization by its removal. The
release. The kinetic significance of these two steps is conserved nature of the analogous phenylalanine in all PAL
substrate-dependent. The K, values vary only moderately, and HAL sequences (e.g., the GGNFH segment is present in
but roughly increase with increasing numbers of the halogenic the HAL enzymes of microorganisms such as P. putida or B.
substituents. subtilis as well as in mammalian HAL enzymes like mice, rat

or human) supports the importance of this amino acid.

Theoretical calculations: To demonstrate the feasibility of the Inspection and comparison of data with the simple o-
electrophilic attack by MIO at the halogenated aromatic rings complex models (Scheme 3, Table 1) and partial active site/o-
semiempirical calculations for the heat of formation and for complex models (Scheme 1, Table 1) reveals some important

Table 1. Kinetic constants for the various phenylalanine analogues and calculated properties of their active complex models.

Substrate AAH, AAC;H, 1 Vmax! Vinax-phe!! K.

(0 complex model) [kcal mol '] [kcal mol '] [M.c.u] [mMm]

L-Phe 0.0 0.0 0.184 1.00 0.033

2'F-L-Phe (A) 15.7 12.4 0.135 1.14 0.065
(B) 78 36 0.129

3'F-L-Phe (A) 3.1 39 0.109 2.09 0.079
(B) L5 1.8 0.116

4'F-L-Phe 7.6 3.1 0.128 0.56 0.010

2',6'F,-L-Phe 21.9 14.6 0.160 0.85 0.085

3 ,5'F,-L-Phe 4.8 4.1 0.037 2.72 0.159

2'3' 4" 5 6'Fs-L-Phe 29.9 15.0 0.141 0.16 0.076

2'Cl-L-Phe (A) 7.4 23.0 0.117 1.03 0.050
(B) 52 11.0 0.115

3'Cl-L-Phe (A) -1.7 15.6 0.100 2.01 0.094
(B) —42 —0.1 0.102

4'Cl-L-Phe 32 1.9 0.126 0.82 0.045

B-(5-pyrimidinyl)-p,L-Ala 25.8 10.0 0.229 0.80 42

B-(2-pyrimidinyl)-p,L-Ala 240 18.8 —0314 0.00 (K;=7mm)

[a] The difference for heat of formation calculated for the active complex model for L-Phe and the ground state L-Phe substrate was substracted from the
corresponding difference for the substituted models and substrates. [b] Values calculated for simple models (fixed @ =—90° torsion angle, compare
Scheme 3) using PM3 method®! in vacuum. [c] Values for the partial active site models (c.f. Scheme 1) were obtained using MM + optimization (with fixed
position of the methyl groups of the MIO and Phe399 models and carboxylate of the substrate)?! followed by single point PM3 calculation of the optimized
structure.! [d] The difference in Mulliken charges on the C;~H atoms in the substrate substracted from the corresponding difference in the simple models
(fixed @ =—90° torsion angles, compare Scheme 3). [e] Relative V,,,, values of the analogues compared with V. with L-Phe.
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enzyme-substrate complex

Scheme 3. Conformational properties of the simplified model and the
postulated o complex as intermediate of the phenylalanine ammonia-lyase
reaction.

differences. The phenyl ring of Phe399 in these o complexes
adopts nearly perpendicular arrangement to the C,,:—H bond
axis and the hydrogen points toward the central point of the
ring indicating strong interaction with the aromatic -
electrons. For the 2'-halogen substituted analogues the B-
type intermediates are substantially favored, especially in the
2'-chloro case. The presence of the Phe399 phenyl ring
substantially lowers the relative energy of the intermediate
cations for the polyfluorinated analogues, especially for 2,6'-
F,-L-Phe and 2’3’ 4',5",6'-Fs-L-Phe. Thus, the maximal energy
requirement (2',3',4',5',6'-Fs-L-Phe: 29.9 kcalmol ') calculated
in vacuum in the absence of Phe399 for formation of the o
complex intermediates substantially dropped when the aro-
matic “protective group” was present (2',3',4',5,6'-Fs-L-Phe:
15.0 kcalmol™!). In addition, the pro-S Cs;—H bond in the
ground state of the 3',5'F, substituted compound is signifi-
cantly more polarized (ca. 0.040 Mulliken charge units) then
in all the other models.

For the 5-pyrimidinyl compound relatively high energy is
required for formation of the 6 complex but the polarization
of the scissible pro-S C;—H is relatively strong. Accordingly, a
high K, value but a normal V,,,, is observed. The inhibition
observed with the 2-pyrimidinyl compound is a consequence
of the stability of the cationic pyrimidinium complex and the
unfavorable proton abstraction from the negatively polarized
pro-S C;—H bond (Scheme 4).

All these correlations are consistent with the intermediacy
of the Friedel-Crafts-type o complexes and the kinetic
significance of their formation as partially rate-determining
step. Further support for our mechanism was provided by
recent publications.% 2!l

Chem. Eur. J. 2000, 6, No. 18
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Scheme 4. The postulated unreactive pyrimidinium complex with 2-pyr-
imidinylalanine 1 and the reaction with 5-pyrimidinylalanine 2. (Although
for the experiments the racemic compounds were used, only the L-
enantiomers are shown here which are presumed to be the enzymatically
active species).

Synthesis of and kinetic measurements with pyrimidinylala-
nines: The synthesis of -(2-pyrimidinyl)-p,L-alanine (1) was
carried out in six steps following the procedure of Haggerty
etal.??l A chemoenzymatic strategy was applied to the
preparation of [-(5-pyrimidinyl)-L-alanine (2). First, 3-(5-
pyrimidinyl)-acrylic acid (3) was synthesised starting from
5-bromo-pyrimidine and tert-butylacrylate under Heck con-
ditions. Treatment of the product with trifluoro acetic acid
afforded the free acid 3, which was converted in 57 % yield
into the corresponding enantiomerically pure L-alanine 2
using PAL as a catalyst.

While the 5-pyrimidinyl analogue 2 turned out to be a
moderately good substrate of PAL, its 2-pyrimidinyl counter-
part 1 was a competitive inhibitor. The corresponding kinetic
constants are shown in Table 1. The K, value of 2 is
comparable to the K; value of 1.

These results support the postulated ortho-attack of MIO at
the aromatic nucleus. When both ortho-positions are occupied
by a nitrogen atom such an attack leads to a pyrimidinium ion
which is so stable that no further reaction occurs (see
Scheme 4). The competitive nature of the inhibition requires,
however, that the binding of 2 is reversible.

Experimental Section

Recombinant PAL: The lyase was overexpressed in E. coli and purified as
described, first according to Schuster and Réteyl and later using the
improved method of Baedeker and Schulz.??!

Chloro- and fluoro-L-phenylalanines: Chlorocinnamic acids and fluorocin-
namic acids were purchased from Fluka and from Lancaster. Reaction of
the chloro- and fluorocinnamic acids with ammonia catalyzed by PAL
afforded the corresponding chloro- and fluoro-L-phenylalanines. A con-
centrated aqueous ammonia solution (10 mL) was diluted with water
(10 mL). The pH of the solution was adjusted to pH 10 by bubbling CO,
through the solution. Cinnamic acid (100 mg, 0.675 mmol) and recombi-
nant wtPAL (1 U) (Petroselinum crispum) were added to this solution. The
reaction mixture was agitated overnight at 37 °C. The solution was acidified
with 5% HCI to pH 1.5, heated to boiling, filtered, and applied to a
Dowex 50 cation exchange resin column. The elution occurred with diluted
ammonia solution. The crude product was purified with HPLC [Nucleosil
100 C18, 7 um, 250 x 20 mm (Macherey —Nagel); flow rate: 5 mLmin™!;
load: 20 mg; mobile phase: 0—15 min: 99.9 % H,0/0.1 % TFA, 15-90 min:
linear increasing gradient to 99.9% CH,;CN/0.1% TFA, retention times:
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L-phenylalanine: 41.7 min, 2'-fluoro-L-phenylalanine: 42.4 min, 3'-fluoro-L-
phenylalanine: 44.1 min, 4'-fluoro-L-phenylalanine: 43.9 min, 2',6'-di-
fluoro-L-phenylalanine: 42.7 min, 3',5'-difluoro-L-phenylalanine: 46.5 min,
2'3' 4,5 6'-pentafluoro-L-phenylalanine: 48.4 min, 2'-chloro-L-phenylala-
nine: 45.3 min, 3'-chloro-L-phenylalanine: 48.0 min, 4'-chloro-L-phenylala-
nine: 48.7 min]. For the determination of the enantiomeric excess we used a
chiral column from astec/ict (Handels-GmbH, 61352 Bad Homburg,
Germany) (Chirobiotic T, 5 um, 250 x 4.6 mm; mobile phase: 70 % H,0/
30% EtOH; flow rate: 0.8 mLmin~!; load: 5ug; retention times: L-
phenylalanine: 722 min, 2’-fluoro-L-phenylalanine: 6.87 min, 3’-fluoro-L-
phenylalanine: 6.98 min, 4'-fluoro-L-phenylalanine: 7.20 min, 2’,6’-difluoro-
L-phenylalanine:  6.42 min, 3',5-difluoro-L-phenylalanine:  6.75 min,
2'3' 45" 6'-pentafluoro-L-phenylalanine: 5.89 min, 2'-chloro-L-phenylala-
nine: 9.06 min, 3'-chloro-L-phenylalanine: 8.22 min, 4'-chloro-L-phenylala-
nine: 9.25 min). In all cases enantiomeric excess over 99 % was determined.
The p-enantiomers were eluted between 1 and 2 min later, as described in
the astec/ict prospect.

f-(2-Pyrimidinyl)-D,L-alanine (1): Preparation as reported by W. J. Hagg-
erty, R. H. Springer, and C. C. Cheng.[*’!

f-(5-Pyrimidinyl)-L-alanine (2): -(5-Pyrimidinyl)-acrylic acid (3) obtained
by Heck coupling between 5-bromopyrimidine and tert-butyl acrylate,
followed by ester-cleavage in TFA.[*4

A concentrated, aqueous ammonia-solution (10 mL) was diluted with
distilled water (10 mL). The pH was adjusted to 10.0 by bubbling CO, into
the solution. Acrylic acid 3 (64.3 mg, 0.428 mmol) and PAL (1 U) were
added to this solution. After 24 h agitation at 37°C the enzyme was
denatured by heat and removed by filtration. The clear solution was
applied to a Dowex 50 cation exchange resin column. The elution occurred
with diluted ammonia solution. The crude product was purified with HPLC
(Nucleosil 100 C18, 7 um, 250 x 20 mm; Macherey—Nagel, flow rate:
5 mLmin~!; load: 20 mg; mobile phase: 0—15 min: 99.9 % H,0/0.1 % TFA,
15-90 min: linear increasing gradient to 99.9% CH;CN/0.1% TFA,
retention times: 23.5 min). The solvent was carefully removed under
reduced pressure to give a white solid (50 mg, 0.246 mmol, 57 % ).

Determination of V- and K, values: The kinetic constants were
determined by measuring the UV absorption of the produced
acrylates (frans-cinnamic acid: &,y = 10000 Lcm ' mol~'; 2'-fluorocinnamic
acid: &y =12550 Lcm'mol™';  3-fluorocinnamic  acid: &=
13850 Lcm'mol~!; 4'-fluorocinnamic acid: &y,=15320 Lcm 'mol’;
2',6'-difluorocinnamic acid: &,,=23960 Lcm~'mol; 3',5-difluorocinnamic
acid: &,9=5060 Lem~'mol~!; 2',3' 4,5 ,6'-pentafluorocinnamic acid: &, =
7910 Lem'mol™!;  2'-chlorocinnamic acid: &,55=10770 Lcm'mol1;
3'-chlorocinnamic acid: &,s=10680 Lcm 'mol~!; 4'-chlorocinnamic
acid:  £,9=15790 Lcm~'mol™'; B-(5-pyrimidinyl)-acrylic acid: &,;y=
11110 Lem~'mol™') using 0.05-10mm of the corresponding amino acid
as substrate. Conditions: 0.05 mm—10mM substrate in 0.1m Tris-HCI buffer
pH 8.8 at 30°C. The reaction was initiated by addition of 20 ug (0.02 U)
PAL. '"H-NMR (250 MHz; D,0, 25°C): L-phenylalanine: d =7.28 - 7.43 (m,
SH), 3.96 (t, 1H), 3.27 (dd, 1H), 3.08 (dd, 1H), 2'-fluoro-L-phenylalanine:
0="734 (m,2H),7.17 (m, 2H), 4.26 (t, 1 H), 3.40 (dd, 1 H), 3.20 (dd, 1 H), 3"-
fluoro-L-phenylalanine: 6 =7.38 (m, 1H), 7.08 (m, 3H), 4.19 (t, 1H), 3.32
(dd, 1H), 3.16 (dd, 1 H), 4'-fluoro-L-phenylalanine: 6 =7.26 (m, 2H), 7.10
(m, 2H), 4.28 (t, 1H), 3.29 (dd, 1H), 3.15 (dd, 1H), 2',6'-difluoro-L-
phenylalanine: 6 =7.36 (m, 1H), 6.99 (m, 2H), 4.28 (t, 1 H), 3.37 (dd, 1H),
3.26 (dd, 1H), 3',5'-difluoro-L-phenylalanine: 6 =6.90 (m, 3H), 4.32 (t,
1H), 3.35 (dd, 1H), 3.17 (dd, 1H), 2',3',4',5,6'-pentafluoro-L-phenylala-
nine: 6 =4.01 (t, 1H), 3.26 (dd, 1H), 3.19 (dd, 1H), 2'-chloro-L-phenyl-
alanine: 0 =7.48 (m, 1 H), 7.34 (m, 3H), 4.05 (t, 1H), 3.45 (dd, 1 H), 3.16 (dd,
1H), 3'-chloro-L-phenylalanine: 6 =7.36 (m, 3H), 7.21 (m, 1H), 4.20 (t,
1H), 3.31 (dd, 1H), 3.16 (dd, 1H), 4'-chloro-L-phenylalanine: 6 =7.40 (d,
2H), 7.26 (d, 2H), 3.97 (t, 1H), 3.23 (dd, 1H), 3.10 (dd, 1 H).

Theoretical calculations

Simple o-complex models for L-phenylalanine, the halogenated L-phenyl-
alanine, and pyrimidinyl-L-Ala derivatives were calculated in vacuo using
AM1 and PM3 methods.*> 2! Conformational analysis showed two favored
states for zwitterionic structures with antiperiplanar pro-S H;—NH;" and
zig—zag arrangement (Scheme 3). All further calculations refer to the
arrangement with a fixed @ = —90° torsion angle. Since the parallel results
from the two methods were similar, values derived from PM3 calculations
are indicated only. In the cases where two distinct 6 complex models may
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arise by rotation of the substrate prior to the active complex formation,
model A represents the structure where the halogen substituent is closer to
the sp?® center in the o complex.

The putative active site model was built from a sequence segment of PAL
(SP: P24481) containing the ASGDL active site motif and the F399 by
homology-modelling®” using HAL structure (PDB: 1B8F!'l) as folding
template, followed by Gromos® and Amber®! energy minimizations. The
ASG structure of the model was finally replaced by MIO taken from the
1B8F HAL structure (less than 0.4 A deviations in the corresponding
atomic positions).

Partial active site/lc complex models (c.f. Scheme 1) were obtained using
MM + optimization (with fixed position of the methyl groups of the MIO
and Phe399 models and carboxylate of the substrate ) followed by single
point PM3 calculation of the optimized structure.*
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Steric Inhibition of Resonance: A Revision and Quantitative Estimation
on the Basis of Aromatic Carboxylic Acids

Stanislav Bohm*/2! and Otto Exner*"!

Abstract: The classical concepts of ste-
ric inhibition of resonance (SIR) and
primary steric effect (van der Waals in-
teractions) were revised with the aid of
methyl-substituted benzoic acids. The
quantum chemical model was based on
the energies of various conformations,
calculated at the RHF/6-31+ G(d,p)
and B3LYP/6-311+ G(3df,2pd)//RHF/
6-31+ G(d,p) levels. The molecule of
2-methylbenzoic acid is planar: no SIR
is possible, and van der Waals interac-

molecule and in its anion. Therefore,
the increased strength of this acid is not
due to any steric effect but can be
described in terms of electrostatic inter-
action pole/induced dipole, which lowers
the energy of the anion. The molecule of
2,6-dimethylbenzoic acid is nonplanar.
SIR is significant in the acid molecule

Keywords: acidity - carboxylic acids
- hindered resonance - ortho effect
- steric hindrance

but equal or even greater in the anion.
The higher acidity cannot be connected
with SIR and can be explained also by
electrostatic interaction. In 2,3,5,6-tetra-
methylbenzoic acid, SIR is greater and
may be responsible for one third of the
acid-strengthening effect. The concept
of SIR is to be applied with caution;
even when the nonplanar conformation
is proven, SIR need not be responsible
for any observable quantity, and partic-
ularly not for the acidic and basic

tion is practically equal in the acid

Introduction

The term steric inhibition of resonance (SIR) was used for the
first time with aromatic nitro compounds.['l In the substituted
nitrobenzene 1, conjugation of
the nitro group with the benzene

O\NI,/O ring (resonance) would require a
R ‘R partial double C:N bond, and
@ hence the two oxygen atoms

Y must be coplanar with the ring.

If the coplanarity is prevented

by the bulky groups R, reso-

nance and some observable substituent effects are decreased.
Similarly in the methyl-substituted benzoic acids2 or §
(Table 1), if the COOH group is rotated out of the ring plane,
the resonance of the molecule is lowered, and the acidity is
strengthened. The concept of SIR has been incorporated by
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properties.

the English school into classic theory,?! extended to further
compounds and to various observable quantities, and included
in contemporary textbooks.’] In a more sophisticated, quan-
titative version of the theory,!! one assumes, for individual
derivatives, a variable torsional angle ¢ between the two parts
of the conjugated system (benzene ring and substituent). SIR
and various observable quantities then depend on cos?¢.
Substituted benzaldehydes and acetophenones,*! N,N-dime-
thylanilines,! benzoic acids,/® and biphenyls!”! were treated in
this way. In more detailed investigations, even an additional
effect of more remote substituents (in the meta position) was
revealed: the buttressing effect.l® This theory was challenged
by us for two reasons. Firstly, some observable quantities,
particularly dipole moments,”” can be explained even without
reference to resonance and its inhibition. Secondly and more
importantly, certain compounds do not actually possess the
conformation postulated by the theory. So we have proven”]
that 2-methylbenzoic acid does not exist in a nonplanar
conformation but in an equilibrium of two planar forms 2a
and 2b (Scheme 1). The same holds for polymethylbenzoic
acids with only one ortho methyl group.''! Sterically more
hindered compounds such as 2,6-dimethylbenzoic acid §
(Scheme 2) are nonplanar,!'] but the angles ¢ do not agree
with the values formerly anticipated.[®]

We concluded!"! that the principle of SIR must be applied
with caution, and the actual conformation must be proven for
every molecule involved. In addition, the resonance energy
should be estimated at least approximately. It can happenl'?
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Table 1. Calculated energies of methyl-substituted benzoic acids and their deprotonated forms.[?

Conformation, ¢ =

0° 47.4° 77.0° 90° 180°
benzoic acid —420.9775082 —420.9729324 —420.9679495 —420.9671761 [b]
—418.3530821 —418.3474236 —418.3416669 —418.3408138 o]
2-methylbenzoic acid (2) —460.3045151 —460.2975899 —460.3026810
—457.3887980 —457.3805285 —457.3869343
3-methylbenzoic acid (3) —460.3082487 —460.2987344 —460.2978945 —460.3081049
—457.3929234 —457.3817309 —457.3808560 —457.3927523
4-methylbenzoic acid (4) —460.3088705 —460.3036311 —460.2985177 —460.2979177 [b]
—457.3939507 —457.3877107 —457.3817085 —457.3809367 [b]
2,6-dimethylbenzoic acid (5) —499.6260387 —499.6286101 —499.622681 [b]
—496.4186659 —496.4211703 —496.4199737 [b]
2,3,5,6-tetramethylbenzoic acid (6) —578.2771695 — 578.2845675 —578.2845775 [b]
—574.4861902 —574.4943725 — 574.4943522 [b]
0° 65.2° 79.1° 90° 180°
benzoate anion — 420.4247473 — 420.4196752 — 420.4188065 —420.4185927 L
—417.7892042 —417.7813674 —417.7797849 —417.7793496 [b]
2-methylbenzoate anion —459.7505156 o]
—456.8232659 [b]
3-methylbenzoate anion —459.7542684 —459.7460009 —459.7482143 [b]
—456.8279045 —456.8188556 —456.8184129 [b]
4-methylbenzoate anion —459.7540193 —459.7486782 —459.7477666 —459.7475512 [b]
—456.8278023 —456.8196127 —456.8179114 —456.8174466 [b]
2,6-dimethylbenzoate anion —499.072404 —499.0800938 —499.0802456 o]
—495.8530977 —495.8590471 — 495.8586496 o]
2,3,5,6-tetramethylbenzoate anion —577.7196228 —577.7348039 —577.7348356 [b]
—573.9183662 —573.9312551 —573.9311758 [b]

[a] Ein a.u. B3LYP/6-311 + G(3df,2pd)//RHF/6 - 31 + G(d,p); in italics RHF/6 - 31 + G(d,p); the lowest-energy conformation of each species is underlined.

[b] Equal as for ¢ =0°.

Major conformation

; Y
|
050 O5c°
CHj
CH,
4 2a
AL = 13.5 kJ.mol”
Minor conformation
'I' H
|
OQC _0O O§C P
CH;
CHj,
4 2b
AE = 18.4 kJ.mol

Scheme 1. Isodesmic reactions that represent the steric effect in the
molecule of 2-methylbenzoic acid 2.

that it is smaller that its anticipated inhibition: then the
interpretation is evidently wrong. The result of our inves-
tigations was that the general term “steric effect” can acquire
different meanings even within a series of structurally very
similar compounds. In acids with no or one ortho methyl
group (for example, 2) we can speak about a primary steric
effect in terms of the classical Ingold’s theory;?! a more
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Real molecules (SIR + vdW)

H I
H H
I cl) o © |
O*C 0O Osnr N/ OQC 0O
470
CH, CH,
+ = +
CHs CH,
4 4 5
AE =35.8 kl.mol"
Distorted molecules (no SIR)
T ! w
O, O

QP N/ Q/ 3/

C 470 C 470 C 470 C 470

CH3 CH3
+ R +
CH3 CH,
5
AE=17.9 kJ.mol”

Scheme 2. Isodesmic reactions that represent the steric effects in the
molecule of 2,6-dimethylbenzoic acid 5.

modern term would be van der Waals tension (vdW). In the

benzoic acids with two ortho methyl groups (for example, 5 or

6), SIR is undoubtedly responsible at least for a part of the

observed effects. When this is accepted, we still have to deal

with two problems.

a) How should the steric effect in planar molecules be
explained, that is, whether the popular term, (primary)
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steric effect, can be called vdW or whether it is described
more adequately by another model.

b) In the case of nonplanar molecules, what is the relative
contribution of SIR, that is, whether vdW or another effect
is not present even in these compounds.

These problems are the subject of the present investigation.
Our main tool was ab initio calculations of the energy and
geometry of the acids 2—6 in different conformations at the
levels RHF/6-31+ G(d,p) and B3LYP/6-311 + G(3df,2pd)//
RHF/6-31+ G(d,p). These energies were treated in terms of
isodesmic (and also homodesmotic) reactions!’? and com-
pared with experimental enthalpies of formation and enthal-
pies of dissociation wherever possible. Calculations of AgHY%
or A{H{ would be feasible for the molecules in their minimum-
energy conformations, but their values would not be com-
parable with the calculations on twisted conformers which do
not represent real molecules.
For this reason and because
the comparison with experi-
ments was favorable, we eval-
uated all substituent effects in
terms of the E(RHF) and
E(B3LYP) values not com-
bined with the experimental
data. According to previous
experience, ! differences be-
tween AE(RHF) and AHYy or
even AGYg become usually
insignificant in isodesmic reac-

CHj

tions of this kind. H
|
0
O\\ /
C 770
Results and Discussion
A . 2 + 2
Theoretical and experimental
energies: Our calculated ener-
CH,

gies (Table 1) offer two possi-
bilities for comparison with ex-
periments. Firstly, various iso-
desmic reactions can be
constructed as for instance
those in the Schemes 1-3 (the
reactions at the top of each

acid 6.

O\\ /

good for the E(RHF) and E(B3LYP) values, with standard
deviations of 2.39 and 2.31 kJmol~!, respectively. In our
opinion, any better agreement cannot be expected since the
experimental uncertainty of AH%g is hardly better than
2 kJmol~! for one compound in each reaction.'l For three
important reactions, the agreement of calculations and
experiments is shown in Table 2, lines 1 -3. However, there
is a difference which makes the E(RHF) calculations pref-
erable. The slope of regression b for them does not differ from
unity, while for the E(B3LYP) calculations b =0.86+0.05
(this means that steric hindrance is underestimated in the
crowded molecules).

The second possibility for comparison of experimental and
calculated values is in the relative acidities!"'? in the gas phase,
OA,iaH%s. They correspond to the isodesmic reaction (Equa-
tion (1) in Scheme 4), in which the proton is transferred from

Real molecules (SIR + vdW)

Distorted molecules (no SIR)

H T H
b P 0L 0
A\
< C 770 o
CH3 CH3
— + 3
CHs CHy CH,
3 6
AE =524 kJ.mol”
w v* !
o O
QP \ /
C 770 C 770 ¢, 770
CHs CHs
+ 3
CHs CHy CH;
6

AE =19.7 kJ.mol”!

Scheme 3. Isodesmic reactions that represent the steric effects in the molecule of 2,3,5,6-tetramethylbenzoic

Table 2. Analysis of steric effects in methyl-substituted benzoic acids.?!

scheme). Some of these reac- Compound Isolated molecules Acidities in methanol
tions may represent a kind of SEM! SIR non-SIRE SEM] SIR non-SIR
substituent effect of the methyl acid molecules
groups. Whatever their physical 1 2 13.5 (12) 0 13.5
meaning may be, their AH%; 2 5 358 (33) 179 17.9
can also be obtained!® from 3 6 ; 524 53) 32.7 19.7
. . anions o
the exPerlmental enthalples.of 4 2 11.9 0 11.9
formation, AHY%s, of all species 5 5 19.3 2.4 _31
involved, and compared with 6 6 32.9 253 7.7
the calculated AE by means of acidities of
linear regressions. This was . 2 —16(=3) 0 —16 (=2) 0 -2
gressions. — 1h 8 5 165 (—12) 45 —21.0 (-8) ~3 ~—11
done for nine isodesmic reac- ¢ 6 ~195 (~15) _74 ~12.0 (-8) ~5 ~_3

tions constructed for the com-
pounds 2—-6; this includes the
reactions in Schemes 1-3. The
agreement is almost equally

Chem. Eur. J. 2000, 6, No. 18
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[a] In kI mol~, calculated from E(RHF) values; in italics experimental values in terms of AHY;. [b] Total steric
effect, experimental values in the gas phase are based on AH%g from ref. [11b], experimental data in solution on
A,iqG° taken from ref. [17b]. [c] This share is to be interpreted as vdW interaction in the case of acid molecules, as
PIDI in the case of acidities, and as both in the case of anions.
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COOH CO0~ CO0O~ COOH

+ ~— +
3 (CHa)n (1)

Scheme 4. An isodesmic reaction, in which the proton is transferred from
one acid to the anion of another acid.

one acid to the anion of another acid. When the acids 2-6
were substituted in this scheme, the agreement was distinctly
worse than in the previous case. In particular, the acid 2
deviated even qualitatively since it is stronger than benzoic
acid, while both RHF and B3LYP treatments predicted it to
be weaker. When this compound is excluded, regression with
five points gives the standard deviations 1.66 and 1.11 kJ mol~!
for AE(RHF) or AE(B3LYP), respectively. A disadvantage of
B3LYP is again in the slope (b=1.66+0.13); in this case it
overestimates the steric effects, particularly in the acid 5.
When the steric effects are evaluated separately (in the
following sections), the agreement with experiments is better,
since the errors for the individual acids compensate. The
important reactions are given in Table 2, lines 7-9; the
disagreement exceeds only slightly the experimental uncer-
tainty (s.d. may acquire 0.7 kJmol~! for a single compound,
1kJmol™! for the reaction). Note particularly that the
uncertainty is greatest for the acid 2 and does not affect our
main conclusions for § and 6.

The imperfect agreement for the acidities prompted us to
calculate the values of 0AH%g and 0AGYy, for Equation (1) in
the case of the acid 5, for which the differences between RHF
and B3LYP levels were the greatest. For the RHF treatment,
almost perfect agreement was obtained: E(RHF) —4.61,
O0AHS%s —5.20, 0AGY%s —6.86, and experimental 0AGY or
0AHYs — 6.5 kJmol~!, while E(B3LYP) equals —11.54 and is
little changed by the statistico-mechanical corrections.

In our opinion, the reliability of our calculations allows us
to found the following discussion and evaluation of steric
effects exclusively on calculated energies, which are not
combined with experimental values.'Y In this way, a concep-
tually pure model was obtained. Table 2 contains results from
RHF calculations; B3LYP calculations yield very similar
results, but a scaling correction would be necessary as has
been shown from the values of regression slopes.

Conformation: Further results of calculations concern the
conformation (Table 3, last column). Calculations predict a

nonplanar conformation for 5 and 6 (with ¢ =47 and 77°,
respectively) and an equilibrium of planar forms, 2a and 2b
(Scheme 1), for 2; the ratio for 2a:2b is approximately 4:1.
This is in accord with the indirect experimental results from
the correlation analysis,!'] with the crystal structures,['* *] and
with the conformation of the methyl ester of 2.1

The structure of 2a gives no indication of any weak
hydrogen bonds between the methyl hydrogen atoms and the
carbonyl oxygen, as was considered possible.®) On the
contrary, the conformation of the C2—C(H;) bond shifts these
hydrogen atoms as far as possible from the carbonyl.

Steric effects in planar molecules: In the next step, the energy
values were used to construct the isodesmic reactions
(Schemes 1-3). These reactions may represent a desired
“substituent effect” with a better or worse approximation, but
the energy values have always a clear physical meaning. They
are simply reaction energies (enthalpies) of an isodesmic
reaction.

Separation of steric and polar effects was attempted by us
with a comparison of ortho and para derivatives, as expressed
in a simplified way by Equation (2).

SE=AH(2) — AH*(4) (2

In the case of polysubstituted derivatives, two (or more)
reference compounds are needed. Together they contain as
many para substituents as the original compound has para and
ortho substituents; the number of meta substituents is retained
(Scheme 2 and Scheme 3). The approach assumes that the
polar effects mediated through the benzene ring are equal in
the ortho and para positions. The latter approximation can be
doubted!"”) but has been found sufficient in detailed analyses
of the acidities of these compounds in the gas phasel''* ®l and
in solution.'’® In the case of 2-methylbenzoic acid 2, Equa-
tion (2) represents a simple isomerization reaction
(Scheme 1). With respect to the two conformations of 2, the
steric effect of one ortho methyl group is represented by the
reaction enthalpy of either the reaction 4 —2a or 4—2b
(Scheme 1). Since 2a is dominant, its calculated reaction
energy can be compared with the experimental AHYM
derived from the enthalpies of formation (Table 2, line 1).
The agreement is better than with AHY calculated previous-
lyl'™ by AMI1. By the same procedure, we calculated
AE(RHF) of the isodesmic reactions between the anions

Table 3. Some calculated bond lengths and bond angles in methyl-substituted benzoic acids.?!

C=0 C-OH C1-C(O) C1—C2 C1-Cé6 0=C-O ¢
4-methylbenzoic acid 4 1.192 1.330 1.485 1.393 1.388 121.7 0
2-methylbenzoic acid 2a 1.193 1.333 1.489 1.406 1.396 120.8 0
2,3-dimethylbenzoic acid!! 1.193 1.333 1.487 1.406 1.395 120.6 12
2,6-dimethylbenzoic acid 5 1.191 1.330 1.497 1.401 1.401 1213 47
2,3,5,6-tetramethylbenzoic acid 6 1.189 1.330 1.502 1.395 1.395 121.8 77
4-methylbenzoate anion 1.234 1.545 1.390 1.390 129.4 0
2-methylbenzoate anion 1.234 1.554 1.406 1.394 128.7 0
2,6-dimethylbenzoate anion 1.234 1.542 1.399 1.399 129.4 65
2,3,5,6-tetramethylbenzoate anion 1.234 1.541 1.399 1.399 129.4 79

[a] Bond lengths in A, bond angles in degrees. [b] See ref. [30].
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(similar reactions as in Scheme 1 with COO~ instead of

COOH, anions of 2a and 2b are identical). If we subtract the

reaction energies of the anions and acids, we obtain

OAE(RHF); this represents the enhanced acidity due to the

steric effect. This value can be compared with the exper-

imental SAH%g obtained from the gas-phase ionization['"]

(Table 2, line 7).

The acidity of 2 was formerly explained by hindered
resonance.? % 64 When this is not present, one has to refer
to the primary steric effect or in more modern terms to the
van der Waals interaction (vdW). The traditional interpreta-
tion of primary steric effects on acidities?® %I was simple: the
steric effect makes the acid less stable. It was overlooked that
the steric effect is also present in the anion, and that the
COO~ group is evidently not smaller than COOH. When we
started from the standard geometry,!'8! we calculated the same
distance, C(H;)—C(O), in the idealized structures of 2a and of
its anion.'”! Within the framework of molecular mechanics
and force field?! MM3, we obtained the assumed van der -
Waals repulsion, which was even a little greater for the anion
(304kJmol™") than for the acid molecule of 2a
(26.1 kJmol~'). When the COO~ group is not smaller than
COOH, it would still be possible that it is “softer”, that is, that
an interaction from the same distance requires less energy. We
can test this hypothesis by comparison of the geometry of an
ortho-substituted benzoic acid and its anion in their real, fully
relaxed geometries. The ortho substitution produces defor-
mation of the benzene ring, and in the crystalline state this
mainly causes the C(1)—C(2) bond to become longer and the
angles C(O)—C(1)—C(2) and C(1)—C(2)—C(H;) to become
wider. Out-of-plane deformations and deformations on the
carboxyl group were found to be insignificant.['”! If the above
hypothesis was correct, the deformations would be greater in
the acid molecule than in the anion. We tried three possible
approaches that compared the following: a) a crystal structure
of an acid and of its salt, b) a series of crystal structures
of various acids and various salts, and c) calculated struc-
tures.

a) A detailed search in the Cambridge Structural Database!?!]
did not reveal a single pair of suitable structures of an
ortho-substituted benzoic acid and its salt, that is, when the
disordered structures and the acid salts had been elimi-
nated. The only example would be 2-hydroxybenzoic acid
and its trimethylammonium salt, but the size of the
substituent is insufficient, and the structure is influenced
by hydrogen bonds.

b) In a series of substituted benzoic acids,?! the average
difference Al of the bond length C(1)—C(2) was calculated
and related to the mean bond length in the benzene ring.
For nine approximately planar 2-substituted benzoic acids
(¢ <6°) Al=0.024 A; for two salts of such acids Al=
0.026 A. For twenty four nonplanar 2,6-disubstitued acids
(¢ >29°) AI=0.008 A; for sixteen such salts A/=0.010 A.
While the difference between 2- and 2,6-derivatives is
significant, that between acids and salts is not. Other
geometrical parameters were still less telling.

c) The most important results were obtained from the
calculations. The calculated geometries of the minimum-
energy structures of the acid 2 and of its anion are shown in

Chem. Eur. J. 2000, 6, No. 18
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Figure 1. There is very little difference in the critical
parameters, as demonstrated particularly by the equal
bond lengths C(1)—C(2).

H 126 116
(o8N -~ Ol‘-e/
c %ﬁl—i\ 124° c/%)fy\ 124°
121 y 124 /EE\H
1.406 1.406

Figure 1. Calculated bond lengths and bond angles of 2-methylbenzoic
acid 2 and of its anion.

Previously, we estimated steric effects in polymethyl-
substituted benzoic acids, SE,,, according to Equation (1).
The same procedure was carried out also for their anions.['']
When they are plotted against each other, it turned out that
SE nion 1s about 80 % of SE,.q (Figure 2, broken line). In this

20

SE (anion) kJ mol™

0 20 40 60
SE (acid) kJ mol

Figure 2. Plot of the steric effects SE, derived from the experimental
values of A{H° and AHY, for the molecules of methyl-substituted benzoic
acids (x-axis) and for their anions (y-axis): e acids without ortho
substituents, o with one ortho substituent, and o with two ortho
substituents. The full lines have unity slope. Data taken from ref. [11b].

way, the apparent steric effect on the acidity could be formally
explained. However, this interpretation is misleading as it is
known that the groups COOH and COO~ have equal steric
requirements. We prefer to divide all methyl-substituted
benzoic acids into three groups: those with no ortho sub-
stituent, those with one ortho substituent, and those with two
ortho substituents, respectively. Then SE,;q=SE, ., is valid
within each group!™ (Figure 2, full lines); the values in
different groups are shifted by 6 kJmol~!. In our opinion, the
only reasonable explanation!'” for the substituent effect on
the acidity is: that it is not the energy of the acid molecule that
is enhanced by steric effects, but it is the energy of the anion
that is lowered. A possible model is electrostatic interaction
pole/induced dipole (PIDI). This type of interaction® has
already been considered®! in the discussion of the gas-phase
acidity of 2. It can be expressed by Equation (3).

AE = — aq?32m%e} el 3)
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Remarkably, the equation has not been reported correctly
in the literature: once it was given (in the CGS system,
without the factor of 167%¢3) with & instead of €2, in other
papers ¢.; was omitted.’> 2%l The polarizability o for one mole
(units cm®*mol~"') can be taken from the molar refraction of
the CH; group,! the charge ¢ may be divided over the two
oxygen atoms. The main problem is the sensitivity to the
estimated distance r (present as r*) and also to & (present as
e%). With e;=2, we obtained AE=—6.1kJmol 1! in
surprising agreement with the SE of 2 derived from experi-
ments,''l —5.1 kJmol~!, or with the mean value from Figure 2,
—6 kJmol~L. With ¢,=1, a value of AE=—9.6 kImol~! was
calculated, but the value of a was not given (our result for
es=1 would be AE=—24.5kJmol™"). These figures should
be evaluated in the light of the limited success with the
calculation of substituent effects by pole/permanent dipole
interaction;?”) if one reduces the quantum chemical reality to
simple electrostatics, this is a great simplification, and the
representation of complex charge distribution by separate
atomic charges introduces great arbitrariness. We cannot say
more than that Equation (3) can be used as a model for the
qualitative reproduction of results.

Inhibited resonance in nonplanar molecules: In the case of the
nonplanar molecule of § with two ortho substituents, the
substituents’ steric effect on acidity should consist of the same
effects as in the preceding paragraph and, in addition, of SIR.
We tried to separate these components as shown in Scheme 2.
The reference for the two ortho methyl groups is two
molecules of 4. The first isodesmic reaction in Scheme 2
involves only real molecules, and its AE(RHF) can be
considered as a sum of the two named effects. The gist of
the matter is in the artificial second reaction, in which all
molecules are twisted by the same angle ¢ =47°, as in the
stable conformation of 5; any SIR is not possible. If we
subtract AE(RHF) values of the two reactions, we obtain an
estimate of SIR in 5 (Table 2, line 2); SIR and vdW contribute
equally to the increased energy of the molecule. Qualitatively,
this result was expected since the strain energy must be
relaxed to all degrees of freedom. In Figure 3, the components
of the steric strain in 5 are shown against a varying torsion
angle ¢. SIR increases along a function not much different
from the anticipated cos?¢[ (line SIR), vdW decreases along
a similar function (line vdW), and the total energy (line Tot) is
a delicate balance of the two, with a shallow minimum. Note
that SIR at ¢=90° is quite different from the rotational
barrier of 5; the latter is a sum of SIR and vdW and is
represented in Figure 3 by the difference between the two end
points of the line Tot.

When the above procedure was repeated for the anion of 5,
the lowest energy was obtained at ¢ = 65°. The greater value
of ¢ in the anion than in the acid molecule may seem
surprising. With respect to the equal vdW effects of COOH
and COQ-, this must be explained by the weaker conjugation
of COO~ with the benzene ring. Note also that the minima on
the curves Tot and Tot-A in Figure 3 are shallow, and the
values of ¢ are not definite. The value of SIR for the anion is
slightly greater than in the acid molecule, while the share of
the non-SIR component is almost zero (Table 2, line 5). The
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E (RHF) kJ mol™"

¢ degrees

Figure 3. Calculated steric effects (RHF level) in 2,6-dimethylbenzoic
acid 5 with a varying torsional angle ¢: SIR = steric hindrance to resonance
in the acid 5 (SIR-A =in its anion), vdW =van der Waals tension in 5,
(vdW-A = van der Waals tension and pole-induced dipole interaction in the
anion), and Tot = total steric effect in 5 (Tot-A =in its anion); the arrow
shows the steric effect on the acidity as a difference between the minima of
the curves Tot and Tot-A.

latter represents the sum of negative vdW energy and positive
PIDI. In the graphical representation (Figure 3, broken lines
for the anion), the PIDI contribution is shown by the
difference between the lines vdW and vdW-A. When we
subtracted the steric energies of the anion and the acid, we
obtained values for the substituent steric effects on the acidity
(Table 2, line 8). Remarkably, it is not controlled by SIR; the
calculated contribution of SIR would be small and in the
opposite direction (acid weakening). The main acid-strength-
ening effect can again be attributed to PIDI, as in the case of
the planar acid2. An approximate estimation obtained
from Equation 3 for ¢ =65° yielded —7.6 or —30.2 kJmol~!
for e.;=1 or 2, respectively, instead of — 21 in Table 2. Figure 3
shows the steric effect on acidity as a difference between the
lowest points on the curves for the acid molecule and for the
anion, respectively. Both curves are relatively flat as a result of
the interplay of SIR, vdW, and PIDI; a further problem is in
the unequal angle ¢ in the acid and the anion. The acidity
appears as a rather complex quantity, and simple interpreta-
tion is not possible.

The above procedure was applied to the acid 6, and the
steric effects are strengthened by the “buttressing effect”*! of
the methyl groups in positions 3 and 5. The results (Scheme 3
and Table 2, lines 3, 6, and 9) are qualitatively similar to those
for the acid 5. The main difference is in the greater twisting
angle, ¢, both in the acid molecule and in the anion (Table 1).
For this reason, SIR is also greater. The effects on the acidity
are again less easy to understand; they appear as differences
between relatively large quantities (Table 2, line 9). In con-
trast to 5, SIR is now negative (the acid is strengthened as
expected), but most remarkable is the share of PIDI, which is
smaller than in the less methylated acid5. Calculation
according to Equation (3) for ¢=79° yielded —79 or
—31.2kImol™! for ¢;=1 or 2, respectively, instead of —12
in Table 2. Even in this case, a merely qualitative agreement
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was obtained,?® but the difference between compounds 5 and
6 cannot be reproduced. In Figure 4, the main difference, in
comparison with Figure 3, is the larger angle ¢ at the
minimum-energy conformations; this is almost equal in the
acid and in the anion. Both lines, Tot and Tot-A, have very
shallow minima. Therefore, the angle ¢ is not well determined
and could be taken as almost 90° (see also the B3LYP energies
in Table 1); then resonance can be considered as virtually
inhibited.

E (RHF) kJ mol™!

0 15 30 45 60 75 90
¢ degrees

Figure 4. Calculated steric effects in 2,3,5,6-tetramethylbenzoic acid 6 with
varying torsional angle ¢: the same abbreviations are used as in Figure 3.

Inhibited resonance observed in the geometry: Our calcula-
tions also offered us the opportunity to search for some proofs
of SIR in the geometrical parameters. Our values can be
compared with greater reliability than those from the X-ray
studies,” as these are loaded with considerable errors. In
Table 3, the acids are arranged according to increasing SIR.
As areference without SIR, we chose 4-methylbenzoic acid 4.
Most significant is the lengthening of the C1—C(O) bond with
decreasing resonance, but a smaller increase in bond length,
due to the vdW effect, is observed even in 2, in which there is
no SIR. There is little shortening of the C=0O bond with
increasing SIR, but it is just observable. Any significant
changes in the C—O bond or in the O=C—-O angle were not
found. In the geometry of the anions, no signs of conjugation
or its hindrance can be detected. For a primary steric strain
(vdW), the best proof is the increase in the C1—C2 bond
length in the aromatic ring, when compared with the C1-C6
bond. It is greatest in 2 and in 2,3-dimethylbenzoic acid;*? in §
and 6, the torsion released the strain, and the bond C1—C2 is
less stretched. Besides the large strain, a finer effectP! is
observed in the planar, unstrained acid 4: different bond
lengths for C1-C2 and C1-C6 are observed due to the
influence of the extraannular double bond C=0. In summary,
geometric parameters are relatively sensitive to conjugation
and to its hindrance, and often they were found to be more
sensitive than the energies.[’

Acidities in solution: The above calculations yielded SIR,
vdW, and PIDI in terms of the Hartree-Fock energy of

Chem. Eur. J. 2000, 6, No. 18
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isolated molecules. The results can be extended in a qual-
itative discussion to a relative share of these effects under
various experimental conditions; a quantitative estimation is
possible only with several approximations. In the litera-
ture,l'-® SIR was applied to solution data and mainly to
equilibrium constants; the use of this interpretation may be
disputed, or at least with respect to its quantitative aspect. For
the compounds 2-6, dissociation constants in methanol and
in dimethyl sulfoxide are available,'™ but the latter are
affected by dimerization. For the former, we attempted a
bisection into SIR and PIDI (Table 2, right-hand part). In
solution, resonance is usually moderately attenuated.l*’] We
assumed its reduction to approximately two thirds; it follows
that PIDI is reduced more, as anticipated. The difference
between PIDI in § and 6 is difficult to understand as it was in
the case of the gas-phase values. What is sure is that SIR does
not play any greater role; this conclusion does not depend on
the above assumptions. With regard to the former intuitive
interpretation of the acidity in water,?® % 4l it was correct only
in that SIR exists in the isolated acid molecules. However, it
does not manifest itself in the solution acidities.

Conclusion

Steric effects were represented here by a model based on
quantum chemical calculation of energies. This model is
internally consistent and in reasonable agreement with
observable quantities. All observations were made on meth-
yl-substituted benzoic acids. Even on this narrow class of
compounds, various effects were observed; these differed
sometimes very distinctly. We would like to avoid the
unwarranted extension of these arguments, but the following
statements are valid more generally.

1) SIR is a useful concept that can account for the relative
reactivity of many compounds and is supported by further
observable quantities (torsional angles, bond lengths,
dipole moments). However, it has been applied to many
cases, in which it does not exist. In any individual case, two
preconditions must be fulfilled: one based on geometry,
and the other based on energy. The compound under
consideration (sterically hindered) must be actually non-
planar, while the reference compound (nonhindered) is
planar. Even when this is true, the steric hindrance to
resonance can be responsible only for a smaller part of the
observed effect, and an estimate of the resonance energy is
necessary in relation to its assumed hindrance.

2) With regard to the carboxylic acids, the traditional
explanation of their strength by steric hindrance is not
justified, since the effective steric volumes of the carboxyl
group and carboxylate groups are practically equal. An ad
hoc model, which reproduces qualitatively the experimen-
tal facts, is PIDI; this stabilizes the carboxylate anion. It is
strong in the gas phase, attenuated in solution.

3) If one considers merely the terminology, it should be noted
that some terms used here such as vdW or PIDI do not
represent something that exists in the real world. They are
simplified mathematical models of the quantum chemical
reality, and their reason is for the more or less accurate
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reproduction of observable numerical properties. How-
ever, the term SIR supposes a definite conformation of the
molecule, and this is at least in this part provable in the real
world. From this point of view, also the general term steric
effect does not seem appropriate: more suitable is the term
proximity effect.

Computational methods: The RHF calculations were done
with the Gaussian94 program.’¥ When the structures of
minimum-energy conformations were calculated, full geom-
etry optimization was carried out with redundant internal
coordinates. Vibrational analysis was carried out in all cases:
all structures belonged to an energy minimum. In the case of
conformations with frozen rotation (a fixed torsional angle ¢),
all remaining geometry parameters were optimized with
internal coordinates. The B3LYP calculations were done
according to the original proposal.l*’]
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Novel Artificial Receptors for Alkylammonium Ions with Remarkable

Selectivity and Affinity

Sung-Gon Kim and Kyo Han Ahn*!?!

Abstract: The benzene-based tripodal
tris(oxazolines) have been developed as
the most selective and strong receptors
toward linear alkylammonium ions re-
ported to date. Among six tris(oxazo-
lines) based on 2.4,6-trimethylbenzene
framework, the phenylglycinol-derived
receptor 4 exhibits the largest associa-
tion constant toward nBuNH;"
(logK,=6.65+0.02), while a similar
value toward (BuNH;" (logK,,=
3.80+0.01) compared with others,
which corresponds to the selectivity
ratio of nBuNH;"/tBuNH;* as high as
~700. The tris(oxazoline) 6 that has

0.02). Both receptors 4 and 6 extract 3-
phenethylammonium ion from water
into chloroform almost completely.
When the benzene frame is changed
from 2,4,6-trimethylbenzene to 2,4.,6-
triethylbenzene, dramatic changes in
the affinity as well as in the selectivity
are observed. The association constant
observed by tris(oxazoline) 8 toward
nBuNH;* approaches 10%mM~! and the
selectivity ratio of nBuNH;"/fBuNH;" is
increased to 2700. This selectivity is even

Keywords: alkylamines - tripodal
oxazolines hydrogen bonds

more enhanced to 4000 with tris(oxazo-
line) 9. The enhanced binding affinity
and high selectivity observed with re-
ceptors 4 and related derivatives 7-9
compared with others can be explained
by an optimized steric and electronic
environment provided by the phenyl
substituents, which has been unambigu-
ously demonstrated by X-ray crystallo-
graphic and '"H NMR spectroscopic
studies on the host—guest complexes.
The new receptor system has several
unique features such as ready availabil-
ity, structural simplicity, and in particu-
lar, versatility in derivatization. By vir-

bare oxazoline ring exhibits still a large
association constant toward sterically

; recognition
hindered (BuNH;" (logK,,=5.26+

Introduction

Recently, we have developed a benzene-based tripodal
oxazoline receptor system for selective recognition of NH,"
over K+l which has potential applicability in clinical and
environmental chemistry. One of the receptors exhibited a
large binding affinity toward NH,* and a remarkable NH,*-
selectivity over K*.?l The NH,*-binding affinity was depend-
ent on the oxazoline substituents, which suggested that the
selective recognition of a certain type of alkylammonium ions
over others could be achieved by optimizing the steric and
electronic influence of the substituents. In designing synthetic
receptors for organic guests, the challenging problem is how to
rationally incorporate interesting guest structures into recep-
tor structures.’! Herein, we wish to report a successful result
involving novel tripodal oxazoline receptors.

[a] Prof. Dr. K. H. Ahn, Dr. S.-G. Kim
Department of Chemistry and Division of Molecular & Life Science
Pohang University of Science and Technology
San 31 Hyoja-dong, Pohang 790-784 (South Korea)
Fax: (+82) 54-279-3399
E-mail: ahn@postech.ac.kr
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host—guest chemistry -
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tue of these advantages, it can be readily
tailored as selective receptors toward
biologically important amines.

molecular

An efficient recognition system for alkylammonium ions
such as n-butylammonium and S-phenethylammonium ions is
valuable in clinical application,¥ because they are the
structural motifs in biologically important amines such as
GABA and dopamine.P! The selective recognition of isomeric
butylammonium ions has been reported recently by Chang(®
and Pappalardol’! using calixarene-based receptors. A dra-
matic increase in selectivity was observed in going from
calix[6]arene- to calix[5]arene-based receptors, demonstrat-
ing a crucial complementary interaction between a host and a
guest for a successful molecular recognition. In this regard,
our oxazoline receptors provide a great opportunity to
examine the steric and electronic interactions between the
receptor and guest molecules.

Results and Discussion

We synthesized various tris(oxazolines) 1-6 with different
substituents and studied the host — guest interactions (Scheme 1).

Since all receptors are insoluble in water and the ammo-
nium salts are also insoluble in the organic layer in the
absence of receptors, we determined the association constant
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Scheme 1. Synthesis of tris(oxazolines). a) (COCl),, cat. DMF, CH,Cl,,
25°C; b) amino alcohol, Et;N, CH,Cl,, 25°C; ¢) SOCI,, benzene, 25°C;
d) NaOH, MeOH, reflux.

by the picrate extraction method.l®! Table 1 summarizes the
association constants determined with tris(oxazolines) 1-6
having 2,4,6-trimethylbenzene framework.

For a given butylammonium ion, a dramatic change in the
binding affinity was observed. Within the series, the largest
association constant for nBuNH;" is marked by receptor 4

Abstract in Korean:
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that has phenyl substituents on oxazoline rings (logK,,=
6.65+0.02m7"). The receptor 6 that has no substituent on
oxazoline rings also exhibits a similar level of affinity toward
nBuNH;*, whereas those with isopropyl or dimethyl sub-
stituents, oxazolines 1 and 2, show much lower affinities. The
oxazoline 3 that has methyl substituent is a borderline case.
These results apparently indicate that the steric interactions
involving the oxazoline substituents significantly affect the
binding affinity. In addition, hydrophobic interactions play a
role in the case of receptor 4, in which phenyl substituents of
oxazoline rings encompass the guest, thereby providing a
“hydrophobic wall”.’l Notably, the oxazoline receptor 5
having benzyl substituents exhibits much lower affinities than
the phenyl-substituted oxazoline 4. The benzyl substituents
may not provide the hydrophobic wall but exert steric strain
toward the guests. Likewise, sterically more demanding
alkylammonium ions will disfavor complexation than steri-
cally less demanding nBuNH;". In the case of ‘BuNH;", a
much lower affinity is observed with receptor 4. The
nBuNH;"/fBuNH;" selectivity of as high as ~700 is obtained.
The binding affinity toward nBuNH;" and the selectivity ratio
obtained with receptor 4 are comparable to those obtained
with the calix[5]arene-based receptor!” that has been the most
efficient one reported to date. It is noteworthy that oxazoline
6 exhibits a high affinity (K,, ~10°M~") toward sterically
demanding rBuNH;". Oxazoline 4 also shows a significant
affinity toward sBuNH;* (K, ~10°M~"), which is a prereq-
uisite for high chiral recognition.'’? Besides, we studied the
binding affinity toward S-phenethylammonium ion that is
structurally related to biogenic amines such as dopamine and
serotonin. Interestingly, with oxazoline receptors 4 and 6, we
could not correctly determine the association constants due to
large fluctuations in the observed data. For the -phenethyl-
ammonium ion, even receptor 3 exhibits an association
constant as high as 105m~L It is likely that two receptors have
very strong affinities toward the ammonium ion (K,
~10%m7!) that makes the direct measurement unreliable.
Both receptors 4 and 6 extracted S-phenethylammonium ion
almost completely, which is very promising for the possible
application to the detection of dopamine and its analogues.

The benzene-based tripodal oxazolines are in fast equili-
brium between the two conformers, syn,syn- and syn,anti
isomers, in which the relative positioning of three oxazoline
ligands are different.''l Receptors that are capable of
favorable preorganization are expected to enhance the bind-
ing affinity.'”l Tripodal oxazolines based on 2,4,6-triethylben-
zene frame are synthesized to see this point. Indeed,
tris(oxazoline) 8 that differs from 4 in the frame show a
significant increase in both the binding affinity and selectivity,
as listed in Table 2.

7 R'=Me, R>=R%=Ph
8RI=Et,R2=Ph,R3=H
9R!=Et R?=R3=Ph
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Table 1. Association constants (logK, + 0) of alkylammonium ions (picrate salts) with oxazoline 1-6, obtained

by UV spectroscopy.!?)

the cation-mt interactions and

an unambiguous evidence for

Receptor nBuNH,* sBuNH;* tBuNH;* Ph(CH,),NH5* nBuNH;*/fBuNH; [ the hydrophobic wall suggested
1 4.40 +0.05 3.53£0.05 3.00 £ 0.01 4.67+0.08) 25 previously. Figure 2 shows spec-
2 4.40+0.01 3.28+0.02 3.04+0.01 4.38+£0.04 23 tral changes on complexation.

3 5.28 £0.08 4.204+0.02 3.70 £0.01 6.61 +0.02 38 Particularly notable are that
4 6.65+0.02 6.65+0.02 3.80+0.01 [c] 710 the benzylic protons, more ap-
5 4.81+0.01 3.86 +£0.01 3.23+0.03 5.59+0.09 38

6 6.41+0.03 5.60+0.02 5.26+0.02 [c] 14 parently the methyl protons, of

[a] Measured in CHCI, at 25°C (deviation of minimum two independent determinations). [b] Selectivity factor.

[c] Could not be determined due to very large deviations.

Table 2. Association constants (logK,+ 0) of alkylammonium ions (pic-
rate salts) with oxazoline 7-9, obtained by UV spectroscopy.l®!

Receptor nBuNH;*  sBuNH;*  (BuNH;*  nBuNH;*//BuNH,*"l
7 6.30+0.04 4.92+0.05 3.67+0.01 430
8 7.96+0.08 5.94+0.05 4.53+0.01 2700
9 7.77+0.02 5.92+0.03 4.17+0.01 4000

[a] Measured in CHCl; at 25°C (deviation of minimum two independent
determinations). [b] Selectivity factor.

The association constant observed by tris(oxazoline) 8
toward nBuNH;* approaches 108m~!![®l Furthermore, the
selectivity ratio of nBuNH;"/tBuNH;" is increased to 2700.
This selectivity is even more enhanced to 4000 with hexa-
phenyl-substituted tris(oxazoline) 9. By changing the benzene
frame, the binding affinity toward BuNH;™ is raised by up to
20 times. These results demonstrate again the importance of
preorganization in the molecular recognition process.

Regarding to the binding mode, the X-ray crystal structure
of 4-PhCH,CH,NH;"PF;~ shown in Figure 1 exhibits the
tripodal hydrogen bonding.'¥l In addition to the hydrogen

Figure 1. The X-ray crystal structure of 4-PhCH,CH,NH;*PF,~ (except
for the NH;" hydrogen atoms, hydrogen atoms have been omitted for
clarity). Selected interatomic distances [A] and angles [°]: N(1G)---N(1)
2.972, N(1G) - N(2) 3.016, N(1G)-+-N(3) 2.983; N(1)-N(1G)-N(2) 124.1,
N(1)-N(1G)-N(3) 109.9, N(2)-N(1G)-N(2) 109.6.

bonds, there exists cation — i interactions between the ammo-
nium ion and the benzene framework that contribute to the
stabilization of the complex.["”]

'H NMR spectroscopic studies were performed on 1:1
complexes of nBuNH,;" with the tris(oxazolines) in CD;0D/
CDCl; 1:9, which provided an interesting result with regard to
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the 2,4,6-trimethylbenzene
frame exhibit upfield shifts
and that their magnitudes de-
pend on the binding affinity.
The upfield shift (— Ad) of the methyl protons on complex-
ation is 0.03 for tris(oxazoline) 2, whereas those for tris(oxa-
zoline) 6 and 4 are 0.15 and 0.14, respectively. Thus, larger
upfield shifts are observed for the complexes having larger
association constants. One likely explanation for the upfield

b a
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Figure 2. '"H-NMR spectra (300 MHz, CDCL/CD;OD 9:1, 25°C) of
tris(oxazoline) receptors (2: A, 6: C, and 4: E) and their 1:1 complexes
of nBuNH;* picrate (B, D, and F).

shift is that the cation—m interaction perturbs the delocaliza-
tion of the benzene m electrons, thus causing a decrease in
their deshielding effects.l') Another interesting point is that
the alkyl protons of the guest exhibit dramatic upfield shifts in
the case of receptor 4, compared with the other cases. For
example, a-methylene protons of nBuNH;" appear at 6 =0.87
in the case of 4, whereas those in the case of receptors 2 and 6
appear at 0 =2.76 and 2.62, respectively. The dramatic upfield
shifts in the case of receptor 4 may be due to the shielding
effects by the oxazoline phenyl groups that surround the alkyl
chain to form a hydrophobic wall.
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Conclusion

We have developed the benzene-based tripodal tris(oxazo-
lines) as the most selective and strong receptors toward linear
alkylammonium ions reported to date. The X-ray crystallo-
graphic and "H NMR spectroscopic studies provide unambig-
uous binding modes both in the solid and in solution states.
The new receptor system has several unique features such as
ready availability, structural simplicity, and, in particular,
versatility in derivatization. By virtue of these advantages, it
can be readily tailored as selective receptors toward bio-
logically important amines.

Experimental Section

General: Benzene and dichloromethane were purified by distillation from
calcium hydride under nitrogen. Thionyl chloride was distilled under argon
before use. Alkylammonium picrates were prepared by neutralization of
the appropriate amine with picric acid in methanol and purified by
recrystallization from diethyl ether/methanol. Analytical thin layer chro-
matography was performed using Merck 60 F,s, precoated silica gel glass
plates. Column chromatography was carried out on Merck silica gel 60
(230-400 mesh). Melting points were measured on a Thomas Hoover
capillary melting point apparatus and were uncorrected. Optical rotations
were measured using Rudolph Research Autopol III digital polarimeter
using a sodium lamp (D line, 589 nm) and are reported in degrees with
concentration in unit of 10 mgmL~". Proton and carbon NMR spectra were
recorded on an AM-300 Bruker spectrometer. Chemical shifts are reported
as 0 in ppm downfield from tetramethylsilane (0 =0.0) using the residual
solvent signal as an internal standard: [D,]chloroform ("H NMR: 6 =7.26;
3C NMR: 6 =77.0). Multiplicity is given as usual. Mass spectral analysis
was recorded on Jeol IMS-AXS505WA and is reported in units of mass to
charge (m/z). Elemental analyses and HR-MS were performed by Seoul
Branch Analytical Laboratory of Korea Basic Science Institute.

Synthesis of the tris(oxazolines) 1-7—A representative procedure: Oxalyl
chloride (4.3 mL, 50 mmol) and dimethylformamide (0.2 mL, 2.5 mmol)
were added at 25 °C to a mixture of (2,4,6-trimethylbenzene)-1,3,5-triacetic
acid (10 mmol) in dichloromethane (140 mL). After the reaction mixture
was stirred for 18 h, the solvent and excess oxalyl chloride were evaporated
under reduced pressure. The crude acid chloride was immediately used for
the next step without further purification. A solution of the acid chloride in
dichloromethane (40 mL) was added dropwise through a cannula to a
stirred solution of an amino alcohol (30 mmol) and triethylamine
(4.7 mmol, 34 mmol) in dichloromethane (50 mL) at 0°C. After the
solution was stirred for 12 h at 25°C, the solvent was evaporated under
reduced pressure to give the corresponding crude triamide. To the triamide
were added benzene (140 mL) and thionyl chloride (7.2 mL, 100 mmol),
and the resulting mixture was vigorously stirred at 25°C for 18 h. After
evaporating excess thionyl chloride and solvent under reduced pressure,
the residue was dissolved in dichloromethane/water (200 mL, 1:1 v/v) and
then stirred vigorously for 30 min at 25 °C. The organic layer was separated,
and the aqueous layer was extracted with dichloromethane. The combined
organic layers were washed with brine, dried over MgSO,, and concen-
trated in vacuo to afford the crude chloromethylamide as a light yellow
solid, which was subjected to the next step without further purification. A
solution of sodium hydroxide (4.0 g, 100 mmol) in methanol (40 mL)
through a cannula was added to a mixture of chloromethylamide dissolved
in methanol (100 mL). The resulting mixture was stirred for 30 min at 25°C
and then heated under reflux for 12 h. After being cooled to room
temperature, the mixture was concentrated under reduced pressure. The
residue was re-dissolved in dichloromethane (20 mL) and neutralized with
IN HCI solution, washed with brine, and dried over MgSO,. After
concentration in vacuo, the crude product was purified by column
chromatography on SiO, and then by recrystallization to afford an
analytically pure compound. Similarly, tris(oxazolines) 8 and 9 can be
synthesized starting from (2,4,6-triethylbenzene)-1,3,5-triacetic acid. Oxa-
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zolines 1 and 3 can be synthesized by a different route reported in the
reference [1].

1,3,5-Tris[ (4,4-dimethyl-2-oxazolinyl)methyl]-2,4,6-trimethylbenzene (2):
Overall yield 45%; R;=0.21 (ethyl acetate/MeOH 95:5 v/v); m.p. 184 -
185°C; 'H NMR (300 MHz, CDCL,): 6 =3.87 (s, 6 H), 3.69 (s, 6 H), 2.37 (s,
9H), 1.24 (s, 18H); C NMR (75 MHz, CDCl,): 0 = 164.4, 136.2, 1310,
79.5, 672, 30.7, 28.7, 174; MS (EI): m/z (%): 453 (100) [M]*, 382 (51), 310
(37); elemental analysis calcd (%) for C,;H;30N;05- 2H,0: C 70.10 H 8.72,
N 9.08; found: C 70.35, H 8.33, N 9.09.

1,3,5-Tris{[4(S)-phenyl-2-oxazolinylJmethyl}-2,4,6-trimethylbenzene  (4):
Overall yield 28 %; R;=0.34 (ethyl acetate/hexanes 3:2 v/v); m.p. 125-
126°C; [a]f = +778 (¢ =1.00, CHCl;); 'H NMR (300 MHz, CDCl;): 6 =
734-721 (m, 15H), 5.16 (dd, /=10.1, 8.3 Hz, 3H), 4.59 (dd, J=10.1,
8.5Hz, 3H), 4.05 (dd, /=85, 83 Hz, 3H) 3.87 (s, 6H), 2.51 (s, 9H);
BC NMR (75 MHz, CDCly): 6 =167.0, 142.5, 135.9, 130.7, 128.6, 1274,
126.5, 74.8, 69.5, 30.1, 17.3; MS (EI): m/z (%): 597 (100) [M]*, 576 (28);
elemental analysis caled (%) for C;H;3N;O05: C 78.36, H 6.58, N 7.03;
found: C 78.13, H 6.70, N 7.41.

1,3,5-Tris{[4(S)-phenylmethyl-2-oxazolinyl Imethyl}-2,4,6-trimethylben-
zene (5): Overall yield 30 %; R;=0.24 (ethyl acetate/hexanes 3:2 v/v); m.p.
139-140°C; [a]f = —16.7 (¢ =1.00, CHCL;); '"H NMR (300 MHz, CDCl;):
0="1730-716 (m, 15H), 4.38-4.30 (m, 3H), 4.12 (t,/ =8.3 Hz, 3H) 3.94 (t,
J=17Hz,3H),3.71 (s, 6H), 3.09 (dd,J =13.7,4.7 Hz, 3H), 2.6 (dd, J = 13.7,
8.9 Hz, 3H), 2.38 (s, 9H); C NMR (75 MHz, CDCl;): 6 =166.6, 138.3,
136.2,131.1,129.7,128.9, 126.8, 72.0, 67.6, 42.0, 30.5, 17.6; MS (EI): m/z (%):
639 (82) [M]*, 548 (100); elemental analysis caled (%) for C,,H,sN;O5: C
78.84, H 7.09, N 6.57; found: C 79.02, H 7.46, N 6.55.

1,3,5-Tris[ (2-oxazolinyl)methyl]-2,4,6-trimethylbenzene (6): overall yield
44%; R;=0.43 (ethyl acetate/MeOH 4.1 v/v); m.p. 285-290°C; 'H NMR
(300 MHz, CDCl3): 0 =4.17 (t,J =9.4 Hz,3H), 3.75 (t,/ = 9.4 Hz,3H) 3.66
(s, 6H), 2.34 (s, 9H); BC NMR (75 MHz, CDCl;): 6 =167.0, 136.0, 131.1,
67.8,54.8,30.3, 17.4; MS (EI): m/z (%): 369 (100) [M]*, 326 (34), 283 (32);
HR-MS (EI): calced for C,H,;N;05: 369.2052; found: 369.2052.

1,3,5-Tris{[ (S,5)-4,5-diphenyl-2-oxazolinyl Jmethyl}-2,4,6-trimethylbenzene
(7): Prepared similarly with (1R,2S)-2-amino-1,2-diphenylethanol in over-
all yield 48 %; R;=0.58 (ethyl acetate/hexanes 1:1 v/v); m.p. 148-149°C;
[a]s =—=1072 (¢=0.50, CHCl;); '"H NMR (300 MHz, CDCl;): 6 =7.37-
720 (m, 30H), 5.21 (d, /=73 Hz, 3H), 5.04 (d, /=73 Hz, 3H), 4.06 (s, 6 H)
2.69 (s, 9H); BC NMR (75 MHz, CDCL): 6 =167.1, 142.7, 141.3, 136.4,
131.4, 129.4, 129.3, 128.8, 128.1, 127.1, 126.0, 89.4, 79.1, 30.9, 18.1; MS
(FAB): miz (%): 826 (58) [M]*, 307 (100); elemental analysis calcd (%)
Cs;H5N;0;: C 82.88, H 6.22, N 5.09; found: C 82.66, H 6.48, N 5.06.

1,3,5-Tris{[4(S)-phenyl-2-oxazolinylJmethyl}-2,4,6-triethylbenzene (8):
overall yield 51%; R;=0.25 (ethyl acetate/hexanes 1:1 v/v); m.p. 63—
64°C; [a]y = —41.4 (¢=0.50, CHCL); 'H NMR (300 MHz, CDCl,): 6 =
7.32-720 (m, 15H), 5.15 (t,/ =9.3 Hz, 3H), 4.58 (dd, J =10.2, 8.4 Hz, 3H),
4.04 (t, J=8.4Hz, 3H) 3.85 (s, 6H), 2.96 (dd, /=75 Hz, 6H), 1.21 (t, J=
7.5 Hz, 9H); B¥C NMR (75 MHz, CDCl;): 6 =168.2, 142.9, 142.7, 130.2,
129.0, 127.8,127.0,75.3, 69.9, 29.2, 23.8, 15.1; MS (FAB): m/z (%): 640 (100)
[M]*, 307 (61); HR-MS (FAB): calcd for C,,H,;sN;O; [M+H]*: 640.3539;
found: 640.3544.

1,3,5-Tris{[ (S,5)-4,5-diphenyl-2-oxazolinyl Jmethyl}-2,4,6-triethylbenzene
(9): overall yield 59 %; R;=0.65 (ethyl acetate/hexanes 1:1 v/v); m.p. 81—
82°C; [a]y =—1074 (¢ =0.50, CHCL;); '"H NMR (300 MHz, CDCl,): 6 =
7.24-7.05 (m, 30H), 5.04 (d, /=7.6 Hz, 3H), 4.93 (d, /=76 Hz, 3H), 3.99
(s, 6H), 3.14 (q, /=74 Hz, 6H), 128 (t, J=74Hz, 9H); C NMR
(75 MHz, CDCl;): 6 =167.8, 143.2, 142.7, 130.6, 129.4, 128.7, 128.2, 127.3,
126.6,126.1,125.5,89.4,79.2,29.7,24.0,15.6; MS (FAB): m/z (% ): 868 (100)
[M]*, 761 (9), 307 (52); elemental analysis calcd (%) for C4Hs;N;O5: C
83.01, H 6.62, N 4.84; found: C 82.69, H 6.87, N 4.80.

Determination of K, : A mixture of the picrate salt (0.5 mL, 0.015M in
water) and the host (0.1 mL, 0.075M in CHCL;) in a centrifuge tube was
equilibrated for 1 h in a thermostat at 25°C. After being kept for 1 h, the
whole mixture was extracted by Vortex—Genie for 1min and then
centrifuged at 1500 rpm for 1 min. An aliquot of the CHCI; layer was
measured and transferred by micro-syringe into a 5 mL volumetric flask
and diluted to the mark with CH;CN. For a more intensely colored layer
0.01 mL aliquot and for a less intensely colored layer 0.05 mL aliquot were
used. The UV absorption of each 5 mL solution was measured at 380 nm
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using Perkin—Elmer HP 8452 UV/Vis spectrometer. Calculation of the
binding constant was followed by the literature procedure.l®!
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The Kinetics of Substitution Reactions of Mixed Platinum (1) — Bis(nucleoside)
Complexes in Aqueous Solution in the Presence of Thiourea; X-Ray Crystal
Structure Determination of cis-[ Pt(NH;),(adenosine-N7),](Cl10,),-3.5H,0

Marjaana Mikola, Karel D. Klika, and Jorma Arpalahti*!?!

Abstract: In aqueous solution, bis(nu-
cleoside) complexes formed by the re-
action of cis-[Pt(NH;),(H,0),]** with an
excess of either adenosine (ado) or a
mixture of adenosine and guanosine
(guo) undergo a slow N7 — N1 linkage
isomerisation in the adenine moiety. The
isomerisation probably involves the
breaking and reformation of Pt—nucleo-
side bonds, thus favouring the more
stable N1 binding mode of the adenine
base. Dynamic processes due to the
presence of adenosine in the platinum
coordination sphere are slow on the
NMR time scale. The N7 binding mode
of Pt in cis-[Pt(NH;),(ado-N7),]-
(C10,),-3.5H,0 was confirmed by
X-ray crystal structure analysis. In both
of the crystallographically independent
cations, the Pt coordination sphere is

cal Pt—N bond lengths and angles. The
most significant difference between the
two cations lies in the sugar conforma-
tion of the coordinated nucleosides. In
one cation, both have an anti (—ap)
conformation, whilst in the other cation
one has an anti ( — ap) conformation and
the other a syn (4sc) conformation
stabilised by a relatively strong H-bond.
Substitution of the nucleoside(s) by
thiourea follows an associative mecha-
nism with only a negligible contribution
by the solvent path. For symmetric
complexes, the order of lability of differ-
ent binding modes is ado-N1 < guo-
N7 < ado-N7 for substitution of the first

Keywords: isomerizations - nucleo-
bases - platinum - reaction mecha-
nisms - substitution kinetics

nucleoside, whereas for the second nu-
cleoside it is guo-N7 < ado-N1 < ado-N7.
For asymmetric complexes, the concom-
itant cleavage of different Pt'"—nucleo-
side bonds can be explained by two
parallel reaction pathways. The change
in the Pt! coordination sphere affects
the lability of the coordinating nucleo-
sides in a different manner. The ado-N1
binding mode renders all binding modes
less labile, whereas the ado-N7 mode has
the opposite effect, and the guo-N7
mode increases the lability of the ado-
N1 mode but decreases that of the ado-
N7 mode. The mixed-ligand complex
with (ado-N7)(guo-N7) mode is far
more susceptible to attack by thiourea
than the symmetric (guo-N7), species.
These two species can be considered as
models for the two most abundant

almost ideally square planar, with typi-

Introduction

Interactions of Pt with the base residues in DNA are
considered relevant to the biological activity of various
anticancer Pt drugs.'l The preponderant formation of intra-
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observed rate constants for the dissociation of various bis-complexes in
the presence of thiourea at different temperatures: Tables S3—S5) for
this article is available on the WWW under http://www.wiley-vch.de/
home/chemistry or from the author.
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Cisplatin—DNA adducts.

strand cross-links involving the guanine and adenine N7 sites
is believed to play a key role in the action of Cisplatin (cis-
[PtCl,(NH;),]) and related compounds.l? However, other
binding modes cannot be completely ruled out, especially in
the case of novel Pt drugs with trans geometry.[' 231

It is widely accepted that, once formed, the Pt—nucleobase
complexes are inert under mild conditions and in the absence
of strongly trans-labilising ligands.! In contrast, the presence
of strong nucleophiles (e.g. sulfur-containing (bio)molecules,
CN") facilitates the dissociation of N-bound nucleobases from
the Pt coordination sphere. In particular, various sulfur-
containing (bio)molecules have aroused considerable interest
owing to their important roles in the biological processing of
anticancer platinum drugs.?! Yet surprisingly little is known
about the factors that affect the substitution reactions of Pt—
nucleobase complexes, bearing in mind that not all platinum
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bound to DNA can be removed with CN~ treatment.! The
rate of displacement of guanosine from cis-[Pt(NH;),(guo-
N7),]** by thiourea and other sulfur-containing nucleophiles,
as well as by CN-, has been studied by *C NMR spectros-
copy.l! A study of the reactions of cis- and trans-[Pt(NH;),-
(5'-GMP),]>~ (5'-GMP = 5'-guanosine monophosphate) in the
presence of thiourea by HPLC has prompted the suggestion
that the Pt—nucleobase bond is more labile than the Pt—NH;
bond.”! Substitution reactions of the 1:1 and 1:2 complexes of
cis-Pt(NH;), with 1-methyluracilato anion have shown that
the bis(methyluracilato) complex is inert to substitution by
thiourea and I, unless the exocyclic O(4) atom is proto-
nated.’! The inertness of the bis(methyluracilato) complex
parallels the behaviour of N3-platinated thymine and uracil
complexes in the presence of CN-, which has been attributed
to the remarkable protective effect of the exocyclic oxy-
gens.> 1% In Pt —bis(9-ethylguanine) complexes, orientation
of the bases seems to affect the substitution reaction with
CN-, as demonstrated by the resistance of the head-to-tail
complex compared with the head-to-head species.!']
Nitrogen can also act as a nucleophile towards PtY, as
demonstrated in a few cases by Pt—N bond rearrangements in
both single-stranded and double-stranded oligonucleo-
tides.?> 111 The mechanisms of these bond rearrangements
are not well understood; they may even require the cooper-
ation of other nucleophiles such as CI-.['”l In model com-
pounds, the intramolecular migration of coordinated Pt from
endocyclic to exocyclic nitrogen has been observed in
1-methylcytosine"¥! and in 9-methyladenine, though in the
former via Pt'V. In fact, nitrogen has even been observed to

Abstract in Finnish: Vesiliuoksessa cis-[Pt(NH;),(H,0),]**-
ioni muodostaa erilaisia 1:2 komplekseja adenosiinin (ado) tai
adenosiinin ja guanosiinin (guo) kanssa, joilla havaitaan hidas
Pt!:n N7 — NI sidoisomeraatio adeniinirenkaassa. Tdamd joh-
tunee adeniini-N1 sitoutumistavan suuremmasta termodynaa-
misesta pysyvyydestd verrattuna adeniini-N7 sitoutumiseen.
Yhdisteen cis-[Pt(NH;),(ado-N7),](ClO,),-3.5 H,O kidera-
kenne maddritettiin  rontgendiffraktometrisesti. Alkeiskopissa
on kaksi kristallograafisesti erilaista kationia, joissa platinan
lihes tasoneliomdinen koordinaatiokehd on hyvin samanlai-
nen. Merkittivin kationien vilinen ero ndhdddn sokeriosan
konformaatiossa (joko anti (— ap) tai syn (+sc); syn konfor-
maatiota stabiloi vetysidos O(5'b) --- N(3b) [2.74(2) AJ]). Nuk-
leosidien korvautuminen tiourealla noudattaa assosiatiivista
mekanismia, jossa liuotintien osuus on vihdinen. Symmetri-
silli komplekseilla sitoutumistavan labiilisuus noudattaa jir-
jestysti  ado-N1 < guo-N7 <ado-N7 tiourean korvatessa
ensimmdisen nukleosidin. Toisen korvautuvan nukleosidin
labiilisuus kasvaa sarjassa guo-N7 < ado-NI1 < ado-N7. Epi-
symmetrisilli  komplekseilla kokonaisreaktio kulkee kahta
reaktiotietii johtuen eri tavoin koordinoituneiden nukleosidien
kilpailevasta korvautumisesta. Muutokset Pt'':n koordinaatio-
kehdlld vaikuttavat koordinoituneiden nukleosidien labiilisuu-
teen. Sitoumistavoista ado-N7 kasvattaa ja ado-N1 vihentdi
muiden sitoutumistapojen labiilisuutta. Sitoumistavalla guo-
N7 on molemmat vaikutukset, ado-N1 muuttuu labiilimmaksi
ja ado-N7 vihemman labiiliksi.
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displace sulfur-bound ligands from the Pt coordination
sphere.[]

Very recently, we have shown that the substitution reactions
of monofunctional [Pt(dien)(L-N7)J** (dien = diethylenetri-
amine, L =adenosine or guanosine) with thiourea in acidic
aqueous solution follow a two-path nucleophile-dependent
mechanism via pseudorotation of the pentacoordinate inter-
mediate.' In this work we have studied the substitution
reactions of various mixed-nucleoside complexes of cis-
Pt''(NH;), (Scheme 1) in aqueous solution by thiourea

NHp
N A N
a8, 1T
N3 ) ; 3)\
HOH,C N N/ HOH,C N N NH,
o o
HO OH HO OH

Adenosine (ado) Guanosine (guo)

Binding modes with cis»Pt”(NHa)z:

(ado-N7), (1) (guo-N7), (4)
(ado-N1)(ado-N7) (2)  (ado-N1)(guo-N7) (5)
(ado-N1), (3) (ado-N7)(guo-N7) (6)
Scheme 1. The nucleoside complexes of cis-Pt'"(NHj;), with adenosine and
guanosine.

(pH 4) at different temperatures using HPLC as an analytical
tool. The coordination sphere and binding modes of the
nucleoside complexes were confirmed by Pt and 'H NMR
spectroscopy, respectively. In addition, the X-ray crystal
structure of cis-[Pt(NH;),(ado-N7),](ClOy), - 3.5H,0 was de-
termined.

Results and Discussion

Isomerisation: Very recently we have shown that cis-
[Pt(NH;),(9-methyladenine),]** complexes undergo a slow
N7 — N1 linkage isomerisation at elevated temperatures.'”l A
similar process also occurs in the bis(adenosine) complexes of
cis-Pt'(NH;),, and in mixed bis-complexes of Pt with
guanosine and adenosine; both processes can be conveniently
followed by HPLC (Figure 1). Under the chromatographic
conditions employed,'®! all bis-complexes have longer reten-
tion times than the uncomplexed nucleosides. With bis(ade-
nosine) complexes, the elution order 3<2<1 is the exact
opposite of that found for the corresponding 9-methyladenine
complexes.l'’) In the preparation of mixed-ligand complexes,
an excess of adenosine in the reaction mixture was employed
to shift the product distribution towards 5 and 6. This also
caused the formation of traces of bis(adenosine) complexes
and the different complexes followed the order of elution 4 <
(3) <5< (2) < (1) <6. In both mixtures, the N7 coordination
mode predominates at the beginning of the reaction, but the
amount of the adenosine-N1-bound species slowly increases
at the expense of the N7-bound species (Figure 2); this finding
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Figure 1. HPLC traces of the mixture of cis-[Pt(NH;),(H,0),]** and
adenosine at 60—-70°C at selected time intervals. Notation of complexes
as Pt binding sites: 1: N7,N7; 2: N1,N7; 3: N1,N1.['8]
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Figure 2. Results of isomerisation reactions of different Pt—nucleoside
mixtures. A:Pt:ado=1:2.4; B: Pt:guo:ado=1:0.9:1.6 (the formation of
traces of bis(adenosine) complexes is ignored).

is analogous to earlier results for cis-Pt"(NH;), with 9-meth-
yladenine,'”! and for Pt'(dien) with adenosinel’”! or 9-meth-
yladenine.””! However, under these conditions the N7 — N1
isomerisation occurs only in the adenine moiety. This is also
expected by taking into account the high affinity of Pt" for the
N7 site in neutral guanine (Pt" coordination to the guanine N1
site requires deprotonation of N1H).? 22l The high affinity of
Pt for the guanine N7 site also accounts for the preponder-
ance of 4 in the mixed-ligand system and the less efficient
isomerisation compared with that of the adenosine system.
Clearly, the isomerisation of 4 into mixed-ligand complexes 5§
and 6 indicates the breaking and reformation of Pt—nucleo-
base bonds, although the data do not allow definitive
conclusion about the reaction path (solvent-assisted or direct
substitution) since both are expected to be slow.['d]
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NMR studies: Table 1 lists the "H spectral data for 1-6 in the
aromatic region; the complete spectral data are given in
Table S1 for the 'H chemical shifts and in Table S2 for the 3C
and '"Pt chemical shifts (Supporting Information). In all
complexes, the Pt signal(s) appeared within the range of
6 = — 25004100, consistent with a PtN, coordination sphere.*’!
The complexes all yielded a single platinum resonance, except
for 3 which displayed two signals, belying the complexity
generally seen in the 'H and *C spectra where there was clear
evidence of dynamic processes to various degrees as indicated
by the splitting and/or broadening of the signals, sometimes to
chaotic extremes. However, the Pt signal-peak widths were
generally much broader (in the range 800-1350 Hz) than
normally observed for platinum nucleobase complexes (typ-
ically 500—800 Hz at 11.35 T).[14 16.1%19.20] The complexity of
the conformational systems of the compounds varied from
simple (two conformers) to extreme (several conformers
present), indicating that at least a few processes in the
extreme case were slow on the NMR time scale.

In all likelihood, one of the principle dynamic processes in
effect is the restricted rotation of the nucleobase(s) about the
Pt—N bond resulting from the close spatial proximity of the
Pt atom and the exocyclic amino group of the adenine
moiety.'? 120 This spatial proximity is particularly close for

Table 1. 'H chemical shifts of the Pt"—bis(nucleoside) complexes 1-6 in
the aromatic region. !

Compound 5112(;;(10) éllx(ado ) 6118(gu0)
1l 8.312 (8.292) 8.998 (8.764)k
8.305 (8.240) 8.954 (8.628)
214 8.804 [8.826](1 8.934 [8.844]te 1
8.790 [8.639] 8.913 [8.695]el
8.445 [8.260]!e! 8.420 [8.040]t= 11
8.424 [8.224]le 1 8.400 [8.010]t!
300 8.868 {8.883}11 8.363 {8.158}11
8.786 {8.797} 8.356 {8.153}
8.763 8.335
8.724 8.323
4li1 8.376
il 8.817 8.492 8.522
8.806 8.443 8.503
64 8.258 9.076 8.178
8.256 9.063 8.161
adoll 8.146 8.283

[a] In ppm from DSS (= 0); spectra recorded in D,O. [b] Two conformers
in the ratio 3:2; signals of the major species are listed on the first line and
signals of the minor species on the second line. Data in parentheses refer to
cis-[Pt(NH;),(9-methyladenine-N7),]>*.1'"! [c] Questionable. [d] Because of
insufficient material and an abundance of conformers (several), only a
tentative assignment of this compound is possible; the signals are not listed
in any particular order with respect to the conformers. Data in brackets
refer to cis-[Pt(NH;),(9-methyladenine-N1)(9-methyladenine-N7) ]>+.17]
[e] For N1-bound 9-methyladenine. [f] Minor species. [g] For N7-bound
9-methyladenine. [h] Four main conformers observed (ca. 90 % in total) in
the approximate ratio of 2:2:1:1 together with several less common
species; the signals are not listed in any particular order with respect to the
conformers. Data in braces refer to cis-[Pt(NH;),(9-methyladenine-
N1),]>*.["1 [i] Only one conformer observed at 298 K, but exchange-related
broadening clearly in evidence upon lowering the temperature to 277 K.
[j] Two conformers (1:1) observed. [k] Two major species predominate
(1:1), with a multitude of smaller conformers; the signals are not listed in
any particular order with respect to the conformers. 1] From ref. [19].
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the N1-bound species, and consistent with this, 2 and 3 display
the strongest effects and conversely 4 the weakest effects
(dynamic exchange effects were in fact only evident for 4
upon lowering the temperature to 4°C). Another possible
slow conformational process could be the interconversion
between syn and anti orientations of the sugar ring with
respect to the nucleobase; this conformational equilibrium
would also explain the noticeable differences in chemical shift
for some of the sugar protons between the various con-
formers. Rotation about the C1'-N9 bond may be slow owing
in part to steric hindrance and/or intramolecular hydrogen
bonding between the sugar and the nucleobase, but certainly
platinated nucleotides have been shown to be composed of an
equilibrium mixture of syn and anti conformers in solu-
tion.[4

For 1, both syn and anti orientations were in fact observed
in the solid state (see below). Two conformers (ratio 3:2) were
observed in solution, and the major species was identified as
syn on the basis of NOE and ROE difference experiments
which showed discernible enhancements (2.8 %) at H1" upon
irradiation of HS, although the exchange process complicated
the interpretation, particularly in the reverse direction. The
lack of an NOE from HS8 to H1', together with the marked
chemical shift difference of both H2" and H3" in the minor
species of 1 compared with their counterparts in the major
species, led to the assignment of the minor species as the anti
conformer. Although another conformational process may be
occurring together with the syn/anti equilibrium, and thus the
syn/anti equilibrium need not necessarily be slow in this case
(the two conformers representing instead a concomitant shift
in the syn/anti equilibrium, since this exchange can be fast?¥),
nevertheless it remains valid to describe the two conformers
as syn and anti.

The two conformers of 1 also showed clear changes in the
position of the north/south ring conformational equilibrium**
of the sugar moiety (this conformational change is known to
be fast on the NMR time scaleP*?1) as evidenced by the
magnitude of the proton vicinal coupling constants®l—and
indeed this is also expected to occur in concert with a syn and
anti interconversion.? In contrast to expectations, though,¥
it is the syn conformer for which the north/south ring
conformational equilibrium is more biased towards the north
conformer (60%, vs. 50% for the anti conformer). This
difference between the syn and anti conformers is also echoed
in the crystal structure, where the syn and anti conformers
possess different sugar-ring conformations.

The position of the north/south sugar-ring conformational
equilibrium has been shown to be affected by the binding of
platinum to the nucleobase,*" and there are clear distinctions
between the equilibrium position of the sugar-ring conforma-
tion and the different binding modes, but the equilibrium
position is also heavily influenced by other factors such as
conformational change (e.g. as in 1), hydrogen bonding,
anomeric effects, gauche effects etc.’* ! Other possible
dynamic exchange equilibria could include dimerisation,
either through intermolecular hydrogen bonding®! or base
stacking,® 2% though the former is unlikely given the polarity
of the solvent used here, and although speculative, the latter
would nevertheless show markedly concentration- and tem-
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perature-dependent spectra (which was indeed the case for
some samples, e.g. 5).

Nonetheless, the observed 'H chemical shifts confirm the
binding modes of Pt! in the adenine moiety by showing
significant downfield shifts for those signals near the proposed
coordination site and by comparison with the data for the
isomeric bis(9-methyladenine) complexes!'”l of cis-Pt"(NHj;),
and the Pt!(dien) complexes of adenosine.’” The 1*C
chemical shifts are also consistent with the assigned structures
(particularly with respect to the type of nucleobase), but
seemingly do not provide such a reliable guide for full
structural assignment.['4 16 17.19. 20]

X-ray crystallography: The X-ray crystal structure analysis
confirms the N7 binding mode of Pt in cis-[Pt(NH;),(ado-
N7),](ClO,),-3.5H,0 (1a). One of the two crystallographi-
cally independent cations of 1a is shown in Figure 3; the

0O5'a 0O3'a

0O3'b

Figure 3. ORTEP*! plot showing 30 % probability ellipsoids of one of the
two crystallographically independent cations of 1a, with atom-labelling
scheme. Selected interatomic distances (A) and angles (°) with estimated
deviations in parentheses: Pt(1)—N(7A) 2.021(10), Pt(1)—N(7B) 2.046(10),
Pt(1)-N(11B) 2.047(11), Pt(1)-N(10A) 2.052(11), N(7A)-Pt(1)-N(7B)
91.9(4), N(7A)-Pt(1)-N(11B) 177.2(5), N(7B)-Pt(1)-N(11B) 90.8(5),
N(7A)-Pt(1)-N(10A) 87.4(4), N(7B)-Pt(1)-N(10A) 179.0(5), N(11B)-
Pt(1)-N(10A) 89.9(5).

second cation is quite similar. In both cations, the Pt!
coordination sphere is almost square planar with normal
Pt—N bond lengths and angles, and the complexed nucleo-
bases are orientated in a head-to-tail fashion. The dihedral
angle between the base moieties denoted as A and B is
83.3(3)°, and that between the base moieties denoted as C and
D (cation not shown) is 86.3(3)°. The Pt atom lies virtually in
the plane defined by the four coordinating nitrogen atoms and
deviates by less than 0.01 A from this plane in both cations.
Notable differences between these two species can been seen
in the sugar orientation. In the cation depicted in Figure 3,
nucleoside A has an anti (— ap) conformation [torsion angle
O(4'a)-C(1'a)-N(9a)-C(4a) —154(1)°], whilst nucleoside B
has a syn (+sc) conformation [torsion angle O(4'b)-C(1'b)-
N(9b)-C(4b) 52(2)°].?" In the second cation, both coordi-
nated adenosine moieties, C and D, have an anti (—ap)
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conformation [torsion angles O(4'c)-C(1'c)-N(9c)-C(4c)
—165(1)°, and O(4'd)-C(1'd)-N(9d)-N(4d) —157(1)°, respec-
tively].

The packing of 1a is stabilised by extensive hydrogen
bonding involving the NH; or NH, hydrogens and perchlorate
or water oxygens. The shortest nonbonded contacts include
e.g. N(6a)-H(6a2) --O(349) 2.87(2) A, N(6¢c)-H(6c2) -+
O(42) 2.87(2) A, N(10a)-H(10a2) - O(4W) 2.92(2) A, and
N(11d)-H(11d3)--- O(13a) 2.86(5) A. The endocyclic nitro-
gens may also be participating in hydrogen bonding. Most
notable is the relatively strong contact O(5'b)---N(3b) of
2.74(2) A, which probably stabilises the syn conformation of
nucleoside B. In addition, the exocyclic amino groups may
form hydrogen bonds to the endocyclic N1 sites, specifically
N(6a)-H(6al)---N(1d®) 2.97(2) A, N(6b)-H(6b1) - N(1c?)
3.102) A and N(6¢c)-H(6c2) --N(1b®) 3.10(2) A. Further
close contacts exist between the water molecules and sugar
hydroxyl groups, for instance O(2W)---O(5W) 2.80(2) A,
O(2W)---0O(3a) 2.70(2) A, OBW)---O(5W) 2.50(3) A,
O(BW) - O(TW?) 2553) A, O(BW)--0(2a") 2.62(3) A,
O(6W) -+ O(5'b9) 2.71(2) A and O(7TW)---O(2'b) 2.73(3) A.
[Symmetry operations: a) —x+%, —y+1, z4+'%; b) —x -1,
—y+L z=Y0)x, y, z—1;d) —x—Y%, —y+1, z+%; e) —x,
v+, —z+%; f)x—Y%, —y+%, z]. The stacking of the
nucleobases, in contrast, seems to be unimportant in stabilis-
ing the lattice of 1a, since the distances between the centres of
the 6- and 5-membered rings of the neighbouring bases are
>4.5 A. The N(6)--- Pt distances in 1a range from 3.43(1) A
(unit D) to 3.55(1) A (unit A), agreeing with the values
reported for the corresponding complex of 9-methylade-
nine.['7]

Substitution reactions: On the basis of the HPLC analysis, we
can say that all the complexes studied react with a similar
overall mechanism. The action of thiourea (tu) resulted in the
formation of free nucleoside(s) and [Pt(tu),]** as the final
products in all cases. For the homogeneous bis(nucleoside)
complexes 1-4, the HPLC analysis gave a ratio of 2:1 for the
end products (nucleoside:[Pt(tu),]**); for the heterogeneous
nucleoside complexes 5 and 6 the end-product ratio was 1:1:1
(adenosine:guanosine:[Pt(tu),]?>*), as quantified by authentic
samples. In all cases, though, the nucleoside(s) began to
accumulate earlier than [Pt(tu),]**, an observation suggestive
of a stepwise substitution reaction. This mechanism is further
supported by the fact that additional species were detected
during all the substitution reactions (Figure 4). These were
first formed and then consumed in the overall reaction,
indicating a species capable of further reaction with thiourea.
Thus the overall substitution seems to follow the pathway
depicted in Scheme 2, assuming that the NH; group is more
tightly bound to Pt than a nitrogen-coordinated nucleobase
upon attack by the first thiourea molecule. This is a
reasonable assumption given the high thermodynamic stabil-
ity of the Pt"=NH; bond.?®! Accordingly, after thiourea first
displaces one nucleoside from the Pt coordination sphere, a
rapid substitution of the NH; group trans to thiourea follows,
which yields a UV-detectable intermediate(s) denoted as IL
(or IL1 and IL2 for asymmetric species 2, 5 and 6, vide infra).
The subsequent attack of thiourea on this intermediate
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Figure 4. HPLC traces of the mixtures of thiourea with cis-[Pt(NH;),(guo-
N7),]** (A) and cis-[Pt(NH;),(ado-N1)(guo-N7)]** (B) after one half-life.
Notation of the intermediates: A:IL; B:IL1 and IL2 (= IL). Gradient
elution with 0.05M NaClO, (pH 3) as an eluent (3 — 15% methanol/15 —
26 min, 1.0 mL min!).

HSN\ e L k1 H3N\ e tu fast HQN\ /'[U
Pt Pt —_— Pt
HNY L #tuil HN” L HuNHg 7 N
"""""" IL(i)
HiNN,  tu ky  HaN -t fast U _tu
Pt —_— — Pt

W DLl T DNy g Dy
L@y 0 ctmmmmmmees
(--- not detected)

Scheme 2. Pathway of the thiourea substitution reaction for symmetric
nucleoside complexes of cis-Pt"(NH;),.

liberates the second nucleoside followed again by the rapid
displacement of the remaining NHj; group yielding [Pt(tu),]**
as the final Pt species. In fact, this type of reaction pathway
has already been proposed for the reaction of thiourea with
cis-[Pt(NH;),(5'-GMP),]>~.l"

Although the pathway depicted in Scheme 2 adequately
describes the substitution reactions of the symmetric com-
plexes 1, 3 and 4, a more complex mechanism is required for
the asymmetric species 2 and the mixed nucleoside complexes
5 and 6. According to chromatographic analysis, the com-
plexes 2, 5 and 6 all gave two different intermediates IL1 and
IL2, and in the cases of § and 6, both nucleosides were already
formed at the beginning of the reaction. These findings
strongly suggest that the first rate-determining steps consist of
two parallel pathways, as shown in Scheme 3. The retention
times of the intermediates between relevant species lend
further support to the proposed mechanism (Figure 4). For
example, one of the two intermediates of 2 has practically the
same retention time as the single intermediate of 3, while the
retention time of the other agrees with the single intermediate
observed for 1. Similar analogies were also seen between the
intermediates of 5 and those of 3 and 4, and for the
intermediates of 6 and 1 and 4.

Pseudo-first-order rate constants, ky,, and k, ., at differ-
ent temperatures are listed in Tables S3, S4 and S5 (Support-
ing Information). The values of &, were obtained from the
rate of disappearance of the starting material by Equation (3),
and the values of k,,, by Equation (4) (see Experimental
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Scheme 3. Likely parallel pathways of the thiourea substitution reaction
for asymmetric nucleoside complexes of cis-Pt"'(NHj),.

Section) from the time-dependent concentration of the
intermediate(s). In the case of 2, 5 and 6, the data for kj
refer to the sum of the individual rate parameters of the
parallel steps, &y obs + Ki2.00s- I €ach kinetic run the ratio r=
ki1 obs'k12 00 Was obtained by least-squares fitting to Equa-
tion (1) (see Scheme 3 for notation of the rate parameters). In

IL1]  [kyobs — Koy onslleomt — o]

= )
[IL2]  [Kyons — ko ons][e et — eforan]

the fitting procedure,*” all rate parameters were fixed using
the experimentally determined values, and the fitted values
for the r term listed in Tables S3 — S5 were practically constant
for different thiourea concentrations at any given temper-
ature. The concentration ratio of the intermediates IL1 and
IL2 on the left-hand side of Equation (1) was approximated
from the HPLC traces by using the peak areas of these species
at 260 nm, which is near the 4,,, values for various purine
nucleosides bearing Pt at the N1 or N7 site.*> 32 In addition,
the apparent ratios of different N1- and N7-bound Pt"-ade-
nosine 1:1 complexes do not
differ significantly from the
quantified ratios even when
based on peak heights.?!
Hence, it seems safe to assume

[L1]

(L2]

3404-3413
- (Ka.abs = K1.0bs) [Kat.obs — Ki.ons = (Katobs — Kizobs )€1+ Ky gpseF21n]
(Ka1.00s = K1.00s) [Ka2.obs — Ko = (Kanobs = Kitobs )€1+ Kyg gpse ™ 200

for 6 were obtained by the use of fixed values for the
parameters ki g, kp1ops and ky, o With experimentally deter-
mined values for ks, and data obtained from the symmetric
species 1 and 4 for ky g and ky o, respectively.Pl For
comparison, the parameters ky; s and ky, o, Were also allowed
to vary freely with only k, ,, fixed, yielding comparable values
for all rate constants; the data are included in Tables S3-S5.
In order to check the reliability of the computations by
Equation (2) the rate constants for 5 were treated in a similar
manner. In each case the agreement between the values found
for the rate constants Kijons, Kinobss Katobs and Kyops DY
Equations (1) and (2) was reasonable (Tables S3-S5), sup-
porting the validity of the data.

For symmetric species 1, 3 and 4, plots of k; ,, vs. [tu] gave
the second-order rate parameters k, and k, for the rate-
determining steps (Table 2). In the case of 2, 5 and 6, similar
treatment was applicable for k,; ;s and ky s, Whereas plots of
k1ons yielded only the sum of the rate constants of the parallel
steps, which were transformed into individual parameters by
the mean values of the ratios obtained by Equation (1) for 2
and 5, and by Equation (2) for 6; the data are included in
Table 2. The small value, usually ca. 10-%s~! (occasionally a
small negative value was obtained), for the intercept of the
plot of ki, vs. [tu] indicates that the contribution of the
solvent path is negligible in both rate-determining steps. The
second-order rate constant for the replacement of one
guanosine ligand in 4 with thiourea of (5.940.6) x
10°m~'s7! at 316 K, obtained by '3C NMR, is in good
agreement with our data.”] Upon dissociation of the first
nucleoside, the reactivity of the bis-complexes follow the

Table 2. Second-order rate parameters, k; [10~>M~'s™!], for the rate-determining steps in the dissociation of 1-6
in aqueous solution (pH 3—-4) in the presence of thiourea.[?

that the peak arf:as quant’ified Compound T [K] ju ki ki Kl
at 260nm do give a reliable 7 3182 228405 11.3+0.03
approxmlatlon of the concen- 3282 6543 31.6 4 0.06
tration of the different inter- 3382 163 £5 74.34+0.06
mediates. 2 318.2 7.4+0.2 4.340.214 3.140.20 7.040.2 1241

In the case of 6, co-elution of 328.2 21.2+0.1 12.440.114 8.8 +£0.1¢ 18.540.11 34411
the intermediates IL1 and IL2 338.2 4942 29 +2U 20 £ 20 47.6+0.20 82+ 1M
hampered the determination of 3 3182 2.1640.05 6.8+0.1
the individual t tant 328.2 6.3+0.3 183+0.3

¢ mdividual rate constants 3382 19.1+0.1 462403
Kinos and Kipon by Equa- 4 3182 7.96 +£0.05 3.7040.05
tion (1). Hence, these rate pa- 3282 222405 9.6+0.7
rameters were approximated 3382 63.6+0.9 232402
from the time-dependent for- 5 3182 5.93+£0.07 3.36£0.07M 2.57£0.07 73+0.66 4.0+£0.10
mation of the free nucleosides 3282 152402 87+ 0.2E 65+ 0.2ﬂ 17.9 i[?.l[cl 9.5 i[f]).Zm
by means of Equation (2) 338.2 39.1+0.7 22.6+0.7 16.5+0.7 47 +2 24+1
Here the concentrations of 6 318.2 14.7+0.5 10.1 +0.51 4.640.5 12 41 4.640.210

. 328.2 4242 29 420 13 42U 35+ 1M 12.6 £0.410

the nucleosides L1 and L2 refer 3382 99.5+ 0.4 70.0 = 0.410 295+ 041 79 + 314 28 + 31

to normalised values using the
final peak areas of these spe-
cies. The data for ki, and
kipons listed in Tables S3-S5
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[a] Data for k; refer to the slopes of the plots k; o, Vs [tu]. [b] For asymmetric species 2, 5 and 6, the data refer to
the sum constant k, =k, + ky,, which gives the parameters for the parallel steps k;, and k;, from the mean value
of the ratio r = ky; os/k 12,005 at given temperature. [c] Includes the rate constants k,, k,, and ky,. [d] For the cleavage
of the ado-N7 bond. [e] For the cleavage of the ado-N1 bond. [f] For the cleavage of the guo-N7 bond.
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order 3<5<2~4<6<1 When the statistical factor in the
symmetric species is taken into account, the increased lability
of the different binding modes in the first step follows the
order ado-N1 (3) <ado-N1 (5) <ado-N1 (2) =~ guo-N7 (5) <
guo-N7 (4) =~ ado-N7 (2) &~ ado-N7 (6) < guo-N7 (6) ~ ado-N7
(1) with relative rate constants of 1:2.4:2.9:3.1:3.7:4.0:4.3:9.4:
10.6 at 318.2 K. This order also remains the same at higher
temperatures, though the differences in reactivity become
slightly smaller. Upon dissociation of the second nucleoside,
however, the lability order of the binding modes changes to
guo-N7 < ado-N1 < ado-N7 with relative rate constants of ca.
1:1.9:3.2 at all temperatures.

Activation parameters for the rate-determining steps are
listed in Table 3. In all cases, the negative AS* values suggest
an associative mechanism for the substitution reactions, as is
usual for Pt!. The activation parameters for the symmetric
species seem to differ from those for the asymmetric ones in

Table 3. Activation parameters for the substitution reactions of the
compounds 1-6 by thiourea at 298.2 K.12!

Compound AH* [kJmol™!] AS* [JK 'mol™!]
first rate-determining step
1 86+2 (ado-N7) —46 +5 [-524 5] (ado-N7)

81 +4 (ado-N1)
83+ 4 (ado-N7)

3 95+3 (ado-N1)
90 £ 2 (guo-N7)

81+2 (ado-N1)
83 +2 (guo-N7)

—77+13 (ado-N1)
— 68+ 12 (ado-N7)

— 3648 [—42+8]" (ado-N1)
—40+7 [—46 £ 7] (guo-N7)
—80£5 (ado-N1)
—71+5 (guo-N7)

6 84 + 3 (guo-N7) —57+9 (guo-N7)
81 +4 (ado-N7) —75+13 (ado-N7)
second rate-determining step

84 +3 [from 2]
82+5 [from 6]

— 58+ 8 [from 2]
— 63416 [from 6]

(guo-N7) 80+1 [from 4] —80+7 [from 4]
78+ 3 [from 5] —86+9 [from 5]
78 £ 4 [from 6] —82+12 [from 6]
(ado-N1) 83 +1 [from 3] —64+1 [from 3]
83 +1 [from 2] —63+2 [from 2]
81+ 3 [from 5] —71+10 [from 5]
(ado-N7) 82+ 3 [from 1] —64+9 [from 1]
[
[

[a] The bond cleaved in parentheses. [b] Statistically corrected value (k,/2).

the first rate-determining step. At least with 3 and 4, the
retarding effect of the large positive AH* term is, however,
cancelled by the more favourable AS* term. In the second
rate-determining step the activation parameters for the two
binding modes of adenosine are very similar, differing from
the guo-N7 mode by the more negative AS* term of the latter.
To some extent the data found for the first step of 4 differ from
those reported earlier, namely AH*=62 43 kJmol! and
AS*=—-140+£10JK'mol~! at 316 K being in better agree-
ment with the values reported for the reaction of 4 with CN~
(AH*=762+28kJmol! and AS*=-75.6+9.2JK'mol~!
at 298 K).[°"]

Roughly speaking, the ability of thiourea to displace
nucleosides from various bis-complexes follows the thermo-
dynamic stability of different binding modes, that is, guo-
N7 > ado-N1 > ado-N7.'l However, there are a few signifi-
cant exceptions. In particular, the differences in lability

3410
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between 4 and 6 are of interest, since these species represent
models for the two most abundant Cisplatin—DNA adducts.
In the first rate-determining step the reactivity of the mixed-
ligand complex 6 is about twice as high as that of the
bis(guanosine) complex. Most surprisingly, it is the guo-N7
bond in 6 that is more efficiently cleaved by thiourea (about
twice as fast as one of the guo-N7 bonds in 4). This is in
contrast to the behaviour of the ado-N7 bond, the cleavage of
which in 6 (and 2) is slower (ca. 50%) than in symmetric
species 1. It is noteworthy that the cleavage of the guo-N7
bond in 5 is comparable to that of 4 (statistically corrected).

In all cases the trans-effect of the NH; group on the
nucleosides is expected to remain the same. Hence, the
differences in the substitution rate constants may be attrib-
uted to the cis-effect of the neighbouring group and/or to the
ability of the complexes to form alternative five-coordinate
intermediates upon attack of thiourea. In the first rate-
determining step, the latter explanation may be the more
relevant because of the similarity of the complexes. Thus, with
asymmetric complexes 2, 5 and 6, two different five-coordi-
nate species denoted as IM1 and IM2 may be formed upon
thiourea attack (Scheme 4). Although an unequal contribu-

HsN  tu HaN tu
Mo 2w N
HN” N -Loi-NHg 7

Ly
HaN Lo 1 tu
3 \/ +1tu IM1 IL1
HSN/ L1 L2
Hg tu ___‘t.t.u..» tu\/Lz
////L1 -L1 ,-NHS / tu
FeN e IL2
M2

Scheme 4. The two different five-coordinate species possibly formed by
asymmetric complexes upon thiourea attack.

tion of the proposed pathways explains the behaviour of
asymmetric complexes, factors accounting for the preponder-
ant dissociation of guo-N7 in 6 remain unclear. It is important
to note, however, that in the present case the formation of two
different intermediates, IM1 and IM2, does not necessarily
require the unusual pseudorotation mechanism suggested
very recently for the substitution of [Pt(dien)(L-N7)]** (L=
ado or guo) by thiourea in acidic aqueous solution.!'"!

Conclusion

In aqueous solution cis-[Pt(NH;),(H,0),]** forms different
bis(nucleoside) complexes with an excess of either adenosine
or a mixture of adenosine and guanosine. Treatment of the
reaction mixtures at elevated temperature results in a slow
N7 — N1 linkage isomerisation in the adenine moiety only.
Most probably the isomerisation involves the breaking and
reformation of Pt—nucleoside bonds, thus favouring the
thermodynamically more stable N1 binding mode of the
adenine base. The dynamic processes due to the presence of
adenosine in the platinum coordination sphere are slow on the
NMR time scale. These are presumably a result of slow
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rotation about the Pt—nucleoside bond(s); they are most
prominent in the ado-N1 binding mode, in line with earlier
findings.'> ¥ The N7 binding mode of Pt in cis-[Pt(NH;),-
(ado-N7),](Cl0,),-3.5H,0 was confirmed by X-ray crystal
structure analysis. In both crystallographically independent
cations, the Pt!' coordination sphere is almost square planar,
with normal Pt—N bond lengths and angles. The most
significant difference between the two cations can be seen in
the sugar conformation. In one cation, both coordinated
nucleosides have an anti ( —ap) conformation, whilst in the
other cation one nucleoside has an anti (— ap) conformation
and the other a syn (4sc) conformation stabilised by a
relatively strong H-bond O(5'b)-+-N(3b) of 2.74(2) A. Sub-
stitution of the nucleoside(s) by thiourea follows an associa-
tive mechanism with only a negligible contribution from the
solvent path. With symmetric complexes, the lability for
different binding modes is ado-N1 < guo-N7 < ado-N7 upon
substitution of the first nucleoside, whereas the lability of the
second nucleoside increases in the order guo-N7 < ado-N1 <
ado-N7. In the case of the asymmetric complexes, two parallel
reaction pathways explain the concomitant cleavage of differ-
ent Pt"—nucleoside bonds. The change in the Pt" coordination
sphere affects the lability of the coordinating nucleosides in a
different manner. The presence of the ado-N1 binding mode
renders all binding modes less labile, whereas the ado-N7
mode has the opposite effect. The guo-N7 mode has both
influences; it increases the lability of the ado-N1 mode and
decreases that of the ado-N7 mode. The differences in lability
are very interesting, particularly between 4 and 6 which are
considered models for the two most abundant Cisplatin—
DNA adducts. The mixed-ligand complex 6 is far more
susceptible to attack by thiourea (and perhaps also other
nucleophiles) than the symmetric species 4. This is a result of
the increased lability of the guo-N7 mode in the presence of
the ado-N7 mode upon dissociation of the first nucleoside,
which yields species inherently more labile because of the
ado-N7 binding mode. Thus, the enhanced lability of the
mixed-ligand complex in the presence of sulfur-containing
nucleophiles may explain, at least partly, the preponderance
of guo-N7 bisadduct in Cisplatin-treated DNA.

Experimental Section

Materials: The nucleobase derivatives were commercial products from Sigma,
and were used as received.?® Thiourea (99 + %, Aldrich) was recrystallised
from methanol. [Pt(tu),]Cl, was synthesised by a literature method.?* All
other chemicals were of the highest purity available and were used as
received. A cis-[Pt(NH;),(H,0),]** solution was obtained by treating the
corresponding diiodo compound with AgNO;, as previously described.!'”]

For the preparation of cis-[Pt(NH;),(ado-N7),]** (1), adenosine (320 mg,
1.2 mmol) was dissolved in 1.5 mL of 1M HCIO, (strongly acidic conditions
are required to prevent N(1) platination) followed by the addition of
0.5 equiv of cis-[Pt(NH;),(H,0),]* in 5 mL of water. After being stirred for
3 d at ambient temperature, the mixture was neutralised (pH 7.2) with 1m
NaOH, filtered and then concentrated to ca. 1.5 mL. Slow cooling at +4°C
afforded 220mg (28% from Pt) of cis-[Pt(NH;),(ado-N7),](ClO,),"
3.5H,0 (1a) as thick, colourless plates. C,yH3yCLN;,0;95sPt (1025.62):
caled C 23.42, H 3.83, N 16.39; found C 23.22, H 3.69, N 16.04.

Solutions of the other bis(adenosine) complexes, viz., cis-[Pt(NH;),(ado-
N1)(ado-N7) J*>* (2) and cis-[Pt(NHj;),(ado-N1),]*>* (3), were obtained by
treating the mixture of adenosine (320 mg, 1.2 mmol) and cis-[Pt-
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(NH;),(H,0),]** (0.5 equiv) in 10 mL of water for 10 d at 60-70°C (excess
of adenosine was used to prevent unwanted side reactions!'”)). After concen-
tration to ca. 2 mL, the mixture was fractionated on a preparative RP-18 column
(30 x 200 mm, 40 pm) with 0.1m NaClO, and 1mm HCIO, in 10% meth-
anol as eluent. Excess electrolyte from the combined fractions of 2 and 3
was removed by refractionating with 10 % methanol in 1 mm HCIO, to give
stock solutions of isomerically pure 2 and 3, as deduced by HPLC analysis.[*’]

Solutions of the complexes cis-[Pt(NH;),(guo-N7),1** (4), cis-[Pt(NH;),-
(ado-N1)(guo-N7) J** (5) and cis-[Pt(NH;),(ado-N7)(guo-N7) |>* (6) were
obtained in a similar manner by fractionating the reaction mixture con-
taining guanosine (127 mg, 0.4 mmol), adenosine (187.3 mg, 0.7 mmol) and
cis-[Pt(NH;),(H,0),)** (0.44 equiv) in 10 mL of water that was stirred for
10 d at 60—70°C. The isomeric purity of the different isolated fractions was
ascertained by HPLC analysis. For comparison, 4 was also prepared by the
reaction® of guanosine (80 mg, 0.25 mmol) with cis-[Pt(NH;),(H,0),]**
(0.12 equiv) followed by LC purification.

Kinetic measurements: Kinetics for the thiourea-assisted dissociation of
Pt - bis(nucleoside) complexes were studied in aqueous solution at
different temperatures and monitored using HPLC. A large excess of
thiourea ([tu]:[Pt] > 40:1) was used to create pseudo-first-order conditions.
The measurements were carried out in buffered solution at pH 4 (0.05m
HAc/NaAc);" for comparison a few runs were carried out at pH 3 -4, the
pH being adjusted with 1.0M HCIO,. In each measurement, the pH of the
reaction mixture remained practically constant (within 0.2 log units). Peak
areas at 260 nm were used as the measure of the concentration by
employing 1,3-dimethyluracil as an internal standard. Reactions were
started by adding the desired Pt" species to a prethermostatted reaction
mixture, the ionic strength of which was adjusted to 0.1m with NaClO,.
Samples were withdrawn from the reaction mixture at suitable time
intervals and diluted with ice-cold water or 0.01m HCIO, (1:1); they were
stored on ice prior to chromatographic analysis.

The observed pseudo-first-order rate constants, k., for the attack of the
nucleophiles on 1-6 were calculated from the disappearance of the starting
material by Equation (3). Here the symbol M represents the cis-Pt"(NH;),
entity. The term [ML,], is the initial concentration of the complex and
[ML,], is the concentration at time ¢.

In[ML,], = — k g1s + In[ML,], 3)

The time-dependent concentration of the first HPLC-detectable reaction
product [IL], yields the rate parameters k4, by Equation (4) with the k y,,
values from Equation (3). The term [IL],,, is the concentration of this
species at the moment ¢ [in Equations (3) and (4) charges are omitted for
clarity). For asymmetric complexes 2, 5 and 6, the terms [IL],, [IL],.x and
ky s in Equation (4) are replaced by [IL1], [IL1],. and k, ., for the
intermediate IL1, and [IL2], [IL2],., and k,, ., for the intermediate IL2.

[IL]‘ e Fronst — p=kaobst

= ki obstmax . @—k2,0bslmax (4)
(L], € e

NMR studies: NMR spectra were recorded on a JEOL Alpha 500
spectrometer equipped with either a 5 mm normal-configuration tuneable
probe or a S5mm inverse z axis field-gradient probe operating at
500.16 MHz for 'H, 125.78 MHz for *C and 10721 MHz for '*Pt. The
spectra were recorded at 25°C in D,O ('H) or in H,0/D,0 (**C and **Pt);
the desired amount of the purified fraction was first neutralised and then
evaporated to dryness, and the residue dissolved in 600 uL of H,0O/D,0,
followed by reevaporation and dissolution in complete D,O. The 'H and
13C spectra were referenced internally to sodium 4,4-dimethyl-4-silapen-
tanesulfonate (DSS), assigned as 0 =0.015 for proton and 0 for carbon; the
1Pt spectra were referenced externally to [PtCL]* (8p=—1625 from
[PtCls]>"). The 'H and '3C assignments were based on a conventional and
concerted application of DEPT, COSY, C-H correlation (CHDEC or
HSQC/HMQC) and HMBC experiments and by comparison with the
isomeric bis(9-methyladenine) complexes!'”! of cis-Pt"(NH;), and the
Pt'(dien) complexes of adenosine.l'”l Exchanging spins were also assigned
by 2D EXSY experiments. Further experimental details can be found in the
Supporting Information. The 'H chemical shifts in the aromatic region for
1-6 are listed in Table 1 and the complete spectral data are given in
Table S1 for the 'H chemical shifts and in Table S2 for the *C and Pt
chemical shifts (Supporting Information).
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X-ray crystallography: The X-ray data were collected on a Rigaku AFCSS
diffractometer at ambient temperature with Moy, radiation (A=
0.71069 A). Unit cell parameters were obtained from a least-squares fit
of 25 reflections [41.82 < 260 < 44.89°]. Intensity data were collected by the
/26 scan technique to a maximum 26 value of 50°. The intensities of three
standard reflections were measured every 150 data points; no intensity
decay was apparent. The intensities of the reflections were corrected for
Lorenz, polarisation and absorption (empirical) effects.’! The structures
were solved by standard Patterson and difference Fourier methods and
refined by full-matrix least-squares calculations employing SHELXL-97.1]
All atoms except hydrogen, water oxygens and disordered O and C atoms
were refined with anisotropic temperature factors. The hydrogen atoms
located on carbon and nitrogen atoms are at calculated positions. The final
cycle of refinement gave for the structure 1a R1 =0.0420 and wR2 = 0.0897
for the observed data [/ >20([)] and 950 parameters, and R1 =0.0712 and
wR2=0.988 for all data. Crystallographic data and experimental details
are given in Table 4; selected bond lengths and angles are given in Figure 3
for one of the independent cations of 1a. Data reduction and subsequent
calculations were performed with teXsan for Windows.[*! Figures were
drawn with ORTEP-3 for Windows.*!l Crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-138213. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge,
CB21EZ, UK (fax: (+44)1223 336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Table 4. Crystal structure data and data collection parameters for cis-
[Pt(NHj;),(adenosine-N7),](ClO,), - 3.5H,0 (1a).

la

formula CyH3yCL,N,0,95Pt
M, 1025.62

system orthorhombic
space group P2,P2,P2, (no. 19)
a[A] 19.655(3)

b [A] 25.122(4)

c[A] 14.276(6)

a [’ 90

B 90

7 [] 90

V [A3] 7049(3)

V4 8

Peaca [Mgm ] 1.933

absorb. coeff. [mm~'] 4.231

crystal size [mm] 0.42 x 0.40 x 0.38
no. meas. refl. 6876

no. unique refl. 6825

no. obs. refl. 6825

Tmin. Trnax 0.9093, 1.000
variation obs. stand. —3.6%

decay correction linear
refinement type on F?
R1[I>20(1)]@ 0.0420

wR2 [I>20(I)]" 0.0897

GoF (= S)t 1.025

parameters refined 949

absolute structure parameter —0.005(11)
(A1) min [e A3 —0.689

(A1) max [e A7) 1.192

[a] RL=Z|| F,[—| F.||/Z| F,|. [b] wR2 = {Z[w(F] — F2)*/Z[w(F3)*]}'"* and
w=1/[c*(F?) + (aP)*+ bP)], where P=(2F2+ F2)/3. [c] {(Z[w(F? - F2)?)/
(n—p)}"”2, where n=no. of reflections and p =no. of refined parameters.
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Abstract: A variety of differently sub-
stituted 1,3,2-diazaphospholenium salts
and  P-halogeno-1,3,2-diazaphospho-
lenes (X=F, Cl, Br) were synthesized,
and their molecular structures, bonding
situation, and Lewis acid properties
were characterized by experimental
(single-crystal X-ray diffraction, NMR
and IR/Raman spectroscopy, MS, con-
ductometry, titrations with Lewis bases)
and computational methods. Both ex-
perimental and computational investi-
gations confirmed that the structure and
bonding in the diazaphospholenium cat-
ions of OTf and BF, salts resembles that

tion can be expressed in terms of hyper-
conjugation between the six & electrons
in the C,N, unit and the o*(P—X)
orbital. This interaction induces a weak-
ening of the P—X bonds, whose extent
depends subtly on substituent influences
and contributes fundamentally to the
amazing structural similarity of ionic
and covalent diazaphospholene com-
pounds. A further consequence of this
effect is the unique polarizability of the
P—ClI bonds in P-chlorodiazaphospho-
lenes, which is documented in a consid-
erable spread of P—X distances and
bond orders. Measurement of the stabil-

ity constants for complexes of diaza-
phospholene compounds with Lewis
bases confirmed the lower Lewis acid-
ities and higher stabilities of diazaphos-
pholenium ions as compared with non-
conjugated phosphenium ions; this had
been inferred from computed energies
of isodesmotic halide-transfer reactions,
and permitted also to determine equi-
librium constants for P—Cl bond disso-
ciation reactions. The results suggest, in
accord with conductance measurements,
that P-chlorodiazaphospholenes dissoci-
ate in solution only to a small extent. On
the basis of these findings, the unique

of neutral Arduengo carbenes and that
the cations should not be described as
genuinely aromatic. P-Halogenodiaza-
phospholenes are, in contrast to earlier
assumptions, molecular species with co-
valent P—X bonds whose bonding situa-

ent effects

Introduction

The discovery of stable carbenes by Bertrand!'! and Arduen-
gol?l lead to a renaissance of the chemistry of subvalent
compounds of Group 14 elements.’! Among the first isolable
carbenes were heterocycles of type A (E=C) whose six &
electrons in the ring offer the possibility of aromatic
stabilization. Extensive experimental™ and theoretical stud-
iesPl of structure and bonding in these compounds suggest that
such cyclic & delocalization contributes far less to the overall
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solvatochromatic behavior of NMR
chemical shifts of these compounds was
attributed to solvent-dependent P—CI
bond polarization rather than to shifts
in dissociation equilibria.

=
RN NR RN” ONR RN" NR,

A B C

E=C, Si, Ge, P*, As*

stability than N — C mt donation into the empty p orbital at the
carbon atom.F! Consequently, saturated cyclic (B, E=C) or
acyclic diaminocarbenes (C, E=C) should also be likely
candidates for successful isolation, and have meanwhile been
prepared.’) A similar bonding situation as in carbenes of type
A prevails in homologous silylenes (E = Si)l and germylenes
(E=Ge).B

Beside neutral compounds of type A-C with heavier
Group 14 elements, ionic carbene analogues can be conceived
by formal replacement of the carbon by a positively or
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negatively charged element of an adjacent main group.
Whereas anions with elements of the boron group are still
hardly explored,” stable phosphenium (E = P+) and arsenium
(E = As*) cations of type B and C are long known,['> !l and
their carbene analogue behavior has been verified by
extensive chemical investigations.'’! Recently, the groups of
Pudovik!l and Denk!" prepared 1,3,2-diazaphospholenium
ions (A, E=P"), which are isoelectronic and isolobal to
Arduengo carbenes, and likewise nitrogen derivatives of A4l
have been reported. Theoretical and experimental stud-
ies13] guggested that cyclic  delocalization is more pro-
nounced in cationic than in neutral carbene analogues, and
phosphenium ions of type A are both more stable and less
electrophilic than their analogues with structures B and C.
Even if a stabilizing effect of the double bond in type A
phosphenium ions is undebatable, there is some controversy

Abstract in German: Eine Reihe unterschiedlich substituierter
1,3,2-Diazaphospholeniumsalze und P-Halogeno-1,3,2-diaza-
phospholene (X=EF Cl, Br) wurde synthetisiert und hinsicht-
lich ihrer Molekiilstrukturen, Bindungssituation und Lewis-
Sdure-Eigenschaften durch experimentelle (Einkristallrontgen-
strukturanalyse, NMR, IR/Raman, MS, Konduktometrie, Ti-
trationen mit Lewis-Basen) und theoretische Methoden cha-
rakterisiert. Sowohl experimentelle und theoretische Befunde
legen nahe, daf} die Diazaphospholeniumkationen in OTf- und
BF,-Salzen hinsichtlich Struktur und Bindungssituation enge
Analogien zu neutralen Arduengo-Carbenen zeigen und nicht
als genuine aromatische Systeme beschrieben werden sollten.
P-Halogenodiazaphospholene sind demgegeniiber, abwei-
chend von fritheren Annahmen, molekulare Systeme mit
kovalenten P-X-Bindungen, deren Bindungssituation im Sinn
einer Hyperkonjugation zwischen den 6 m-Elektronen der
C,N,-Einheit und dem o*(PX)-Orbital dargestellt werden
kann. Diese Wechselwirkung fiihrt zu einer Schwichung der
P—X-Bindungen, deren Ausmaf} stark von Substituentenein-
fliissen abhdingt, und trigt wesentlich zu der auffallenden
strukturellen Ahnlichkeit zwischen ionischen und kovalenten
Diazaphospholenderivaten bei. Als weitere Folge dieses Ef-
fektes resultiert eine besonders ausgeprigte Polarisierbarkeit
der P—Cl-Bindungen in P-Chlor-Diazaphospholenen, die sich
in einer betrichtlichen Variationsbreite von P—Cl-Abstinden
und Bindungsordnungen dokumentiert. Messungen der Stabi-
litiitskonstanten der Komplexe von Diazaphospholenderivaten
mit Lewis-Basen bestitigen die aus berechneten Energien
isodesmotischer Halogenidiibertragungsreaktionen postulier-
ten geringeren Lewis-Acidititen und hoheren Stabilititen von
Diazaphospholenium- im Vergleich zu nicht-konjugierten
Phosphenium-Ilonen und ermdoglichten dariiber hinaus die
Bestimmung von Gleichgewichtskonstanten von P—CI-Disso-
ziationsreaktionen. Die Ergebnisse zeigen im Einklang mit
Konduktivitdtsmessungen, dafy P-Chlor-Diazaphospholene in
Losung nur zu einem geringen Grad dissoziiert sind. Aus-
gehend von diesen Befunden wird die bemerkenswerte Solva-
tochromie der NMR-Verschiebungen dieser Verbindungen
einer solvensabhdngigen Polarisation der P-Cl-Bindung und
nicht einer Verschiebung des Dissoziationsgleichgewichtes
zugeschrieben.
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about its magnitude and influence on molecular structures.
Thus, the presence of a remarkably long P—CI bond (2.75 A)
in the chlorophosphane 1a was attributed to a high degree of

a X al
b B b
AN
BuN” “NtBu BUN” “NfBu  HyGeN” “NCeH:s
al
1a 2a[X] 3b

aromatic stabilization in the 1,3,2-diazaphospholene ring and
lead the authors to formulate this compound as an ionic
phosphenium salt 2a[Cl].['"> 91 On the other hand, compound
3b (C4H,, =cyclohexyl; P—CI 2.42 A)!") was unmistakably
addressed as a covalent species, and the bond lengthening
with respect to compounds such as (Me,N),PCl
(2.180(4) A)[81 was attributed to hyperconjugation between
the nitrogen lone pairs and the o*(P—Cl) orbital.'”l Even for
2a[Cl], the large deviation of the 3P NMR chemical shift
from that of ionic hexafluorophosphates or tetrachlorogal-
lates 2a[X] (X=BF,, GaCl,) suggested that in solution
covalently interacting ion pairs rather separated ions are
present.[13]

In a recent theoretical study of stability and electrophilicity
of phosphenium ions we have established that the energetic
effect of m delocalization in 1,3,2-diazaphospholenium ions is
of comparable magnitude to inductive substituent effects.['"]
In this light, concise assessment of the relation between &
delocalization and electrophilicity in cations such as 2a and
the peculiar bonding situation in the corresponding halo-
genophosphanes (1a) should improve the understanding of
structures and reactivities of the phosphorus analogues of
Arduengo carbenes. As the results might allow further
conclusions about the reaction behavior of halogenophos-
phanes in general "] we felt that a more comprehensive study
was of interest.

In order to identify and separate the influences of
substituent effects and & delocalization, we synthesized an
extended palette of 1,3,2-diazaphospholene systems with
different substituents at the phosphorus (X = halide, nucleo-
fugic anions), carbon (R =H, Cl), and nitrogen atoms (R =
Mes, tBu), and studied their structure and bonding by
spectroscopic, structural, and theoretical methods. Relative
electrophilicities were both estimated from computed cation
stabilization energies!'” and determined experimentally from
stability constants of donor-acceptor adducts with a Lewis
base.'" The results allow a concise characterization of
ionicity and self-ionization in 2-chloro-1,3,2-diazaphospho-
lenes; this is considered fundamental for correct assessment of
stability and reactivity of ionic phosphorus analogues of
Arduengo carbenes.

Results

Syntheses: The main synthetic strategies! to 13-1,3,2-diaza-
phospholene rings include base-induced addition of phospho-
rus trichloride to 1,4-diazadienes to give 2,4-dichloro-1,3-di-
alkyl(diaryl)-substituted derivatives (Scheme 1, route a),!? 2!l
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Scheme 1. Synthesis of 2-halogeno-1,3,2-diazaphospholenes and 1,3,2-
diazaphospholenium cations. R=7Bu (1la-7a), Mes (1c-7c). i) PCly/
NEt;; ii) Me;SiOTf or AgBF, (Y=BF,); iii) HSiCl;/diazabicyclooctane;
iv) PCl;; v) AgF (Y =F), Me,SiBr (Y =Br).

or metathesis of PCl; with 2,2-dichloro-1,2-dihydro-1,3,2-
diazasiloles!'> % or diazadiene dianions!'®! to give 2-chloro-
1,3-dialkyl-substituted compounds (Scheme 1, route b). For
the present study, we used both routes to obtain in addition to
the known compounds 1al'*'% and 3aPl the N-mesityl
derivatives 1¢ and 3¢ (Scheme 1). The required sila-hetero-
cycles 4a and 4¢ were prepared as published by Karsch.!
The phosphorus heterocycles were isolated as crystalline
solids after filtration, evaporation of solvents, and recrystal-
lisation (THF/hexane or toluene). In contrast to previous
reports,[* 1 we found compound 1a sufficiently volatile to
be purified by sublimation.

2-Fluoro and -bromo-1,3,2-diazaphospholenes were pre-
pared by treating 1a with trimethylsilyl bromide in THF, or
with silver fluoride in CH,Cl,.
The 2-bromo derivative Sa was
isolated by the same procedure
as 1¢, and the fluoro compound
6a was purified by vacuum

light yellow solids that are thermally stable, but sensitive to air
and moisture. All compounds were characterized by analyt-
ical and spectroscopic methods, and several of them by means
of X-ray crystallography.

Crystal structure studies: Single-crystal X-ray structure deter-
minations were carried out for compounds 1a,? 1¢, 2a[BF,],
6a, 7a[OTf], and 7¢[OTf]. Important bond lengths are listed
in Table 1. The fluorine atoms in the anion of 2a[BF,] are
disordered, but this did not preclude determination of
accurate structural data for the cation. The literature data
for compounds 1la (xC;Hg),®! 2a[PF,],51 3b[71 and
7b[SbCl]*? are also included in Table 1 for comparison.

The molecular structures of the salts 2a[BF,], 7a[OTf], and
7¢[OTI] display close similarities to those of 2a[PF4]"*! and
7b[SbCl¢]." The individual cations exhibit no interionic
contacts shorter than the sum of van der Waals radii and
feature planar rings and practically identical endocyclic bond
lengths and angles. It has been pointed outl!? 13 16°] that the
observed bond length equalization (all endocyclic distances
are intermediate between single and double bonds) provides
strong evidence for the presence of m-electron delocalization
in the ring. Further support for this view is gained from a
comparison of endocyclic and exocyclic C—N bond lengths in
7c: the exocyclic bonds (average length d,,, = 1.462 A) are
considered pure single bonds, since m interactions between the
orthogonal mesityl and diazaphospholene rings vanish be-
cause of symmetry reasons, and the relative shortening of the
endocyclic bonds (1.376 A) may then be attributed to partial
double-bond character arising from m delocalization in the
diazaphospholene ring. Similar considerations for the cations
2a, 7a, or 7b cannot be drawn due to the different hybrid-
ization at exocyclic and endocyclic carbon atoms.

The halogenodiazaphospholenes 1c¢ (Figure 1) and 6a
(Figure 2) occur in the crystal as neutral molecules with

Table 1. Relevant bond lengths, bond angles, and torsion angles [distances in A, angles in°] of 1,3,2-
diazaphospholenes (1a, 1¢, 3b, and 6a) and 1,3,2-diazaphospholenium cations (2a and 7a-c). The molecular
structures of 3b and 7b are identical to those of 3a, and 7a, except that R = cyclohexyl instead of fert-butyl.

sublimation. Similar halogen P-X P-N N-C c-C N-C, N-P-N al!

exchange reactions were 0b-  ga 1.6544(14)  1.672(2) 1.415(3) 1.336(3) 1.489(3) 90.45(10) 9.9

served by 3P NMR spectrosco- 1.6721(19)  1.415(3) 1.493(3)

py for 1c, but no pure com- la-GH{®  2759(2) 1.660(2) 1.379(3) 1.347(3) 1.508(3) 90.41(10) 4.9

ounds were isolated, as even 1.662(2) 1.389(3)

p 5 | 1a 2.6915(4)  1.6628(8) 13912(12)  1.3485(14)  14967(12)  90.57(4) 6.7

repeated reCryStathathn failed 16651(8) 13913(12) 14999(12)

to remove all byproducts.  2a[PF]"! - 1.661(2) 1.376(3) 1.341(4) 1.502(4) 90.71(11)  (planar)

Chloride abstraction from 1a, 1.662(3) 1.377(3) 1.503(4)

1c, 3a, or 3¢ by metathesis with  23[BF] - 1.6579(14)  1.368(2) 1.353(2) 1.507(2) 9038(7) 12

. . 1.6654(14)  1.370(2) 1.513(2)

silver tetrafluoroborate or tri- 23241(4)  1.6734(10)  1.4057(15)  1.3378(18)  1.4460(15) 89.69(5) 7.2

methylsilyl triflate gave the 16750(11)  1.4015(16) 1.4426(15)

phosphenium salts 2a[BF,],  7¢[OTf] - 1.6662(15)  1.374(2) 1.351(2) 1.460(2) 89.55(7) 1.9

2¢[OT]. 7a[OTI], and 7a[OT{] i'gggiﬁg igzgg 1.353(3) fggggi 91.05(8) 0.1
. o . a — . . . .. A .

7¢[OTI], Wthh' were precipi- L6713(16)  1378(2) 1516(2)

tated as crystalline solids after  7ygpcyji 1.656(4) 1.363(6) 1.351(7) 1.487(6) 90.0(2) (planar)

layering the reaction mixtures 1.673(4) 1.370(6) 1.502(6)

with hexane. 3pl7) 2.416(2) 1.587(3) 1.390(6) 1.320(6) 1.472(5) 90.3(2) 8.1

1.672(3) 1.396(5) 1.480(5)

All prepared diazaphospho-

lene derivatives are colorless to

3416 © WILEY-VCH Ver-
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[a] Exocyclic N—C bond length; [b] Average value of the two CCNP torsion angles.
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covalent phosphorus —halogen bonds. Whereas the P—F bond
length in 6a is close to a single bond (1.583 A)24, the P—Cl
bond length in 1c (2.3241(4) A) lies between a normal

Figure 1. Molecular structure of 6a in the crystal, ORTEP view thermal
ellipsoids are at the 50% probability level, H atoms omitted for clarity;
selected bond lengths and angles are given in Table 1.

Figure 2. Molecular structure of 1¢ in the crystal, ORTEP view thermal
ellipsoids are at the 50% probability level, H atoms omitted for clarity;
selected bond lengths and angles are given in Table 1.

covalent bond (>2.18 A)!82 and the P—Cl bonds in 3b
(2.416(2) A)l12l and 1a (2.6915(4) A; 2.7592) A in 1a-
xC;Hg)3l. The diazaphospholene rings display envelope
conformations in which the displacement of the phosphorus
atom from the C,N, plane increases from 1¢ (0.20 A) to 6a
(0.27 A). The phosphorus atoms are pyramidal (sum of bond
angles 295/294° for 1c¢/6a) and the halogen atoms occupy
flagpole positions. Somewhat surprisingly, these substantial
constitutional changes with respect to the cations 2a, 7a, and
7 ¢ have almost no effect on the endocyclic bond lengths. The
P—N bonds (d,,, = 1.674/1.672 A for 1¢/6 a) are slightly longer
and the C—C bonds (1.338/1.336 A for 1¢/6a) shorter than in
2a (P-N 1.662, C—C 1.347 A), but the deviations are almost
insignificant. The C—N bonds (d,,, = 1.404/1.415 A for 1¢/6a)
are likewise longer than in 2a (d,,, = 1.375 A), but fall short of
a single bond (cf. 1.462 A for the exocyclic C—N bonds in
7¢[OTif]). The exocyclic C—N bons lengths in 1e¢ still exceed
the endocyclic ones, but the difference is less than half as large
as in 7¢. This is pertinent with the view that cyclic m-electron
conjugation is reduced, but not completely interrupted, upon
P—Cl bond formation (vide infra for a further bonding
discussion).

Comparison of the structural parameters of 1a and the
cation 2a with those of isoelectronic silylenes and the 1,3,2-
diazaphospholane (CH,N(¢Bu)),PCl has been used to gauge
the degree of aromaticity in these molecules and to attest the
ionic nature of 1a.l'> 9 The present structural study of a larger
number of diazaphospholene systems sheds new light on the
justification of this approach and, in fact, reduces much the
impact of structural arguments for a bonding discussion. Thus,
comparison of the structures of the cations 2a and 7a—c with
those of the neutral species 1¢, and 3b reveals that apart from

Chem. Eur. J. 2000, 6, No. 18
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small variations in C—N bond lengths and slight folding of the
ring, the structural response following the attachment of a
substituent at phosphorus is not very substantial. As a
consequence, the change in C—N bond lengths between la
(day=1.391 A) and the cation 2a (dyy=1.375 A), although
small on an absolute scale, is still half as large as that between
2a and covalent 6a (d,,,= 1415 A). This suggests that the
structural, and presumably electronic, perturbation of the
diazaphospholene unit by the chloride ion in la is not
negligible and contradicts the formulation of this compound
as ionic. Structure correlation between the P-chlorodiaza-
phospholenes 1a, 1¢, and 3b reveals further that the unusually
long P—Cl bond in 1la is unique and that variations in
endocyclic bond lengths follow neither a common trend nor
exhibit a simple relation to the P—CI bond length. In the light
of these findings, the P—CI bond lengthening in 1a cannot be
considered as an intrinsic consequence of aromaticity, but
must be attributed to substituent influences in this special
compound.

Spectroscopic investigations and conductometric measure-
ments: Systematic spectroscopic and conductometric studies
on diazaphospholene systems were carried out with the main
focus to elucidate the nature of the phosphorus-—halogen
bonds not only in the solid state, but also in solution and the
gas phase. Spectroscopic data of previously known com-
pounds (e.g. 1a) were included as far as they had not been
reported elsewhere.

The 3'P NMR chemical shifts of the new P-halogenodiaza-
phospholenes 1¢, Sa, and 6a fall in the expected range for
covalent compounds of the type XP(NR,),.?®l Solvent de-
pendent shifts of 63'P similar to those noted for 1al'®l and
2-chloro-1,3-dibutyl-4,5-dimethyl-1,3,2-diazaphospholene
(8)2" were observed for the P-chloro(bromo)-compounds 1¢,
3a, 3¢, and 5a, but not for the fluoro compound 6.8 The
magnitude of solvatochromic shifts for 1a, 1¢, and 3a follows
the order of increasing P—CI bond length in the solid state.
Adopting the idea of solvent-induced ionization['** 2" as the
source of the changes, one would expect that temperature- or
concentration-dependent shifts of dissociation equilibria have
marked effects on observable chemical shifts. Detailed 3'P
NMR studies of 1a and 1¢ revealed that this is not the case:
03P values vary only insignificantly over a large range of
temperatures (+30 to —80°C) and concentrations (0.02 to
1m), and spectra recorded at low temperatures gave no
evidence for dynamically induced line broadening, which had
been observed for other P—CI bond-dissociation equilibria.?]

The nature of the P—X bonds in P-fluoro and P-chlorodi-
azaphospholenes was further illuminated by studies of
halogen NMR spectra of 1a, 1¢, 3a, and 6a. The covalent
character of the P—F bond in 6a follows directly from the
large scalar coupling (/pr=1070 Hz) between both nuclei.
Similar couplings between 3'P and ¥Cl (75.53%, I=3/2) or
3C1(24.47 %, I = 3/2) nuclei are normally unobservable owing
to rapid quadrupolar relaxation of the halogens,P” but a
distinction between ionic or covalent nature of P—Cl bonds is
still feasible by comparison of ¥*Cl linewidths;* chlorine
nuclei in covalent bonds display generally broad lines with
halfwidths of some kHz, since here quadrupolar relaxation is
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effectively driven by a large local electric-field gradient,
whereas in chloride anions the vanishing electric-field gra-
dient makes quadrupolar relaxation inefficient and leads to
narrow lines with halfwidths of a few Hz. Measurement of 33Cl
NMR spectra (30°C, CH;CN) for 1a, 1¢, and 3a revealed that
the signal of 1¢is too broad to be detected, whereas 3a and 1a
display each a single resonance, which in the case of 3a cannot
be unambiguously assigned to one of the two chlorine atoms
(Figure 3a and 3b). The observed linewidth of 1a (Aw;,=
3.1 kHz) is lower than that of 3a (Aw,,=6.8 kHz), but still

a) m b) )

|

WA AN \

7500 200 -100-400
J§35C1 §35C1

Figure 3. ¥CI NMR spectra of a) 3a (ca. 1m in CH;CN, 30°C, fit to a single

Lorentzian line yielded 6**Cl =161, Aw,,,= 6.8 kHz); b) 1¢ (1M in CH;CN,

30°C, 6%Cl =194, Aw,, =3.1 kHz); ¢) [Et,N][C]] (0.1 in CH,CN, 30°C,

85C1 =36, Aw,p = 0.025 kHz).

exceeds that of the anion in [EtN][Cl] (Aw,,=25Hz,
Figure 3c) by two orders of magnitude. Consequently, none
of the three diazaphospholenes shows characteristics of a
genuine ionic species, but the decrease in *Cl linewidths again
correlates with increasing P—Cl bond lengths and suggests
growing ionic character of the P—CI bonds in the order 1¢, 3a,
la.

In addition to NMR spectroscopy, vibrational spectroscopy
was tracked as a further source of information on phospho-
rus—halogen bonding. A comparison of IR and Raman
spectra of the N-tert-butyl-substituted derivatives 1a, Sa, 6a,
and 2a[BF,] revealed that apart from the bands of B—F and
P—F stretch vibrations in 2a[BF,] (v(BF)=1030, 1046 cm™")
and 6a (v(PF)=617 cm™!) the spectra are similar, but not
identical,B!l thus disproving that all compounds can be
described as salts with the same cation. While interpretation
of differences in the fingerprint region was unfeasible as
expected for molecules of this size, a diagnostically relevant
change was found in the continuous variation of the charac-
teristic v(C=C) frequency (Table 2). In accord with computa-
tional studies this effect is explained as a consequence of
increasing covalent P—X bond orders in the series X = (BF,),
Br, Cl, F, which leads to increased m-electron localization and
concomitant strengthening of the C=C bond. The computa-
tional results indicate further that the absence of character-

Table 2. Experimental and calculated (at the b3lyp/6-31(+)g* level)
vibrational frequencies [cm~!] of »(C=C) in 1,3,2-diazaphospholene com-
pounds X-P(N(sBu)CH),.

2a[BF,] Sa la 6a
X BF, Br Cl F
exptl (IR) 1552 1560 1625
exptl (Raman) 1527 1551 1559
caled 15671 1632 1636 1661

[a] Values refer to the isolated cation.
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istic bands attributable to v(PCl) or v(PBr) in 1a and Sais still
compatible with a covalent nature of the bonding and owes to
both the weakness of the bond, which presumably shifts the
frequency into the barely accessible spectral region below
250 cm~!, and to concealment of the spectral transition by
coupling with skeletal vibrations. A bond-weakening effect is
also evident for the P—F bond in 6a whose frequency is
considerably red-shifted with respect to the expectation range
(v(PF) =770-760 cm~'*?) for trivalent phosphorus com-
pounds.

The occurrence of molecular ions in the mass spectra of 1a,
1c, 5a, and 6a indicates that in all cases intact halogenodi-
azaphospholene molecules are present in the gas phase. The
intensities of the molecular ions decrease with increasing
atomic mass of the halogen. Fragmentation proceeds in 6a
nearly exclusively under cleavage of isobutene and conserva-
tion of the P—F bond, whereas la, 1c¢, and Sa decay
predominantly through extrusion of a halogen radical to give
the cations 2a and 2¢, of which 2a eliminates further
isobutene fragments. Altogether, these findings suggest that
the stabilities of the P—halogen bonds decrease in the order
P-F > P-Cl>P-Br.

Considering that dissociation of halogenodiazaphospho-
lenes should affect the electric conductivity of the solutions,
we measured molar conductivities A, for 1a, 1¢, 2a[OTI],
and 2¢[OTf] and compared the data with those of covalent
(iP1,N),PCl (9) and the salts [(iPr,N),P][OTf] (10) and
[Et,N][OTI{] (Table 3). The molar conductivities of 2a[OTf]
and 2¢[OT{] are similar to those of 10 and [Et,N][OTf]; this
leads to the assignment of these compounds as 1:1 electro-

Table 3. Molar conductivities [Q~!cm?>mol~!] of chlorophosphanes 1a, 1c,
and 9, and phosphenium salts 2a(2¢)[OTf], 10[OTf], and [Et,N][OT{] (all
0.01m solutions in CH,Cl,, 295 K).

1a  2a[0Tf] 1lc  2¢[OTf] 9 10 [ELN][OTf]
009 113 004 125 001 167 096

A

m

lytes. In contrast, the values of A,, for 1a(1¢) are lower than
those of 2a(2¢) [OTf] by a factor of 13(31). We conclude
therefore that even if 1a is a slightly stronger electrolyte than
1c¢, both solutions contain mainly covalent molecules or
strongly associated contact ion pairs. The higher conductiv-
ities of the studied phosphenium triflates relative to [Et,N]-
[OT{] suggest that the strong interionic interactions that have
been observed for a diaminophosphenium triflate®®] are
absent for the compounds studied here.¥

Computational studies: Computational studies were per-
formed with the aim of a fundamental comprehension of
substituent influences on structure and energetics in diaza-
phospholene compounds, and a simulation of thermodynamic
cycles!!® 15033 that allow us to estimate the stabilities of the
corresponding cations.' The chosen theoretical model
implies evaluation of energies and NBO population analy-
sesPol at the b3lyp/6-31+ g(d) +zpe level. Molecular geo-
metries have been energy-optimized at the same level and are
minima on the energy hypersurface according to frequency
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analyses. A comprehensive listing of results is given as
Supporting Information.

The computed structures of the cations 2a, 2d, 2e, and 7e
exhibit planar rings whose endocyclic bond lengths are
practically independent of the substitution pattern. The
results of NBO population analyses (Table 4) confirm, in
accord with previous studies,'> ! the presence of weak 7t
delocalization between the C=C double bond and the
heteroallylic NPN fragment in the five-membered ring.

Table 4. Results of NBO population analysis at the B3LYP/6-31(+)g(d)
level in 1,3,2-diazaphospholene compounds X—P(N(R)CH),; ¢(X) denotes
the halogen atomic charge, and n(p™) the electron population of the p*
orbital at the phosphorus atom in the cations.

Wiberg Bond Indices
R X q(X) P-X P-N N-CP C=C n(p)

1la Bu C —-.58 050 0.90 1.09 1.70
1d Me Cl -.52 059 0.88 1.08 1.71
le H Cl —-49  0.64 0.90 1.09 1.73
3all Bu Cl —-.55 050 0.88 1.09 1.64
S5a tBu  Br —-.57 049 0.90 1.10 1.68
5d Me Br -.50 059 0.88 1.09 1.70
Se H Br —47  0.64 0.90 1.10 1.72
6a Bu F —.64 052 0.86 1.06 1.74
6d Me F —-.63 054 0.85 1.06 1.74
6e H F —.63 0.6 0.88 1.08 1.75
2a Bu - - - 1.12 1.22 1.54 0.96
2d Me - - - 1.02 1.22 1.54 0.95
2e H - - - 1.05 1.23 1.54 0.86

[a] -CH=CCI- instead of -CH=CH-; Wiberg bond indices for P-N and N—C
bonds denote the average values for the two different bonds. [b] Values for
single bonds (e.g., for the exocyclic C—N bonds) are in the range 0.86—0.96.

Replacement of NH substituents in 2e by electron-releasing
alkyl groups (2a, and 2d) increases the shift of mt electron
density from the nitrogen lone pairs into the vacant phospho-
rus p orbital and, therefore, adds to the dative stabilization of
the phosphenium center. Attachment of a chlorine to an
endocyclic carbon atoms leaves the electron distribution in
the diaminophosphenium fragment essentially undisturbed,
but weakens the C=C double bond.

The 2-halogenodiazaphospholenes 1a, 1d, 1e, Sa, 5d, Se,
6a, 6d, and 6e appear, according to the computations, as C,-
symmetric molecules, whose folded rings display the same
conformations as were found in the crystal structure studies.
Only minor deviations from C, symmetry were obtained for
the 4-chloro-substituted compounds 3a and 3e. The calcu-
lated P—X bond lengths in 1e (P—CI 2.297 A) and 5e (P—Br
2.490 A) exceed those in XPH, (P—Cl 2.111, P-Br 2.277 A at
the same level of theory) by 9% and XP(NH),(CH,), (P—Cl
2.256, P—Br 2.442 A) by 2%, and increase further upon
replacement of the NH substituents by electron-releasing
methyl (P—C12.344 A, 1d) or rert-butyl groups (P—C12.433 A,
1a). The bond lengthening is accompanied by an increase of
negative charge on the halogen atoms and a concomitant
decrease of P—X bond orders (Table 4); this suggests that the
ionic contribution to the P—X bonds is higher in 1e/5e than in
XP(NH),(CH,), (X=Br,Cl) and is further enhanced by o-
donating substituents at the nitrogen atoms. The lengthening
of P—F bonds in 6e (1.694 A) with respect to the reference
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compounds FP(NH),(CH,), (1.680 A) and FPH, (1.650 A) is
less pronounced (1% and 3%), and N-alkylation induces
much smaller changes of P—F bond lengths [P—F 1.706 (6d,
R =Me), 1.722 A (6a, R=Bu)] and bond orders, and has
nearly no effect on the charge on the fluorine atom.

The attachment of P-halogen substituents renders the
endocyclic P-N and C—N bonds longer and the C—C bonds
shorter than in the cations 2a, 2d, and 2e, but even though
these changes are accompanied by parallel variations in bond
orders, the Wiberg bond indices for the C—N and P—N bonds
remain larger than expected for pure single bonds. This is
good evidence for the presence of residual m-electron
delocalization and can be rationalized in terms of hyper-
conjugation of the 6 system in the C,N, fragment with the
energetically low-lying 0*(P—X) orbital.'’! Such an interac-
tion is expressed in the language of valence bond (VB) theory
by a “bond/no-bond resonance” as shown in Scheme 2, the

_P _
N NR <> RN” SNR

RN NR <> RN~

Scheme 2.

driving force of which is presumably the reduction of the
strong C—N antibonding interaction in the HOMO of the
C,N, fragment, which is isoelectronic to a butadiene dianion.
All further changes in substitutent patterns of 2-halogenodi-
azaphospholenes leave the endocyclic bond lengths practi-
cally invariant and induce only minor shifts of bond indices.

The substituent influences on the stability of the diaza-
phospholenium ions 2a, 2d, and 2e can be assessed from the
energies AE"(X)IS! (Figure 4) of the isodesmotic fluoride-

[kcal/mol]
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867 969 (110
-120 1 (-10.2)

Y7777/

/ -104.1
1057 (-220) /1148
(191) 4457 (-827)
(-29.0)
Figure 4. Computed reaction energies AE"(X) [kcalmol~!] at B3LYP/6-
31(+)g(d) + ZPE level for the isodesmotic halide-transfer reactions given
in Scheme 3. The corresponding reaction energy for the non-conjugated
cyclic cation [P(NHCH,),]* (11) is included for comparison. Dark and light
grey columns correspond to X=Cl and F, respectively; values in
parentheses denote excess stabilization energies AAE"(X).

(X=F) or chloride-transfer reactions (X=Cl) shown in
Scheme 3.1 The excess stabilization energy AAEY(X) of
the cation 2e (11.0, 10.2 kcalmol™! for X=F, Cl), which
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Scheme 3. Isodesmotic halide transfer reactions (X =F, Cl, Br)

denotes the increase in AE"(X) with respect to the C—C-
saturated [P(NH),(CH,),]" and is a measure of aromatic
stabilization,['**) compares with the additional stabilization
induced by introduction of N-methyl (AAE"(X)=11.0,
8.8 kcalmol-! for X=F, Cl) or N-tert-butyl groups
(AAE"(X)=21.7, 18.8 kcalmol~! for X =F, Cl). Attachment
of a chlorine in the 4-position diminishes AE™(CI) slightly by
3.5 kcalmol~!. Computation of standard (free) reaction en-
thalpies and entropies for the P—X bond dissociation in the
gas phase (see Supporting Information) revealed that the
increase in cation stabilities with increasing size of the N-alkyl
group is related to variations in AH, while AS remains
essentially unchanged. This suggests that the observed trends
are attributable to enhanced dative stabilization of the
phosphenium center and that conformational strain which
might favor P—X dissociation in the N-fBu derivatives 1a and
6a is presumably of little importance.

Formation of Lewis base adducts: The concept of cation
stabilization energies relies on the idea that more stable
cations are less liable to form donor-acceptor adducts with
nucleophilic counterions or neutral donors.'*! For a general-
ized reversible reaction between a posphenium ion and a
nucleophile [Eq. (1)], increasing cation stability is associated
with a shift of the equilibrium to the left and thus a decrease of
the value of K;. On this basis, measurement of equilibrium
constants for reactions of different cations with a com-
mon nucleophile has been used for the experimental deter-
mination of relative cation stabilities.'') Recent work by
Bertrand has established that the same donor-acceptor
adducts are also accessible from the reaction of covalent
chloro-phosphanes with strong nucleophiles such as 1,5-
diazabicyclo[4.3.0]non-5-ene  (DBN) or 1,8-diazabicy-
clo[5.4.0]lundec-7-ene (DBU)." A general reaction of this
type can be formulated as Equation (2) and is characterized
by an equilibrium constant K.

R,P*OTf~ + DBN=[R,P« DBNJ*OTf K, =[R,P* — DBNJ/[DBN][R,P*]

R,P+Cl- + DBN == [R,P — DBN]*Cl-

R,P*Cl- =R,P* +Cl- K;=Ky/K,

Measurement of the equilibrium constants K; and K, for
reactions of diazaphospholenium triflatesP® and the corre-
sponding chlorodiazaphospholenes with a common nucleo-
phile offers now a possibility for the experimental evaluation
of both relative stabilities of individual cations and the ionic
or covalent nature of the P—Cl bonds. The latter is based on
the perception that for an ionic chlorodiazaphospholene
Equations (1) and (2) are equivalent, and K, and K, therefore
identical. On the other hand, significantly deviating values
indicate a covalent contribution to the P—CI bonding whose
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extent can be estimated from the equilibrium constant K; of
the hypothetical bond dissociation reaction [Eq. (3)]. Since
Equation (3) is equivalent to the difference of Equa-
tions (2) — (1), the value of Kj; is easily obtained as the
quotient of K, and K.

Our studies revealed that both diazaphospholenium trif-
lates and chlorodiazaphospholenes react with nucleophilic
amidines such as DBN or DBU to give equilibrium mixtures
of the starting materials and 1:1 donor-acceptor adducts.
Owing to dynamic exchange between the free electrophiles
and the adducts, "H NMR spectra of these mixtures displayed
only signals attributable to the population weighted average
of the individual components at ambient temperature. This
behavior enabled us to monitor the changes in molar fractions
of the reactants during titrations of the diazaphospholene
compounds versus DBN by recording the shift of suitable 'H
signals (Figure 5), and to obtain values for the equilibrium

82 r
§H 8 F
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74 r
72 r
7 F
6.8 [
b
6.6 [
6.4

6.2 =
0.0 0.4 0.8 1.2 1.6 2.0 2.4
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Figure 5. Change of 0'H for the 4-H proton at the diazaphospolene ring
during the titration of 3¢ (diamonds) and 7¢ (crosses) with DBN. The
symbols denote the experimetnally observed chemical shifts, and ©
indicates the degree of titration. The solid lines were obtained from a fit
of the experimental data to a theorectical expression, by using the formula
given in the Experimental Section, and yielded the values for K, and K,
given in Table 5.

constants K; and K, from fits of these data to an appropriate
formula (Table 5, see Experimental Section for details).

Comparison of K; values revealed 7a to be a stronger
electrophile than 2 a, in agreement with the trend in computed
cation stabilities, while 2a and 2¢ have comparable electro-

philicities. The different habits of

1) the titration curves for correspond-

ing pairs of diazaphospholenium

triflates and chlorides revealed im-

mediately that the latter are much

©) weaker electrophiles than the cat-

ions. The computed values of the

equilibrium constants K; for the P—Cl bond dissociation are in

the order of 1072-10-° Lmol~! and suggest that the ionic

contribution to the bonding amounts only to few percent, thus
agreeing with the measured conductivities.

In order to compare the electrophilicities of diazaphospho-
lenium cations and acyclic phosphenium ions, we attempted as
well to measure equilibrium constants for the formation of
DBN adducts of (iPr,N),PCl (9) and [(iPr,N),P][OTf]
(10[OTTf]). In both cases it turned out that the equilibria were
shifted almost completely to the side of the adducts, but
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Table 5. Experimental equilibrium constants (estimated standard devia-
tions in parentheses) for the Lewis acid/base and P—Cl bond dissociation
reactions shown in Equations (1) - (3).

R,P-X [R,P]* K, [mol~'1] K, K; [moll™!]
3a 7a 16(5) x 10° 6.9(4) 0.43(17) x 103
1a 2a 1.6(2) x 10° 3.5(2) 22(4) x 103
1c 2¢ 1.1(2) x 10° 5.4(4) 4.9(13) x 103

further evaluation of the titration curves was prevented by the
failure to quantify the equilibrium concentrations of free 9, 10,
and DBN in the presence of a large excess of donor —acceptor
complex.?” Even if quantitative comparison of electrophilic-
ities was not feasible, these experiments still confirmed that 10
is more electrophilic than a diazaphospholenium cation. This
conclusion was further confirmed by the finding that reaction
of the fluoro derivative 6a with 10[OTf] proceeded quanti-
tatively by fluoride transfer to give the more stable cation 2a
and (i{Pr,N),PF.

Discussion

Stability of 1,3,2-diazaphospholenium cations: Calculated
stabilization energies and measured free enthalpies for the
formation of DBN adducts confirm that 1,3,2-diazaphospho-
lenium ions are, on the whole, more stable (i.e. less Lewis
acidic) than nonconjugated diaminophosphenium ions. The
computed stabilization energies of individual cations depend
not only on the substituents at the nitrogen and carbon atoms
as expected, but also on the nature of the leaving group. In
particular, both group-transfer energies AE"(X) and excess
energies AAE"(X) that express the energetic effect of
conjugation between the diaminophosphenium fragment
and the C=C double bond, are much lower for halide- (X =
F, Cl) than for hydride-transfer reactions (X =H).[>> 40 We
attribute this to i) the higher intrinsic polarity of a P-X (X =F,
Cl), relative to a P—H bond, which facilitates bond heterolysis
and ii) the additional stabilization of 2-halogenodiazaphos-
pholenes by hyperconjugation. The slight decrease in
AAE"(X) for X =Cl relative to that with X =F (Table 4) is
rationalized if one considers that the contribution of the ionic
resonance structure in Scheme 2, and, hence, the stabilization
of the P-halogenodiazaphospholene, increases with the extent
of charge transfer from phosphorus to halogen.[*!! Last, but
not least, the inductive (de)stabilization of diazaphosphole-
nium cations by o-electron-donating (withdrawing) 2,5-alkyl
or 4-Cl subsituents, respectively, confirms the view!*®! that the
stabilities of aminophosphenium cations depend beside dative
N — P m interactions also on the polarity of P-N o bonds.
The similar significance of inductive substituent influences
and m-conjugation effects for the total cation stabilization
energies AE"(X) disagrees with the usual interpretation that
aromatic stabilization is the main reason for the high
stabilities of 1,3,2-diazaphospholenium systems,['> 161 but is
compatible with our earlier results™ that showed the
stabilizing effect of 6; delocalization in diazaphospholenium
ions to be lower than in the isoelectronic, and genuinely
aromatic, phospholide anions. In regard of both the lower
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degree of equalization of bond lengths and bond orders
relative to phospholides, and the results of NBO population
analyses,['*! the m-electron structure in 1,3,2-diazaphosphole-
nium ions is better described in terms of a mixing of the
occupied and empty 7 orbitals of a heteroallylic N,P fragment
under perturbation of an adjacent C=C double bond*" and
not as a genuine aromatic m system. Similar bonding
descriptions have been inferred for the isoelectronic 1,3-bis-
phosphoniophospholide'"* %2l and 1,3,4,5-tetrazaphospholen-
ium cations.[*!

The nature of the phosphorus —halogen bond in 2-halogeno-
1,3,2-diazaphospholenes: The presented structural, spectro-
scopic, and computational studies culminate in a description
of the phosphorus—halogen bonding in 2-fluoro(chloro)-
1,3,2-diazaphospholenes as polar, covalent bonds that expe-
rience some weakening by 5t(C,N,) — 0*(P—X) hyperconjuga-
tion. The extent of this bond weakening is significantly less
pronounced in the fluorine than the chlorine compounds,
owing to the larger charge capacity and polarizability of
chlorine which facilitates, according to the NBO population
analyses, the charge transfer from phosphorus to the halogen
and enhances the energetic efficiency of the hyperconjuga-
tion. The “softer” character of chlorine is also the reason for
the marked influence of o-donating(accepting) substituents at
the carbon and nitrogen atoms on the P—X bonding; this is
reflected in the extraordinarily large variability in observed
P—ClI bond lengths. Quite remarkably, this high polarizability
of the P—Cl bond induces no marked changes in the bonding
in the diazaphospholene ring.

Even if the computational studies mirror the substituent-
induced trends in P—Cl bond lengths and bond orders, they
fail to reproduce the full range of P—X bond length variation.
If one considers that the single molecules possess considerable
dipole moments which may polarize the P—X bonds in
neighboring molecules in the crystal, this discrepancy can be
attributed to intermolecular contributions to the structural
deformation that cannot be modeled by calculations referring
to isolated molecules in the gas phase.[*Y Following the same
arguments, the large deviation between the two P—N bond
lengths in crystalline 3b,” which is likewise not reproduced
by the calculations, may as well be explained by similar crystal
effects.

The spectroscopic and conductometric studies as well as the
investigation of Lewis acid/base equilibria indicate that
2-chlorodiazaphospholenes dissociate in solution only to a
small extent and that a spontaneous cleavage of P—X bonds, as
in ylide-substituted chlorophosphanes®- %! is not observed.
Even if this result contradicts earlier conjectures,'>19 it
complies with the higher stabilities of ylidyl-phosphenium
ions as compared with diazaphospholenium cations.'>*l Al-
though the main driving force for the partial ionization of
halogenodiazaphospholenes lies without doubt in the extra
stabilization of the formed cations by m-conjugation effects,
the dissociation constant K; depends on substituent influences
in both the cations and the neutral precursors. Owing to the
complexity of these relationships and the scarcity of available
data, no systematic trends were identified so far.
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The contrary assessment of the degree of dissociation of
chlorodiazaphospholenes also suggests a different interpreta-
tion of the solvatochromic behavior of 3P chemical shifts,
which was so far attributed to solvent-induced shifts of the
dissociation equilibria.¥ Although our experiments con-
firmed the presence of ionic species in solution, the measured
conductivities indicate that their concentrations are too low to
account for the large variation in 03'P. A more satisfactory
explanation is given if one assumes instead a polarization of
the soft P—Cl bonds by polar solvent molecules that results in
a solvent-dependent variation of bond lengths and bond
strengths. Experimental proof for the occurrence of this effect
in the solid state is given by the different P—Cl bond lengths of
solvent-free 1a and its toluene solvate (Table 1).

Conclusion

Structural, spectroscopic, and computational investigations
lead to a differentiated picture of chemical properties,
structures, and bonding situation in 1,3,2-diazaphospholene
compounds. Diazaphospholenium triflates and tetrafluorobo-
rates are ionic species whose cations feature weakly delocal-
ized 6m-electron systems. The bonding situation resembles
that of neutral analogues of Arduengo carbenes with
Group 14 elementsP! and should not be described as genu-
inely aromatic. P-Halogenodiazaphospholenes are molecular
species with covalent P—X bonds. Their bonding situation is
characterized by residual m delocalization that arises from
1(C,N,) - 0*(P—X) hyperconjugation and results in a weak-
ening of P—X bonds. The effect is more pronounced in
fluorine than in chlorine compounds and contributes to the
amazing structural similarity of ionic and covalent diazaphos-
pholene compounds. The low P—Cl bond strengths, easy
tuning of bond lengths by inductive substituent effects, and
solvent-induced bond polarization, which was identified as the
source of the solvatochromaticity of 3P chemical shifts,
suggest that chlorodiazaphospholenes can be described in
the sense of A. Haaland as donor—acceptor complexes*! of a
diazaphospholenium cation and a chloride anion.

Measurement of stability constants for adducts of 1,3,2-
diazaphospholene chlorides and triflates with Lewis bases
confirmed that the cations are more stable than saturated
cyclic or acyclic diaminophosphenium ions and permitted for
the first time the determination of equilibrium constants for
P—Cl bond dissociation reactions. The results proved that
2-chloro-1,3,2-diazaphospholenes dissociate in solution only
to a small extent.

Experimental Section

General remarks: All manipulations were carried out under dry argon.
Solvents were dried by standard procedures. Compounds 1a,'% 4a and
4¢,? and 9 and 107 were prepared as described. NMR spectra: Bruker
AMX300 ("H: 300.1 MHz, *'P: 121.5 MHz, '*C: 75.4 MHz, *N: 30.4 MHz,
3Cl: 29.4 MHz) and Bruker AMX500 (*F: 470.6 MHz); chemical shifts
referenced to external TMS ('H, '*C), MeNO, (£=10.136767 MHz, °N),
CFCl; (£'=94.094003, °F), 85% H;PO, (£=40.480747 MHz, 3'P), 0.1m
aqueous NaCl (¥*Cl); positive signs denote shifts to lower frequencies, and
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coupling constants are given as absolute values; prefixes i-, o-, m-, p- denote
atoms of mesityl substituents. In order to minimize spectral distortions
arising from pulse ringdown effects, 3Cl NMR spectra were recorded with
a90°(x)—90°(¢) —90°(x) aquisition(¢p) pulse sequence in which the phase ¢
was changed between +x for subsequent transients. MS: VG-Instruments
VG 12-250. FT-IR spectra: Bruker IFS113V. Raman spectra: Bruker
RFS100. Elemental analyses: Heracus CHNO-Rapid. Melting points were
determined in sealed capillaries. Conductance measurements were per-
formed in CH,Cl, at ambient temperature with a WTW LF330 conduc-
tometer and a probe cell with cell constant =0.100.

2-Chloro-1,3-di-fert-butyl-1,3,2-diazaphospholene (1a): IR (CsI): 255 (w),
299 (w), 458 (w), 539 (s), 598 (w), 708 (m), 774 (m), 792 (s), 1024 (w), 1043
(w), 1081 (s), 1200 (s), 1234 (m), 1266 (m), 1369 (m) 1469 (m), 1560 (m),
2978 (m), 3073 cm~' (m); Raman: 137, 255, 708, 1064, 1560, 2911, 2980,
3055 cm™'; MS (20 eV, EI): m/z (%): 234 (4) [M]*, 199 (31) [M — Cl]*, 143
(16) [M — C1 - C,Hg]*, 87 (100) [M — Cl, — 2C,Hg]*.

2-Chloro-1,3-dimesityl-1,3,2-diazaphospholene  (1¢): PCl; (550 ¢,
40.0 mmol) was added to a solution of 4¢ (14.00 g, 35.8 mmol) in toluene
(500 mL), and the mixture was refluxed for 7 d. After cooling and filtration
over celite, the filtrate was evaporated in vacuo. The residue was dissolved
in CH,Cl, (20 mL), and the solution then treated with hexane (200 mL).
The product isolated as light yellow crystals, which were separated by
filtration, washed with hexane, and dried in vacuo (yield 5.40 g (58 %)).
M.p. 204-206°C; 'H NMR (CDCl;, 303 K): 6 =6.97 (s, 2H; m-CH), 6.42
(s, 2H;=CH), 2.41 (s, 12H; 0-CHj;), 2.31 (s, 6 H; p-CH,;); *C{'H} (CDCl;):
0=138.1 (d, 3Jpc=2.3 Hz; p-C), 136.8 (d, Jpc=4.6 Hz; 0-C), 135.1 (d,
2Jpc=9.9 Hz; i-C), 130.5 (d, “Jpc=1.1 Hz; m-C), 120.2 (d, %/pc=8.9 Hz;
=CH), 21.3 (d, %Jpc = 0.8 Hz; p-CHj;), 19.4 (d, *Jpc =2.7 Hz; 0-CHj;); *'P{'H}
(toluene): 6 =141.5; 3'P{'H} (CH,Cl,): 6 =149.2; MS (16 eV, EI): m/z (%):
358 (30) [M]*, 323 (100) [M —Cl]*; elemental analysis caled (%) for
C,H,,CIN,P (358.85): C 66.94, H 6.74, N 7.81; found C 65.83, H 6.82, N 7.51.

2,4-Dichloro-1,3-di-tert-butyl-1,3,2-diazaphospholene (3a) and 2,4-di-
chloro-1,3-dimesityl-1,3,2-diazaphospholene (3¢): Compounds 3a and 3¢
were prepared in analogy to 2,4-dichloro-1,3-bis-(2,6-dimethylphenyl)-
1,3,2-diazaphospholene.l?%

Compound 3 a: Yield 41 %; m.p. 95-97°C; '"H NMR (CDCL): 6 =6.67 (s,
1H;=CH); 1.76 (s, 9H; C(CH,)5), 1.62 (s, 9H; C(CHj;);); "N NMR (THF):
0=-2368 (d, Ypn=784Hz), —-2379 (d, Y=725Hz); BN
NMR(CH,CL): 6 =—223.2 (d, Jpx=79.7 Hz), —223.8 (d, Jpn=74.3 Hz);
SIP{'H} NMR (toluene): 6 =148.0; 3'P{'H} NMR (CH,ClL,): 6=161.5 ; IR
(CsI): 163 (m), 246 (w), 311 (m), 396 (m), 465 (m), 538 (s), 619 (W), 667 (W),
735 (s), 815 (s), 888 (m), 1018 (m), 1029 (w), 1084 (s), 1199 (s), 1272 (m),
1370 (m), 1400 (m), 1465 (m), 1546 (m), 1575 (m), 1687 (w), 2874 (w), 2977
(m), 3055 cm™' (m); elemental analysis calcd (%) for C,H;sCL,N,P
(269.15): C 44.63, H 7.12, N 10.41; found C 45.02, H 7.42, N 10.51.

Compound 3 ¢: Yield 97 %; m.p. 137-139°C; 'H NMR (CDCl;): 6 =7.00 (s,
2H;m-H); 6.90 (s, 2H; m-H); 6.40 (s, 1H; =CH); 2.50 (s, 6H; 0-CHj;); 2.40
(s, 3H; p-CHj); 2.38 (s, 6H; 0-CH;); 2.30 (s, 3H; p-CH3); BC{'H} NMR
(CDCL): 6=1392 (d, Jpe=2.3 Hz; 0-C), 138.7 (d, Jpc=42 Hz; p-C),
1383 (d, ¥Jpe=2.3 Hz; 0-C), 136.7 (d, Jpe =73 Hz; p-C), 134.7 (d, 2pe =
9.6 Hz; i-C), 131.9 (d, 2pe=10.4 Hz; i-C), 130.6 (s; m-C), 119.1 (d, Upe=
11.4 Hz; =CCl), 116.7 (d, 2Jpc =173 Hz; =CH), 21.3 (s; p-CH;), 21.2 (s; p-
CHj;), 19.6 (d, “Jpc =3.1 Hz; 0-CH,), 19.5 (d, */pc = 1.5 Hz; 0-CH;); *'P{'H}
NMR (toluene): 6 = 143.3; 3'P{H} NMR (CH,Cl,): 6 = 147.4; IR (CsI): 162
(w), 205 (w), 239 (m), 299 (s), 389 (m), 430 (m), 452 (m), 468 (m), 505 (m),
566 (s), 587 (m), 704 (w), 745 (m), 859 (s), 942 (m), 975 (m), 1035 (m), 1132
(m), 1151 (m), 1162 (m), 1178 (m) 1223 (m), 1284 (m), 1316 (m), 1378 (m),
1480 (s), 1608 (m), 2920 (m), 3113 cm~! (m); elemental analysis calcd (%)
for C,)H,oCL,N,P (389.26): C 61.08, H 5.89, N 7.12; found C 60.88, H 6.05, N
711.

2-Bromo-1,3-di-tert-butyl-1,3,2-diazaphospholene (5a): Me,SiBr (1.53 g,
10 mmol) was added dropwise to a cooled (0°C) solution of 1a (2.35 g,
10 mmol) in CH,Cl,. After stirring the solution for 2 h at RT, volatiles were
removed in vacuo, and the residue dissolved in CH,Cl,/toluene (1:4).
Storing the solution at —20°C produced pale yellow crystals that were
collected by filtration and dried in vacuo to give 5a (1.6 g, 57%). M.p.
87°C; '"H NMR (CDCly): 6 =727 (s, 2H; =CH), 1.68 (s, 18 H; C(CH,)5);
BC{'H} NMR (CDCl): 6 =125.1 (d, %/pc = 7.3 Hz;=CH), 59.8 (d, 2Jpc = 7.6;
C(CHs)3), 30.6 (d, 3/pc=9.9 Hz; C(CH,);); 3'P{'H} NMR (CH,CL): 6 =
185.2; 3'P{'H} NMR (toluene): 6 =179.9; MS (20 eV, EI): m/z (%): 279 (2)
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[M]*, 199 (41) [M —Br]*, 143(16) [M —Br — C,Hg]*, 87 (100) [M —Br—
2 CyHg]"; IR (CsI): 300 (w), 393 (m), 544 (s), 708 (m), 788 (s), 1024 (w), 1042
(w), 1079 (s), 1194 (s), 1234 (m), 1266 (w), 1370 (m), 1402 (m), 1468 (m),
1552 (m), 2976 (m), 3060 cm~! (m); Raman: 126, 176, 254, 709, 791, 1009,
1062, 1183, 1551, 2909, 2978, 3058 cm™'; elemental analysis caled (%) for
C,oH,BrN,P (279.16): C43.03, H 7.22, N 10.03; found C 43.75 H 6.87 N 9.67.
1,3-Di-rtert-butyl-2-fluoro-1,3,2-diazaphospholene (6a): A solution of 1a
(221 g, 9.4 mmol) in CH,Cl, (10 mL) was added to solid AgF (1.19 g,
9.4 mmol), and the resulting suspension was stirred for 8 d under exclusion
of light. The solvent was then removed in vacuo, and the residue suspended
in hexane. The resulting mixture was filtered over Celite, and the solvent
removed under reduced pressure (20 mbar). Vacuum sublimation of the
residue (50°C, 1072 mbar) produced 6a (0.48 g, 23%). M.p. 28-30°C;
'H NMR (C¢Dg): 6=6.02 (d, “Jgy=1.8 Hz, 2H; =CH), 1.31 (d, Jpy=
1.5Hz, 18H; C(CHs);); *'P{'H} NMR (CiDy): 6=110.7 (d, Ypr=
1070 Hz); 3'P{'H} NMR (CH,CL,): d =111.2 (d, Jpz=1070 Hz); YF NMR
(CsDg): 6 =—33.6 (d, Jpr=1066 Hz); "N NMR (C¢Dy): 6 =—246.2 (dd,
Jpn=70.1 Hz, 2Jpy =25.7 Hz); BC{'H} NMR (C¢Dy): 6 =113.0 (dd, %/pc =
9.5Hz, 3Jpc=23Hz; =CH), 53.5 (dd, %Jpc=132Hz, 3Jxc=3.2Hz;
C(CH,)3), 31.5 (dd, *Jpc=11.1 Hz, “Jzc=2.7 Hz; C(CHj;);); MS (16 ¢V,
EI): m/z (%): 218 (56) [M]*, 199 (3) [M — F]*, 162 (23) [M — C,Hg]*, 106
(100) [M —2C,Hg]*; IR (Csl): 255 (w), 401 (w), 458 (w), 508 (m), 533 (m),
600 (s), 670 (m), 706 (m) 770 (m), 820 (m), 1085 (m), 1126 (m), 1218 (m),
1280 (m), 1371 (m), 1400 (w), 1470 (w), 1597 (w), 1625 (m), 2978 (m),
3125 cm™! (w); caled for C;)H,FN,P (218.25) C 55.03, H 9.24, N 12.84;
found C 53.99, H 9.02 N, 12.24.

1,3-Di-tert-butyl-1,3,2-diazaphospholenium tetrafluoroborate (2a[BF,]):
AgBF, (2.92 g, 15 mmol) was added to a solution of 1a (2.35 g, 10 mmol)
in CH,Cl, (50 mL), and the resulting suspension was stirred for 1 d under
exclusion of light. The suspension was filtered over celite, and the filtrate
evaporated to dryness. The residue was dissolved in CH,Cl, (10 mL) and
layered with hexane (50 mL). The formed light yellow crystalline precip-
itate was collected by filtration to give 2a[BF,] (0.8 g, 28%). M.p. 167—
170°C; '"H NMR (CDClLy): 6=8.17 (s, 2H; =CH), 1.69 (d, */py=1.8 Hz,
18H; C(CH,);]; 3'P{'H} NMR (CH,Cl,):  =202.0; Raman: 235, 442, 703,
996, 1046, 1527, 2918, 2988, 3123 cm ™.

Preparation of 1,3,2-diazaphospholenium triflates: Trimethylsilyl triflate
(6.67 g, 30 mmol) was added to a cooled (0°C) solution of the appropriate
2-chlorodiazaphospholene (10 mmol) in CH,Cl, (50 mL). The solution was
allowed to warm to ambient temperature and stirred for 1 h; volatiles were
then evaporated in vacuo. To remove excess trimethylsilyl triflate, the
residue was triturated three times in diethyl ether, and evaporated to
dryness. The residue was then dissolved in CH,Cl, (20 mL) and layered
with hexane (100 mL). The formed light yellow crystalline precipitate was
collected by filtration.

1,3-Dimesityl-1,3,2-diazaphospholenium triflate (2¢[OTf]): Yield 44 ¢
(94%); m.p. 163-166°C; 'H NMR (CDCl;): 6 =824 (s, 2H; =CH), 7.07
(s, 4H; m-CH), 2.35 (s, 6H; p-CHj;), 2.15 (s, 12H; 0-CH;); BC{'H} NMR
(CDCLy): 0=141.8 (d, *Jpc=1.5Hz; p-C), 139.1 (d, %Jpc=1.9 Hz; i-C),
133.9 (d, 3Jpc=3.4 Hz; 0-C), 131.5 (d, %Jpc = 6.9 Hz; =CH), 130.5 (s; m-C),
21.3 (s; p-CHs), 17.6 (s; 0-CHj); 3'P{'H} NMR (CH,Cl,): 6 =203. 3.
1,3-Di-tert-butyl-4-chloro-1,3,2-diazaphospholenium triflate (7a[OTf]):
Yield 3.3 g (86%); m.p. 143-145 °C; '"H NMR (CDCly): 6 =794 (s, 1 H;
=CH), 191 (d, “/py=2.6 Hz, 9H; C(CH,);), 1.75 (d, “Jpy=2.0 Hz, 9H;
C(CH,)s); *'P{'H} NMR (CH,Cl,): 6 =205. 5.
4-Chloro-1,3-dimesityl-1,3,2-diazaphospholenium triflate (7c[OTf]): Yield
4.2 g (84%); m.p. 152-154°C; '"H NMR (CDCl;): 6 =8.10 (s, 1H; =CH),
7.10, (s, 2H; m-H), 7.00 (s, 2H; m-H), 2.40 (s, 3H; p-CHj), 2.30 (s, 3H; p-
CH;),2.20 (s, 6H; 0-CH3), 2.10 (s, 3H; 0-CH,); *'P{!H} NMR (CH,CL,): 6 =
205. 5.

Titrations of diazaphospholenes and diazaphospholenium triflates with
DBN: A solution of DBN (1.00 mol L~! in CH,Cl,) was added in portions of
500 uL by means of a motor burette to 50.0 mL of a solution (0.10 mol L~}
in CH,Cl,) of the appropriate diazaphospholene compound. The mixture
was stirred for 1 min after each addition, and a 500 uL sample was then
transferred to an NMR tube with a calibrated microsyringe. In this manner,
20-24 samples were collected for each reaction. '"H NMR spectroscopic
analysis revealed that all samples displayed a single set of averaged signals
for the “free” diazaphospholene and its DBN complex. The shift of signal
positions during the titration indicated that both reactants are in rapid
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dynamic exchange and the observed chemical shift d,,, may be written as
Equation (4), in which d(free), d(cmplx) denote the chemical shifts of the
“free” diazaphospholene and its Lewis base complex, respectively,
x(cmplx) the molar fraction of the complex, and ¢ the diazaphospholene
concentration at the beginning of the titration.

Oops = O(cmplx) y(cmplx) ¢ + O(free) [1 — y(cmplx)] c® 4)

The molar fraction y(cmplx) is expressed as a function of the equilibrium
constants K; and K, by solving algebraically the appropriate equations
[Egs. (1)-(3)] under consideration of the constraints imposed by charge
and mass balance, yielding y'={K\(1-7)-[(K,+47-2K 1+
K7)K,"}/[2(K; —1)] for the reaction in Equation (1) and x’=
{1+ K,c"(1+71) — {[Kxc"(1 —7) — 1> — 4 (K,")*7}?}/ (2 Kx?) for the reac-
tion in Equation (2), in which 7 denotes the degree of titration. Substitution
of these terms into Equation (4) yields an expression of the form 0, = f(7),
which may serve as a target function to determine the unknown parameters
K, K,, 6(cmplx), and d(free) from a fit of the experimental data in a plot of
oobs versus 7. As the largest signal shifts were observed for the olefinic and
aromatic protons at the diazaphospholene ring and (where applicable)
mesityl substituents, we used these signals for the evaluation of the
equilibrium constants K, and K,. The fit of the observed values J,(7) to
the given theoretical expression was performed by an iterative procedure
with an appropriate computer program. A comparison of the experimen-
tally observed values of 0, and the resulting best fit is displayed for 3b/7b
in Figure 5, and the complete set of computed equilibrium constants is
given in Table 5.

Crystal structure determinations of compounds 1a, 1c, 2a[BF,], 6a,
7a[OTf], and 7c[OTf]: The data were collected on a Nonius KappaCCD
diffractometer at —150°C with MoK, radiation (A=0.71073 A). The
structures were solved by direct methods (SHELXS-97)1. The non-
hydrogen atoms were refined anisotropically, H atoms were refined using a
riding model (full-matrix least-squares refinement on F2 (SHELXL-97)1.
In 6a, the absolute structure was determined by refining the Flack
parameter,”” and in 2a[BF,] the BF,” ion is disordered. Details of data
collection and refinement are given in Table 6.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-136861
(1a), CCDC-136862 (1c¢), CCDC-136863 (2a[BF,]), CCDC-136864 (6a),
CCDC-136865 (7a[OTf]) and CCDC-136866 (7 ¢[OTf]). Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (444)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).

Computational studies: DFT calculations (B3LYP) were carried out using
the Gaussian 98 program packagel®!! with a 6-31g* basis set, which was
augmented by one diffuse function for all ring atoms and the exocyclic
halogen atoms (6-31(+)g*). Harmonic vibrational frequencies and zero-
point vibrational energies (ZPE) were calculated at the same level. All
structures reported here are minima on the potential energy surface (only
positive eigenvalues of the Hessian matrix). Population analyses were
carried out with the NBO moduleP! included in the Gaussian 98 package.
A comprehensive listing of results is included in the Supporting Informa-
tion.
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Table 6. Crystallographic data, and structure solution and refinement of 1a, 1¢, 2a[BF,], 6a, 7a, and 7c.
1a 1c 2a[BF,] 6a 7a[OTI] 7¢[OTf]
formula C,0HyN,CIP CyHy,N,CIP [C1oHyN,P]*[BF,]~ C,;H,FN,P [C1oHsN,CIP]*[CF;SO;]~  [CyHpN,CIP]H[CF;S05]~
M, 234.7 358.8 286.1 2183 382.8 506.9
crystal size [mm] 0.60 x 0.60 x 0.60 0.15x0.20 x 0.40 0.20 x 0.40 < 0.50  0.10 x 0.20 x 0.30 0.10 x 0.35 x 0.45 0.10 x 0.30 x 0.40
crystal system monoclinic monoclinic monoclinic orthorhombic orthorhombic triclinic
space group P2,/c (No. 14) P2,/n (No. 14) P2,/n (No. 14) Pna2, (No.33)  Pbca (No. 61) P1 (No.2)
a[A] 10.6873(2) 7.5153(2) 7.2810(2) 9.5595(8) 11.9542(6) 10.2625(8)
b [A] 9.3466(1) 29.1919(5) 13.9886(3) 11.7404(13) 11.7785(6) 10.8096(9)
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a [’ 98.956(4)
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v [°] 114.600(3)
VA 1268.83(3) 1871.03(7) 1430.75(6) 1233.2(2) 3397.9(3) 1154.4(2)
V4 4 4 4 4 8 2
o [gem~?] 123 1.27 1.33 1.18 1.50 1.46
# [mm~1] 0.40 0.29 0.22 0.20 0.48 0.38
F(000) 504 760 600 472 1584 524
T [K] 123(2) 123(2) 123(2) 123(2) 123(2) 123(2)
20max [°] 56.6 56.7 56.6 59.8 56.5 56.6
index range —14<h<14 -10<h<10 -9<h<9 —12<h<8 —15<h<15 —13<h<13
-12<k<12 —38<k<37 —18<k<17 —-11<k<16 —-13<k<13 -12<k<12
—-17<1<17 —-11<i<11 —-18<1<18 —-14<1<10 —-32<I<32 —-15<I<15
reflections measured 32101 25848 20277 6503 23673 16129
unique reflections 3113 4570 3487 2649 3194 4240
observed reflections 2941 3853 2806 2114 2446 3178
[I>20(1)]
Ry 0.035 0.33 0.032 0.038 0.048 0.036
parameters/restraints  127/0 223/0 2007310 12711 199/0 295/0
R[I>20(1)] 0.026 0.032 0.041 0.042 0.038 0.034
wR2 (all data) 0.067 0.090 0.129 0.097 0.110 0.094
Flack parameter 0.1(1)
difference peak —0.27/0.32 —0.39/0.31 —0.37/0.33 —0.32/0.75 —0.51/0.29 —0.42/0.25
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Palladium-Catalyzed Arylation of Cyclopentadienes

Gerald Dyker,*!*! Jorg Heiermann,'*! Masahiro Miura,*! Jun-Ichi Inoh,™"!
Sommai Pivsa-Art,™! Tetsuya Satoh,”! and Masakatsu Nomura!!

Abstract: Cyclopentadiene and metallocenes, typically zirconocene dichloride, are
suitable substrates for multiple arylations with aryl bromides in palladium-catalyzed

reactions. Thus, various aryl bromides bearing either an electron-donating or an
electron-withdrawing substituent can react with these substrates to afford the
corresponding 1,2,3.4,5-pentaaryl-1,3-cyclopentadienes in a single preparative step.

Keywords: domino reactions - ex-
tended m-systems - palladium catal-
ysis « rotamers

Derivatives of cyclopentadiene, including di- and trisubstituted cyclopentadienes, and

indene are arylated in a similar fashion.

Introduction

Suitable building blocks are fundamentally important for the
construction of nano-sized electronic and optoelectronic
devices.'?l Functionalized porphyrins, for instance, are
among the most frequently incorporated elements of such
devices, since they are easily accessible in one- or two-step
procedures and, even more important, they offer interesting
features that can be triggered by the central metal ion of the
complex.’l In this respect, we became interested in the
synthesis of arylated cyclopentadienes, especially the penta-
arylcyclopentadienes (6); they, too, are extended m-systems
with remarkable optoelectronic properties, for instance,
electroluminescence,*! they can form complexes with tran-
sition metals,*l and it has been shown that their complexes can
be used for reversible switching.[’!

A multitude of potential applications arises from these
fascinating properties. However, reported methods for the
preparation of pentaarylcyclopentadienes (6) are limited to
multistep procedures,”! which are somewhat tedious and, in
general, less suitable for sterically demanding aryl groups.
Recently, we discovered an unprecedented palladium-cata-
lyzed domino reaction® that starts with metallocenes and
excess arylbromides (2, X =Br) to ultimately form penta-
arylcyclopentadienes (6) in a single preparative step.” !
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Furthermore, cyclopentadiene and its derivatives, including
di- and trisubstituted cyclopentadienes, and indene have been
found to be capable of undergoing similar multiple arylations
under the appropriate conditions. The details of these novel
reactions are summarized herein.

Results and Discussion

When the reaction of a number of metallocenes (Cp,M; M =
Fe, Co, Ni, TiCl,, and ZrCl,) (0.5 mmol) with bromobenzene
(2a) was examined in the presence of palladium acetate
(0.125 mmol), triphenylphosphine (0.5 mmol) and cesium
carbonate (6 mmol) at 130°C for 6 h, 1,2,3,4,5-pentaphenyl-
1,3-cyclopentadiene (6a) was produced, the yield being
dependent on the central metal; the best result, 70 % yield
of 6a, was achieved when zirconocene dichloride (1) was used
(Scheme 1 and Table 1, entry 1). Titanocene dichloride and

@z «a
r
K - @

Pd cat. i Pd cat
Ar Ar Ar Ar Ar
D, +
Ar Ar Ar Ar Ar Ar
Ar
4 5 6

Scheme 1. Multiple palladium-catalyzed arylation of cyclopentadiene
units; Ar=aryl, X=Br, CL
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Table 1. Arylation of zirconocene dichloride (1).

Entry Compound 2 [PA(OAC),] Cs,CO; solvent ¢ T Yield of products [% ]!
R, X [mmol] [mmol] R [mmol] [mmol] [h] [°C] 4 5 6
1 phenyl, Br (2a) 6 0.125 phenyl 0.5 6 DMF 6 130 - - 70
2 phenyl, Br (2a) 3 0.0125 phenyl 0.1 6 DMF 20 130 21 9 -
3 phenyl, Br (2a) 6 0.125 Bu 05 6 DMF 3 130 - - 77
4 4-methylphenyl, Br (2b) 6 0.125 Bu 05 6 DMF 1 130 - - 78
5 4-methylphenyl, Br (2b) 6 0.0125 Bu 0.05 6 DMF 20 130 - - 60
6 3-methylphenyl, Br (2¢) 6 0.125 3-methylphenyl 0.5 6 DMF 6 130 - - 70
7 3-methylphenyl, Br (2¢) 6 0.125 Bu 0.5 6 DMF 1 130 - - 80
8 2,5-dimethylphenyl, Br 2d) 6 0.125 Bu 0.5 6 DMF 22 130 - - 31
9 2,5-dimethylphenyl, Br (2d) 6 0.125 phenyl 0.5 6 DMF 24 130 - - 700!
10 3,4-dimethylphenyl, Br (2e) 6 0.125 3,4-dimethylphenyl 0.5 6 DMF 14 130 - - 58
11 3,4-dimethylphenyl, Br (2e) 6 0.125 Bu 0.5 6 DMF 3 130 - - 85
12 35-dimethylphenyl, Br 2f) 6 0.125 Bu 05 6 DMF 1 130 - - 78
13 4-Buphenyl, Br (2g) 6 0.125 Bu 05 6 DMF 23 130 - - 53
14 4-methoxyphenyl, Br (2h) 6 0.125 tBu 0.5 6 DMF 1.5 130 - - 45
15 4-n-butoxyphenyl, Br (2i) 6 0.125 Bu 05 6 DMF 18 130 - - 50
16 4n-octyloxyphenyl, Br (2j) 6 0.125 Bu 05 6 DMF 4 130 - - 63
17 4-carboethoxyphenyl, Br (2k) 7 0.05 Bu 0.1 6 DMF 46 140 - 15 2
18 4-fluorophenyl, Br, (21) 6 0.125 4-fluorophenyl 0.5 6 DMF 24 130 - - 38
19 4-fluorophenyl, Br, (21) 6 0.125 Bu 0.5 6 DMF 1 130 - - 60
20 1-naphthyl, Br (2n) 6 0.125 Bu 0.5 6 DMF 21 130 - - 48

[a] Isolated yield based on the amount of cyclopentadiene moiety (1 mmol =100 % ). [b] Contaminated with C;H(Ph)(2,5-Me,C¢H;), (8% ).

nickelocene also afforded >60% yields of 6a, while cobalto-
cene and especially ferrocene proved rather unreactive (yields
of 23% and <1 %, respectively). Evidently, the metallocenes
should fragment during the stepwise arylation; 1,2,4-triphen-
yl-1,3-cyclopentadiene (4a) (21%) and 1,2,3.4-tetraphenyl-
1,3-cyclopentadiene (5a) (9 %) were isolated as intermediary
products (Table 1, entry 2) from the reaction of 1 with reduced
amounts of 2a (3mmol) and palladium acetate
(0.0125 mmol). It is noted that cesium carbonate proved far
superior than potassium carbonate; the use of potassium
carbonate led to the increased formation of biphenyl as an
Ullmann-type coupling product,l'!l the yield of 6a was <10 %,
even with zirconocene dichloride.

The phosphine ligands are also crucial for the success of the
domino reaction when substituted bromobenzenes were used.
Triphenylphosphine caused the contamination of phenyl
groups in the products.'’”l The scrambling of aryl moieties
would be avoided with the use of triarylphosphines that have
the same aryl groups as the starting aryl bromide. This was
confirmed in reactions in which 3-methyl-, 3,4-dimethyl-, and
4-fluorobromobenzenes, (2¢, 2e and 21, respectively,) were
used (Table 1, entries 6, 10, and 18, respectively), the expected
products 6¢, 6e, and 61 were obtained. This problem was
overcome in a more general manner with the use of the
relatively more basic and sterically hindered tri-tert-butyl-
phosphine.['> 4 Furthermore, it was found in several exam-
ples that this phosphine can enhance the domino reaction
considerably; the reaction of metallocene 1 with 4-bromo-
toluene (2b), for instance, was completed within one hour to
give penta(4-methylphenyl)cyclopentadiene (6b) in an iso-
lated yield of 78% (Table 1, entry4). Remarkably, the
amount of palladium catalyst under optimized conditions
can be reduced to 0.25 mol % per transferred aryl group to
achieve an acceptable isolated yield (60 %), as in the case of
6b (Table 1, entry5). However, with a relatively bulky
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bromide, such as 2,5-dimethylbromobenzene (2d), triphenyl-
phosphine afforded a considerably better yield of product 6d
(70%, Table 1, entry 8) as compared with tri-tert-butylphos-
phine (31 %, Table 1, entry 7), even under consideration that
an impurity of approximately 8% of the corresponding
tetra(2,5-dimethylphenyl)phenylcyclopentadiene was indicat-
ed by mass spectrometry of the crude product; the purity
fortunately became 98% (73% recovery) after a single
recrystallization from methanol/benzene. Both electron-rich
aryl bromides, such as 4-bromoanisole (2h), and electron-
poor aryl bromides, such as ethyl 4-bromobenzoate (2k),
reacted with 1 to give the corresponding pentaarylcyclopen-
tadienes 6h and 6k. Derivatives with long side chains, such as
6j, are of possible interest as building blocks for organo-
metallic liquid crystals.["!

The formation of the ortho-substituted and thus very
sterically-crowded penta(2,5-dimethylphenyl)cyclopenta-
diene (6d) deserves special attention. Compound 6d was
found to consist of at least six rotamers at room temperature;
its 'TH NMR spectrum in CDCI; showed six methine proton
peaks (three major signals at 6 =5.10, 5.29 and 5.46 and three
minor signals at 6 =4.85, 5.07 and 5.25; Figure 1a) and more
than 20 methyl peaks. This spectrum resembles the spectrum

N | S| I E— "

|
S |

54 L LA L3 &
Figure 1. Methine proton peaks in '"H NMR spectrum of compounds a) 6d

and b) 6e in CDCI, at room temperature.
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previously reported for tetra(2-
methylphenyl)cyclopentadie-
none at the low temperature of
—43°C.'"" The peaks in the
'H NMR spectrum of 6d in
[D¢]DMSO were still sharp,
even at 100°C, thus reflecting
its crowded nature, while at
150°C they were completely
broadened (Figure2). It was
somewhat surprising that pen-
ta(3,4-dimethylphenyl)cyclo-
pentadiene (6e) also consists of
several rotamers as indicated
by the methine peaks (Fig-
ure 1b), whereas penta(3-meth-
ylphenyl)cyclopentadiene (6¢)
showed a single methine peak,
as did its penta(4-methylphen-
yl) isomer 6b. The tempera-
ture-dependent spectrum of 6e
was similar to that of 6d. This
phenomenon may arise from
the restricted movement of
two adjacent methyl groups
which make the rotation of the
phenyl rings in 6 e difficult.

It was quite interesting to find that cyclopentadiene (3)
itself is equally suited for the multiple arylation process as
metallocene 1 when the reaction is carried out in a screw-cap
tube to prevent the loss of volatile substrate (Table 2). The
yields achieved are similar or better than those obtained when
1 was used.

A comparison of entries 7 and 8 of Table 2 (34 h and 19 h
reaction time, respectively) reveals that the arylation process
is rather slow in the case of the bulky bromide 2d; evidently
the major part of the 62% yield of 6d is formed in the last

50°C

N
B

100 °C

ol

_LhLIMA-——

150 °C

e —

| =

AR RRRaaR TS
6 5 2 [
Figure 2. Temperature-depend-
ence of '"H NMR spectrum of
compound 6d in [D¢]DMSO.

Table 2. Arylation of cyclopentadiene (3).

15 h, again indicating the stepwise character of the arylation
process. In the case of the relatively more hindered bromide,
2,6-dimethylbromobenzene (20), the arylation is terminated
at the stage of triarylcyclopentadiene 40. The presented
arylation reactions in o-xylene were found to be much slower
compared with those in DMF. Thus, when reduced amounts of
aryl bromides 2b and 21 and o-xylene as the solvent were
applied at 120°C (Table 2, entries 5 and 13), tetra(4-methyl-
phenyl)- and tetra(4-fluorophenyl)cyclopentadienes (5b and
51, respectively) were obtained as the major products. The
coupling reaction of 2-chlorobromobenzene (2m) proved that
aryl bromides are more reactive than aryl chlorides, as was
expected (Table 2, entry 14). However, under more rigorous
reaction conditions 4-chlorotoluene (2b’) led to an excellent
result (Table 2, entry 2).

4-Bromophenol, 4-bromobenzonitrile, and 4-bromobenzal-
dehyde could not be used for the arylation of cyclopentadiene.
This problem was solved by using an acetal as the protecting
group. Thus, pentaacetal 8a was obtained in 56% yield
starting from dioxolane 7a (Scheme 2). The synthesis of
pentaketone 9b (R=CH;) was achieved in a one-pot
procedure, including deketalization. The pentacarbonyl com-
pounds 9 could be valuable building blocks for the construc-
tion of extended m systems by multiple condensation reac-
tions. For instance, the fivefold condensation of 9a with p-
toluidine proceeds almost quantitatively to give the corre-
sponding pentakisimine. Since its final purification by column
chromatography or by crystallization proved difficult, the full
characterization was performed on the reduction product 10.

The fact that stoichiometric metalation of the cyclopenta-
diene unit is not a prerequisite significantly enhances the
scope of the domino arylation; substituted and annulated
cyclopentadienes now belong to the group of suitable starting
materials. We tested the application of 1,2,4-triaryl-1,3-cyclo-
pentadienes (11) to synthesize pentaarylcyclopentadienes 12
with a defined substitution pattern (Scheme 3). The arylation
of di-1,4-(4-chlorophenyl)-1,3-cyclopentadiene (13) also led to

Entry Compound 2 [Pd(OAC),] Cs,CO;  solvent t T Yield of products [% ]
R, X [mmol] [mmol] R [mmol] [mmol] [h] [°C] 4 5 6
1 4-methylphenyl, Br (2b) 6 0.025 Bu 015 6 DMF 15 140 - - 87001
2 4-methylphenyl, CI (2b) 10 0.05 Bu 0.12 6 DMF 72 160 - - 87
3 4-methylphenyl, CI (2b) 10 0.025 Bu 0.06 6 o-xylene 24 140 - 46 45
4 4-methylphenyl, CI (2b) 6 0.025 tBu 0.06 6 o-xylene 24 140 - - 60
5 4-methylphenyl, CI (2b) 4 0.025 Bu 0.06 4 o-xylene 24 120 10 32 11
6 3-methylphenyl, Br (2¢) 6 0.05 Bu 0.15 6 DMF 18 140 - - 77
7 2,5-dimethylphenyl, Br (2d) 6 0.05 Bu 0.12 6 DMF 34 140 - - 62
8 2,5-dimethylphenyl, Br (2d) 6 0.05 Bu 0.12 6 DMF 19 140 - 52 15
9 4-methoxyphenyl, Br (2h) 6 0.05 Bu 0.12 6 DMF 6 140 - - 61
10 4-n-butoxyphenyl, Br (2i) 6 0.05 Bu 0.12 6 DMF 24 140 - - 61
11 4-carboethoxyphenyl, Br (2k) 6 0.05 tBu 0.1 6 DMF 41 140 - 24 30
12 4-fluorophenyl, Br (21) 6 0.05 Bu 0.12 6 DMF 6 140 - - 82
13 4-fluorophenyl, Br (21) 4 0.05 Bu 0.12 4 o-xylene 6 120 - 48 9
14 2-chlorophenyl, Br (2m) 6 0.075 Bu 0.6 6 DMF 42 140 - 18 17
15 1-naphthyl, Br (2n) 6 0.05 Bu 0.12 6 DMF 24 140 - - 58
16 1-naphthyl, Br (2n) 4 0.05 Bu 0.12 4 o-xylene 24 140 46 Ll -
17 2,6-dimethylphenyl, Br (20) 6 0.05 Bu 0.12 6 DMF 24 140 54 - -
18 4’-pentyl-biphenyl-1-yl, Br (2p) 6 0.05 Bu 0.12 6 DMF 24 140 - - 72

[a] Isolated yield based on the amount of cyclopentadiene (3) used. [b] Maximum yield achieved; range of yields for this reaction achieved in several
laboratories in Germany and Japan was always between 70 and 87 %. [c] Tetranaphthylcyclopentadiene 5n was formed in about 15 % yield, but was not fully

characterized.
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7 (6 equiv)
7TaaR=H
7b: R=CHj

9a (71%)
9b (68% over
two steps)

CHg
7 N\

NH

NH

Ueata®
AT I e

HN

10 (43%) CH3

Scheme 2. Pentacarbonyl compounds and their derivatization. Reaction
conditions a) Smol% [Pd(OAc),], 12mol% P(tBu);, Cs,CO;, DMEF,
140°C, 21 h; b) p-TosOH, acetone, reflux; c) 1) p-toluidine, benzene, p-
TosOH, Dean-Stark trap; 2) LiAlH,.

the formation of pentaarylcyclopentadiene 12d (Scheme 4).
In each case, a yield of approximately 50% or more of a
mixture of double bond isomers was obtained. It is anticipated
that all double bond isomers of each of the pentaarylcyclo-
pentadienes 12 should give the same organometallic complex
after metalation.

Under the applied reaction conditions, indene (14) was
found to undergo threefold arylation exclusively at the 1- and
3-positions to give the 1:3 products 15 (Scheme 5 and Table 3,
entries 1 —4). This observation is important for the mecha-
nistic interpretation of the domino reaction and implies that
the successive C—C bond formation takes place by the
reaction of an aryl palladium halide with indenyl anions,
presumably their cesium salts, at the 1- and 3-positions, which
have the highest electron density. Arylation by carbopallada-
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W,
Saiavs

11a (R = H)
11b (R = OCHs)

R
+
Br

2q (R'=Cl)
7a (R' = 1,3-dioxolane-2-yl)

Pd cat.

R

O
)

R

12a(R=H, R = Cl, 61%)

12b (R = OCHj3, R' = Cl, 55%)

12c¢ (R = OCHg, R' = 1,3-dioxolane-2-yl, 49%)
Scheme 3. Twofold arylation of triarylcyclopentadienes 11. Reaction
conditions for 12a: 2.5equiv aryl bromide, 2.5mol% [Pd(OAc),],
12 Mol % P(tBu);, Cs,COs3, DMF, 120°C, 24 h; for 12b and 12¢: 2-3 equiv
aryl bromide, 2.5 mol% [Pd(OAc),], 10 mol% P(:Bu);, Cs,CO;, DMF,
140°C, 20-68 h. Yields are given for the mixture of three double-bond
isomers.

13 2f

12d (60%)

Scheme 4. Threefold arylation of diarylcyclopentadiene 13. Reaction
conditions: 3.6 equiv aryl bromide, 2.5mol% [Pd(OAc),], 12 mol%
P(1Bu);, Cs,CO; DMF, 120°C, 24 h; the yield is for the mixture of three
double-bond isomers.

tion is less likely to be involved, since stoichiometric reactions
of this kind in indenes are known to give arylation products at
the 2-position,['l and a catalytic Heck-type reaction under
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Table 3. Arylation of indenes 15 and 17.

Entry Indeneq Compound 2 [Pd(OAC),] PR, Cs,CO;  Solvent ¢ T Product  Yield [% ]
R, X [mmol]  [mmol] R [mmol]  [mmol] [h] [°C]
1 14 phenyl, Br (2a) 3.6 0.025 tBu 0.06 3.6 DMF 3 140 15a 81
2 14 4-methylphenyl, Br (2b) 36 0.025 MBu  0.06 36 DMF 6 140 15b 80
3 14 4-methoxyphenyl, Br 2f) 3.6 0.025 Bu  0.06 36 DMF 1 140 15f 45
4 14 3,5-dimethylphenyl, Br 2n) 3.6 0.025 Bu 0.06 3.6 DMF 5 140  15n 72
5 16 4-methylphenyl, Br (2b) 25 0.025 MBu  0.06 2.5 DMF 6 140 17b 58
[a] Isolated yield based on the amount of indene.

Ar—X Ar sterically crowded pentaarylcyclopentadienes. While the

2 method which uses cyclopentadiene itself without the use of

‘ - ‘ a stoichiometric amount of a metal is more economical than

ca. Ar Ar that with metallocenes, the latter has some advantages,

14 15 however; metallocenes are commercially available, so that

Ar
R
Ar
16 17

Scheme 5. Double palladium-catalyzed arylation of indenes 14 and 16;
Ar=aryl, X =Br, Ph=phenyl.

somewhat different conditions was reported to start with the
arylation at the 2-position.l'”] For the multiple arylation of
cyclopentadiene (3) there is a possibility that a Heck-type
mechanism partially contributes to the reaction sequence.
However, since intermolecular Heck arylation of tri- and
tetrasubstituted alkenes is generally slow, the third to fifth
arylations of cyclopentadiene (3) would preferably occur by
coupling with the corresponding cyclopentadienyl anions.
Note that the pKa value of cyclopentadiene in dimethylsulf-
oxide at 25°C (18.0) is known to be smaller than that of indene
(20.1),1'8) hence, it should be relatively more susceptible
toward reaction with the base. Therefore, even the first
arylation could occur on the cyclopentadienyl anion. It may
be reasonable to consider that the first arylation involves
transmetalation when metallocenes are used.l'”) The ineffi-
ciency of ferrocene may be attributed to the fact that it is an
18-electron complex with substantial stability. In turn, the
formal 16- and 20-electron complexes, zirconocene dichloride
and nickelocene, are considered to be reactive, as was
experimentally observed. In the reaction of 2-phenylindene
(16) with 2b, we observed a twofold arylation, again at the 1-
and 3-positions (Scheme 5 and Table 3, entry 5); due to steric
hindrance, the third arylation is inhibited. This agrees with the
lack of hexaarylated products in the reaction of zirconocene
dichloride (1) and cyclopentadiene (3).

In summary, we have shown that various cyclopentadienes
as well as metallocenes can be multiply arylated by a single
reaction with aryl halides in a palladium catalyzed reaction.
This novel synthetic method represents an efficient and
straightforward alternative to classical methods, thus opening
up opportunities for the construction of even extremely
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predistillation of dicyclopentadiene is not required, and the
reaction can be carried out using a standard flask. We will
further investigate synthetic applications of multiple-arylated
cyclopentadienes, such as the electropolymerization of chlo-
rosubstituted derivatives of 12 and the polymerization by
McMurry reaction of the dicarboxaldehyde derived from 12¢,
in order to develop a route to a new type of conducting
polymer.

Experimental Section

General: Melting points are uncorrected. 'H NMR spectra (300 or
500 MHz) were recorded in CDCIl; with TMS as the internal standard
unless otherwise noted. *C NMR spectra (75 or 125 MHz) were measured
with CDCl; as the solvent and as the internal standard (6 =77.05). MS data
were obtained by EI; all samples were measured at 70 eV and 295 °C unless
otherwise stated. Substituted cyclopentadienes 11a,? 11b,?"l and 132
were prepared according to or in analogy to published procedures.

General procedure for palladium-catalyzed cross-coupling reactions of aryl
halides (2) with zirconocene dichloride (1) or with cyclopentadiene (3): A
mixture of zirconocene dichloride (1, 146 mg,500 umol) or of cyclopenta-
diene (3, 66 mg, 1.0 mmol) and aryl halide (2, 6.00 mmol), cesium
carbonate (1.96 g, 6.00 mmol), palladium acetate (12.5-125 pmol), di-
methyl formamide, (10 mL) and an appropriate phosphine ligand (50—
150 umol) was heated under argon in a screw-cap tube for 1-72h at
120-160°C (see below and also Tables1 and 2; further remarks:
1. sensitive phosphine ligands such as tri-fer-butylphosphine are added
after the solvent; 2. the oil bath is preheated to the reaction temperature
before the tube is inserted; 3. for the reaction with 1, a two-necked flask
with a balloon that is filled with nitrogen may also be used, which gives
essentially the same results as when a sealed tube is used). After cooling to
room temperature, CH,Cl, (50 mL) and p-toluene sulfonic acid (12 mmol)
were added while stirring. After 10 min the mixture was filtered through
silica gel (5 g) with CH,Cl, (25 mL) as eluent. The solvent was removed in
vacuo at 50°C and 15 mbar, the residue dried in vacuo at 50°C and 0.5 mbar
and separated by flash chromatography on silica gel.
1,2,3,4-Tetrakis-(4-carboethoxyphenyl)-cyclopentadiene (5k) and 1,2,3,4,5-
pentakis-(4-carboethoxyphenyl)-cyclopentadiene (6k) from cyclopenta-
diene (3): 4-Bromobenzoic acid ethyl ester (2k) (1.37 g, 6.00 mmol) was
coupled with cyclopentadiene (3) according to the general procedure; for
detailed reaction conditions see Table 2, entry 11 (for comparison: data of
the corresponding synthesis from zirconocene dichloride is given in Table 1,
entry 15). Thin-layer chromatography of the crude product: R;=0.49
(biphenyl-4,4'-dicarboxylic acid diethyl ester), 0.29 (5k), 0.22 (6k) (petro-
leum ether/ethyl acetate 3:1, silica gel). Separation of the products by flash
chromatography (petroleum ether/ethyl acetate 3:1, silica gel) yielded
three fractions.
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First fraction: Biphenyl-4,4'-dicarboxylic acid diethyl ester (159 mg, 18 %)
as colorless crystals with m.p. 220°C; its NMR spectroscopic data matched
published data.!

Second fraction: Tetraarylcyclopentadiene 5k (152 mg, 24 %) as a yellow
solid: m.p. 203-208°C; IR (film): #=2981 (m), 2935 (w), 2905 (w), 1718
(s), 1604 (s), 1563 (w), 1511 (w), 1463 (w), 1445 (w), 1405 (m), 1367 (s), 1309
(s, sh), 1273 (s), 1206 (m), 1180 (s), 1109 (s), 1020 (s), 890 (w), 865 (m), 850
(m), 771 (s), 747 (m), 704 cm~' (m); UV/Vis (acetonitrile): 4., (Ig ¢) =370
(4.35), 284 (4.42), 254 (4.44, sh), 230 nm (4.50); '"H NMR: 6 =1.36 (t, /=
72 Hz, 6H), 138 (t, J=72Hz, 6H), 412 (s, 1H, CsH), 4.35 (“quintet”,
“J”=175Hz, 8H), 7.03 (d, J=8.6 Hz, 4H), 721 (d, /=8.7 Hz, 4H), 7.86
(“d”, “J”=8.6 Hz, 8H); C NMR: 0 =14.31 (q), 14.32 (q), 45.90 (t, CsH),
60.94, 61.05 (all t), 127.68 (d), 128.74, 129.41 (all s), 129.62, 129.70 (all d),
139.86, 140.40, 141.11, 145.08 (all s), 166.26, 166.31 (all s, CO), one d is
superimposed; MS: m/z (%): 659 (45) [M+1]*, 658 (100) [M]*, 57 (10), 44
(55), 41 (10); elemental analysis calcd (% ) for C;H;3O5 (658.7): C 74.76, H
5.81; found C 74.62, H 5.79.

Third fraction: Pentaarylcyclopentadiene 6k (233 mg, 30%) as a yellow
solid with m.p. 160°C (Lit.: m.p. 160°C)"¥); IR (film): 7=2981 (w), 2938
(W), 2904 (w), 2873 (w), 1719 (s), 1606 (m), 1463 (w), 1445 (w), 1404 (w),
1367 (m), 1308 (w), 1278 (s), 1178 (m), 1107 (s), 1021 (m), 860 (w), 775 (w),
749 (w), 735 (w), 706 cm™! (w); UV/Vis (acetonitrile): ., (g €)=361
(4.34), 275 (4.54),239 nm (4.77); '"H NMR: 6 =1.30 (m, 6 H), 1.34 (m, 3H),
1.35 (t,J/=7.0 Hz, 6 H), 4.30 (m, 4H), 4.33 (m, 2H), 4.35 (q,/ =7.0 Hz, 4H),
5.25 (s,1H, CsH), 6.99 (d, J=8.7 Hz, 4H), 7.09 (d, / =8.6 Hz, 4H), 7.26 (d,
J=8.1Hz, 2H), 772 (d, /=8.7 Hz, 4H), 7.85 (d, J=8.5 Hz, 4H), 7.88 (d,
J=8.4Hz,2H); BCNMR: 6 =14.24 (q), 14.27 (q), 60.86 (t), 60.97 (t), 61.04
(t), 62.63 (d, CsH), 128.24, 128.72, 129.28 (all d), 129.53, 129.83, 130.26,
128.93, 129.51, 139.03, 139.55, 141.89, 144.65, 14721, 166.08, 166.18 (all s),
three q and one t are superimposed; MS: m/z (% ): 807 (55.1) [M+1]*, 806
(100) [M]*, 660 (10), 351 (12),323 (12),177 (11), 44 (36); elemental analysis
caled (%) for CsoH,sO4 (806.9): C 74.43, H 5.78; found C 74.32, H 5.75.

1,2,4-Tri(4-methylphenyl)-1,3-cyclopentadiene (4b): M.p. 151-154°C;
'"H NMR: 6 =2.31 (s, 3H), 2.35 (s, 3H), 2.36 (s, 3H), 3.88 (s, 2H), 6.32 (s,
1H), 6.96 (s, 1H), 7.03 (d, J=8.1 Hz, 2H), 7.12-7.30 (m, 8H), 7.46 (d, /=
8.1 Hz,2H); BC NMR: 6 =21.32, 21.36, 21.42, 45.03, 124.63, 127.41, 128.09,
128.79, 128.98, 129.18, 131.01, 132.98, 134.04, 134.21, 135.86, 136.37, 136.50,
138.15, 141.14, 144.34; MS: m/z (%): 336 [M]"; elemental analysis calcd
(%) for Cy,sH,, (336.47): C 92.81, H 7.19; found C 92.58, H 7.19.

1,2,3,4-Tetra(4-methylphenyl)-1,3-cyclopentadiene (5b): M.p. 179-180°C;
'H NMR: 0 =227 (s, 6H), 2.28 (s, 6H), 3.94 (s, 2H), 6.85 (d, J=8.1 Hz,
4H), 6.95 (d, J=78 Hz, 4H), 6.97 (d, /=8.1 Hz, 4H), 7.08 (d, /=8.1 Hz,
4H); BCNMR: 6 =21.27,21.43, 45.87,127.49, 128.56, 128.64, 129.56, 133.65,
133.77, 135.63, 135.78, 138.89, 143.77; MS: miz (%): 426 [M]*; elemental
analysis caled (%) for C33Hj (426.60): C 92.91, H 7.09; found C 92.74, H
6.98.

1,2,3,4,5-Penta(4-methylphenyl)-1,3-cyclopentadiene (6b): M.p. 250°C;
'"H NMR: 6 =2.17 (s, 6H), 2.20 (s, 3H), 2.26 (s, 6H), 4.97 (s, 1H), 6.81 -
6.95 (m, 18H), 7.07 (d, J=78 Hz, 2H); *C NMR: 6 =21.26, 21.42, 61.97,
128.10, 128.20, 128.36, 128.63, 129.02, 129.81, 133.05, 133.35, 135.25, 135.34,
135.38, 135.69, 143.24, 145.70; MS: m/z (%): 516 [M]"; elemental analysis
caled (%) for CyHy6 (516.72): C 92.98, H 7.02; found C 92.56, H 7.04.

1,2,3,4,5-Penta(3-methylphenyl)-1,3-cyclopentadiene (6¢): M.p. 163—
164°C; '"H NMR: 6 =2.08 (s, 6H), 2.15 (s, 6 H), 2.23 (s, 3H), 5.02 (s, 1H),
6.77-6.93 (m, 15H), 6.99-7.04 (m, 5H); *C NMR: ¢ =21.29, 21.37, 21.48,
62.19, 125.43, 126.10, 126.87, 127.14, 127.17, 127.19, 12738, 127.52, 128.20,
129.27, 129.73, 130.80, 135.79, 136.32, 136.75, 137.00, 137.70, 138.32, 144.09,
146.08; MS: m/z (%): 516 [M]*; elemental analysis calcd (%) for C,Hss
(516.72): C 92.98, H 7.02; found C 92.94, H 7.10.

1,2,3,4-Tetra(2,5-dimethylphenyl)-1,3-cyclopentadiene (Sd, mixture of ro-
tamers): M.p. 73-74°C; '"H NMR: 6 =1.77-2.20 (m, 24 H), 3.63-4.03 (m,
2H), 6.61-6.97 (m, 12H); MS: m/z (%): 482 [M]*; elemental analysis calcd
(%) for Cy;Hzg (482.71): C 92.07, H 7.93; found C 91.77, H 7.85.
1,2,3,4,5-Penta(2,5-dimethylphenyl)-1,3-cyclopentadiene (6d, mixture of
rotamers): M.p. 194-196°C; '"H NMR: 6 =1.72-2.46 (m, 30H), 4.86-5.45
(m, 1H), 6.46-7.10 (m, 15H); MS: m/z (%): 586 [M]*; elemental analysis
caled (%) for CysHyg (586.86): C 92.10, H 7.90; found C 91.92, H 7.97.
1,2,3,4,5-Penta(3,4-dimethylphenyl)-1,3-cyclopentadiene (6e, mixture of
rotamers): M.p. 168-170°C; 'H NMR: 6 =1.97-2.22 (m, 30H), 4.97-5.10
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(m, 1H), 6.62-724 (m, 15H); MS: m/z (%): 586 [M]*; elemental analysis
caled (%) for CysHys (586.86): C 92.10, H 7.90; found C 91.98, H 8.01.
1,2,3,4,5-Penta(3,5-dimethylphenyl)-1,3-cyclopentadiene (6f): M.p. 213 -
214°C; 'H NMR: 6 =2.05 (s, 12H), 2.12 (s, 12H), 2.18 (s, 6H), 4.98 (s,
1H), 6.61-6.82 (m, 15H); *C NMR: 6 =21.17, 21.26, 21.36, 61.54, 126.33,
126.86, 127.61, 127.87, 127.92, 135.72, 136.39, 136.51, 136.61, 137.26, 138.62,
144.28, 145.57; MS: m/z (%): 586 [M]"; elemental analysis calcd (%) for
C,sHys (586.86): C 92.10, H 7.90; found C 92.20, H 7.86.
1,2,3,4,5-Penta(4-t-butylphenyl)-1,3-cyclopentadiene  (6g): M.p. 243-
245°C; 'H NMR: 6 =1.19 (s, 18H), 1.23 (s, 9H), 1.25 (s, 18H), 5.05 (s,
1H), 6.89-7.18 (m, 20H); C NMR: é =31.33, 31.46, 34.42, 34.50, 61.31,
124.27,124.32, 125.16, 127.79, 128.07, 129.45, 132.84, 133.73, 135.73, 143.89,
144.84, 148.33, 148.50, 148.87; MS: m/z (%): 726 [M]*; elemental analysis
caled (%) for CssHgg (727.12): C 90.85, H 9.15; found C 90.58, H 9.12.
1,2,3,4,5-Penta(4-methoxyphenyl)-1,3-cyclopentadiene (6h): M.p. 193-
194°C; 'H NMR: 6 =3.68 (s, 6H), 3.71 (s, 3H), 3.75 (s, 6 H), 4.89 (s, 1 H),
6.56-6.58 (m, 4H), 6.67-6.71 (m, 6 H), 6.88-6.92 (m, 8H), 7.08-7.10 (m,
2H); BCNMR: 0 =55.00, 55.04, 55.06, 61.68, 113.00, 113.19, 113.80, 128.71,
128.76, 129.18, 129.88, 130.56, 131.14, 142.06, 144.87, 157.50, 157.67, 157.84;
MS: miz (%): 596 [M]*; elemental analysis calcd (%) for C,H3Os
(596.72): C 80.51, H 6.08; found C 80.28, H 6.07.
1,2,3,4,5-Penta(4-butoxyphenyl)-1,3-cyclopentadiene (6i): M.p. 83-84°C;
'H NMR: 6=091-0.98 (m, 15H), 1.37-1.52 (m, 10H), 1.64-1.77 (m,
10H), 3.80-3.90 (m, 10H), 4.86 (s, 1H), 6.54-7.07 (m, 20H); *C NMR:
0=14.01, 14.08, 19.40, 19.44, 31.50, 31.56, 61.64, 67.40, 67.51, 96.06, 96.37,
96.70, 113.50, 113.74, 114.34, 128.60, 128.70, 129.17, 129.87, 130.48, 131.14,
142.04, 144.82, 157.09, 157.25, 157.41; MS: m/z (%): 806 [M]*; elemental
analysis caled (%) for CssHgO5 (807.12): C 81.85, H 8.24; found C 81.48, H
8.26.

1,2,3,4,5-Penta(4-octyloxyphenyl)-1,3-cyclopentadiene (6j): viscous oil;
'H NMR: 6=0.85-0.90 (m, 15H), 1.23-1.43 (m, 50H), 1.65-1.78 (m,
10H), 3.79-3.89 (m, 10H), 4.86 (s, 1 H), 6.53-7.07 (m, 20H); MS: m/z (%):
1086 [M]"; elemental analysis calcd (% ) for C;sH (405 (1087.66): C 82.82, H
9.82; found C 82.39, H 9.86.
1,2,3,4-Tetra(4-fluorophenyl)-1,3-cyclopentadiene (51): M.p. 208-209°C;
'H NMR: 6=3.94 (s, 2H), 6.85-6.91 (m, 10H), 711-7.14 (m, 4H);
BC NMR: 0 =46.06, 115.10 (d, J =24.2 Hz), 115.23 (d, J =21.2 Hz), 129.19
(d, J=7.8 Hz), 131.24 (d, /=78 Hz), 131.84, 132.04, 138.79, 142.67, 161.30
(d, J=246.7Hz), 162.57 (d, J=245.7Hz); MS: m/z (%): 442 [M]*;
elemental analysis calcd (% ) for CyHF, (440.43): C 78.72, H 4.10; found C
78.72, H 4.16.

1,2,3,4,5-Penta(4-fluorophenyl)-1,3-cyclopentadiene  (61): M.p. 186—
187°C; 'H NMR: 6=4.90 (s, 1H), 6.73-6.77 (m, 4H), 6.84-6.95 (m,
14H), 7.07-7.10 (m, 2H); ®C NMR: 6 =62.12, 11497 (d, J=22.4 Hz),
115.22 (d,J=22.1 Hz), 115.77 (d, J =21.5 Hz), 129.73 (d, J = 7.4 Hz), 130.50
(d,/J=8.3 Hz), 131.32, 131.35, 131.63 (d, / = 8.3 Hz), 132.96, 142.55, 145.62,
161.56 (d, J=247.3 Hz), 161.63 (d, / =244.3 Hz), 161.84 (d, J=247.3 Hz);
MS: m/z (%): 536 [M]"; elemental analysis calcd (%) for C;sH,,Fs (536.54):
C 78.35, H 3.94; found C 78.13, H 3.95.
1,2,4-Tri(1-naphthyl)-1,3-cyclopentadiene ~ (4n): M.p. 213-214°C;
'"H NMR: 6 =4.27 (s, 2H), 7.13-791 (m, 19H), 798 (d, J=8.5 Hz, 1H),
8.24-8.26 (m, 1 H), 8.54-8.56 (m, 1H); MS: m/z (%): 444 [M]"; elemental
analysis caled (%) for CssH,, (444.57): C 94.56, H 5.44; found C 94.04, H
5.48.

1,2,3,4,5-Penta(1-naphthyl)-1,3-cyclopentadiene (6 n, mixture of rotamers):
M.p. 248-250°C; 'H NMR: 6 =4.25-4.63 (m, 1H), 6.78-8.23 (m, 35H);
MS: m/z (%): 696 [M]*; elemental analysis calcd (% ) for CssHz (696.89): C
94.69, H 5.21; found C 94.18, H 5.26.
1,2,4-Tri(2,6-dimethylphenyl)-1,3-cyclopentadiene (40): M.p. 182-183°C;
'"H NMR: 6 =2.15 (s, 6H), 2.16 (s, 6H), 2.30 (s, 6 H), 3.58 (s, 2H), 6.32 (s,
1H), 6.94-715 (m, 9H); BC NMR: 6 =20.89, 21.08, 21.29, 48.35, 126.56,
126.60, 126.77, 127.04, 127.54, 134.93, 136.16, 136.31, 136.33, 136.53, 137.62,
141.01, 141.63, 144.51; MS: m/z (%): 378 [M]*; elemental analysis calcd (%)
for C,yHj, (378.56): C 92.01, H 7.99; found C 91.98, H 7.84.
1,2,3,4,5-Penta(4'-n-pentyl-1-biphenyl-4-yl)-1,3-cyclopentadiene (6 p): M.p.
133-135°C; '"HNMR: 0 =0.86-0.89 (m, 15H), 1.31-1.32 (m, 20H), 1.61 -
1.62 (m, 10H), 2.62 (m, 10H), 5.20 (s, 1 H), 7.10-7.51 (m, 40H); MS: m/z
(%): 1176 [M]*; elemental analysis calcd (%) for CoyHyg (1176.74): C 91.78,
H 8.22; found C 91.72, H 8.13.
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1,2,3,4,5-Penta(4-(1,3-dioxolan-2-yl)phenyl)-1,3-cyclopentadiene (8a): Di-
oxolane 7a (1.38 g, 6.00 mmol, 6 equiv) was coupled with cyclopentadiene
(3) according to the general procedure; for detailed reaction conditions see
Scheme 2. Thin-layer chromatography of the crude product: R;=0.69, 0.54,
0.27 (8a), 0.01 (petroleum ether/ethyl acetate 1:2, silica gel). Separation of
the products by flash chromatography (petroleum ether/ethyl acetate 1:2,
silica gel) gave 450 mg (56 %) of 8a as yellow solid with m.p. 248-250°C;
IR (film): #=3036 (w), 2952 (w), 2883 (s), 1611 (w), 1512 (w), 1471 (w),
1418 (m), 1387 (s), 1307 (w), 1283 (w), 1220 (m), 1185 (w), 1083 (s), 1020 (s),
980 (s), 943 (s), 831 (s), 760 (w), 717 (W), 667 (W), 584 cm~! (w); UV/Vis
(acetonitrile): A, (Ig €)=341 (4.17), 269 (4.35, sh), 246 nm (4.43);
'"H NMR: 6 =3.93-4.11(m, 20H), 5.06 (s, 1 H, CsH), 5.63 (s, 2H), 5.68 (s,
1H), 5.70 (s, 2H), 6.92 (“d”, “J”=8.4 Hz, 4H), 6.99 (“d”, “J”=8.4 Hz,
4H), 712 (“d”, “J” =83 Hz, 4H), 7.17 (“d”, “J” =83 Hz, 2H), 723 (“d”,
“J”=8.1Hz, 4H), 726 (“d”, “J”=8.1 Hz, 2H); C NMR: 6 =62.46(d,
CsH), 65.16, 65.22, 65.24 (all t), 103.53, 103.57, 103.68 (all d), 126.00, 126.28,
126.83, 128.42, 128.98, 130.06 (all d), 135.69, 136.12, 136.36, 136.62, 138.55,
143.81, 146.66 (all s), one s is superimposed; MS (70 eV, 305°C): m/z (%):
808 (18) [M+2]*, 807 (57) [M +1]*, 806 (100) [M]*, 762 (18), 734 (12);
elemental analysis calcd (%) for Cs)Hys0, (806.9): C 74.43, H 5.75; found
C74.54, H 5.78.

1,2,3,4,5-Penta(4-formylphenyl)-1,3-cyclopentadiene (9a): Compound 8a
(485 mg, 0.60 mmol) and p-toluene sulfonic acid monohydrate (43.0 mg,
0.23 mmol) were dissolved in wet acetone (75 mL), and the mixture was
refluxed for 20 h. The solvent was partially removed in vacuo to a final
mixture volume of approximately 20 mL (50 °C and 400 mbar). Thin-layer
chromatography: R;=0.43 (9a), 0.29, 0.00(petroleum ether/ethyl acetate
1:2, silica gel). Compound 9a was isolated by flash chromatography
(petroleum ether/ethyl acetate 1:2, silica gel) as a yellow foam (320 mg,
91 %) with m.p. 115°C after drying in vacuo at 75°C at 0.2 mbar; IR (film):
7=3047 (w), 2971 (w), 2829 (w), 2735 (w), 1701 (s), 1601 (s), 1565 (m), 1509
(w), 1413 (w), 1388 (w), 1361 (w), 1306 (m), 1285 (w), 1210 (s), 1170 (s),
1127 (w), 1104 (w), 1079 (w), 1015 (w), 846 (s), 752 (w), 736 (w), 710 (W),
513 ecm™! (w); UV/Vis (acetonitrile): A, (g €) =374 (4.22), 291 (4.38, sh),
256 (4.66), 198 nm (4.93); '"H NMR: 0 =5.35 (s, 1 H, CsH), 7.11 (“d”, “J” =
8.3 Hz, 4H), 7.21 (“d”, “J” =8.1 Hz, 4H), 7.39 (“d”, “J” =8.1 Hz, 2H), 7.60
(“d”, “J”=83Hz, 4H), 773 (“d”, “J”=83 Hz, 4H), 7.76 (“d”, “J”=
8.2 Hz, 2H), 9.85 (s, 2H), 9.90 (s, 1H), 9.95 (s, 2H); *C NMR: 6=
62.85(d, CsH), 128.86, 129.34, 129.60, 129.80, 130.46, 130.61 (all d),
135.05, 135.54, 135.72, 140.17, 140.71, 143.14, 145.06, 147.63 (all s), 191.34
(s), 191.50 (s), one d is superimposed; MS (70 eV, 325°C): m/z (%) =588
(11) [M+2]*, 587 (44) [M+1]*, 586 (100) [M]*, 762 (18), 734 (12); HRMS:
caled for C,H,O5 586.17803; found: 586.17980.

1,2,3,4,5-Penta(4-acetylphenyl)-1,3-cyclopentadiene (9b): Dioxolane 7b
(1.46 g, 6.00 mmol) was coupled with cyclopentadiene (3) according to
the general procedure; for detailed reaction conditions see Scheme 2. After
acidic workup the reaction directly led to the unprotected pentaarylketone
9b. Thin-layer chromatography of the crude product: R;=0.83, 0.67, 0.36
(9b), 0.17, 0.06 (petroleum ether/ethyl acetate 1:2, silica gel). The products
were separated by flash chromatography (petroleum ether/ethyl acetate
1:2, silica gel). Biphenyl and unreacted dioxolane 7b were found only in
marginal amounts as these compounds were removed during the drying of
the product mixture in vacuo. The fraction with R;=0.36 was isolated by
flash chromatography to yield pentaarylcyclopentadiene 9b as a yellow
solid (449 mg, 68 %) after drying in vacuo at 100°C at 0.5 mbar, its NMR
spectroscopic data matched published data.’! '"H NMR: 6 =2.47 (s, 6H),
2.51(s,3H) 2.55(s,6H),5.31 (s, 1H, CsH), 7.04 (“d”, “J” = 8.6 Hz, 4 H), 7.14
(“d”, «J7=8.6 Hz, 4H), 7.31 (“d”, “J”=8.5Hz, 2H), 7.65 (“d”, “J”=
8.6 Hz, 4H), 7.79 (“d”, “J”=8.5Hz, 4H), 781 (“d”, “J”=8.5Hz, 2H);
BC NMR: 6 =26.38(q), 26.40 (q), 26.48 (q), 62.42 (d, CsH), 128.11, 128.33,
128.38, 128.86, 129.09, 129.99 (all d), 135.47, 136.02, 136.14, 139.11, 139.71,
142.08, 144.74, 14727 (all s), 197.31 (s), 19749 (s), one s is superimposed.

1,2,3,4,5-Penta(4-(/N-4-methylphenyl)aminomethylphenyl)-1,3-cyclopenta-
diene (10): A mixture of pentaaldehyde 9a (58 mg, 0.10 mmol), p-toluidine
(161 mg, 1.50 mmol) and p-TosOH monohydrate (5.0 mg, 30 umol) in dry
benzene (20 mL) was refluxed for 15h with a Dean-Stark trap. After
filtration through celite (2 g) with dry dichloromethane (30 mL) as eluent
the solvent was removed in vacuo. The residue was treated at 100°C and
0.3 mbar to remove excess p-toluidine by sublimation. The remaining crude
product, an orange-red solid (110 mg), was identified by NMR spectros-
copy as slightly impure pentakisimine; "H NMR: 6 =2.33 (s, 6H), 2.34 (s,
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3H), 2.36 (s , 6H), 720-6.95 (m, 28 H), 7.35 (“d”, “J” =8.2 Hz, 2H), 7.59
(“d”, “J” =8.55,4H), 776-7.72 (m, 6 H), 8.30 (s, 2H), 8.35 (s, 1 H,), 8.40 (s,
2H); BC NMR: 6 =21.01 (q), 21.04 (q), 62.65 (d), 120.79, 120.84, 128.43,
128.68, 128.86, 129.33, 129.39, 129.74, 129.78, 130.47 (all d), 134.85, 135.29,
135.33, 135.76, 135.80, 135.89, 137.96, 138.45, 140.80, 144.75, 147.23, 149.38,
149.42, 149.47 (all s), 158.88, 159.09, 159.13 (all d), one q and two d are
superimposed.

Since the final purification of the pentakisimine by column chromatog-
raphy or by crystallization proved difficult, the full characterization was
performed on the reduction product 10. Therefore, a solution of crude
pentakisimine in dry THF (5 mL) was added dropwise at room temper-
ature to a solution of LiAIH, (228 mg, 6.00 mmol)in dry THF(5 mL). After
stirring for 2 h the reaction mixture was hydrolyzed with a saturated
aqueous solution of ammonium chloride(50 mL) and washed with brine
(50 mL). The combined water layers were extracted three times with ethyl
acetate(30 mL), the combined organic extracts were then filtered through
celite (2 g), and the solvent was removed in vacuo. Thin-layer chromatog-
raphy: R;=0.46, 0.40 (10), 0.30, 0.13, 0.00 (hexanes/ethyl acetate 2:1, silica
gel). The fraction with R;=0.40 was isolated by flash chromatography to
yield pentakisamine 10 (45 mg, 43 %) as a yellow solid. M.p. 93-96°C; IR
(film): 7=3413 (s, br, -NH), 3018 (s), 2917 (s), 2862 (s), 1616 (s), 1522 (s),
1466 (m), 1406 (m), 1321 (s), 1301 (m), 1249 (m), 1182 (w), 1126 (w), 1019
(w), 807 cm~! (m); UV/Vis (acetonitrile): A, (Ig €) =346 (4.18), 306 (4.33,
sh), 251 nm (4.94); '"HNMR: 6 =2.21 and 2.22 (both s, overall 15H), 3.76 (s,
br, 5H), 4.11 (s, 4H), 4.14 (s, 2H), 4.21 (s, 4H), 5.04 (s, 1 H), 6.50 (“dd”,
“J”=15.3,8.5 Hz, 10H), 7.00- 6.91 (m, 22H), 7.11 (“d”, “J” =8.3 Hz, 4H),
714 (“d”, “J” =2.7 Hz, 4H); BCNMR: 6 =20.41 (q), 20.43 (q), 48.37, 48.50,
48.55 (all t), 61.99 (d), 112.93, 113.00, 113.11 (all d), 126.70 (s), 126.76 (s),
127.00, 127.15, 127.99, 128.58, 129.07, 129.70, 129.72, 130.27 (all d), 134.62,
135.06, 137.12, 137.54, 137.67, 138.01, 143.86, 145.97, 146.00, 146.03, 146.10
(all s), one q, one d and one s are superimposed; MS (70 eV, 350°C): m/z
(%): 1041(1.9) [M]*, 936 (2.7), 827 (11), 723 (25), 618 (21), 515 (10), 361
(16), 106 (100); elemental analysis caled (% ) for C;sH;; N5 (1042.4): C 86.42,
H 6.87, N 6.72; found C 86.37, H 6.85, N 6.63.

Palladium-catalyzed cross-coupling reactions of aryl halides (2) with
substituted or annelated cyclopentadienes; typical example: 1-(4-anisyl)-
2,5-di(4-chlorophenyl)-3,4-diphenylcyclopentadiene (12b): A mixture of
1-(4-anisyl)-3,4-diphenylcyclopentadiene (11b, synthesized by an analo-
gous procedure to that in ref. [21], 649 mg, 2.00 mmol), 4-chlorobromo-
benzene (2 q) (575 mg,3.00 mmol), Cs,CO; (2.61 g, 8.00 mmol), [Pd(OAc),]
(11 mg, 50 pmol), and tri-tert-butylphosphine(39.1 mg, 200 pmol) in DMF
(10 mL) was heated under argon in a screw-cap tube for 68 h at 140°C.
After cooling to room temperature CH,Cl, (30 mL) was added and the
mixture was filtered through silica gel (5 g) with CH,Cl, (50 mL) as eluent.
The solvent was evaporated at 50°C and 15 mbar, the residue was
subsequently dried in vacuo at 50°C and 0.5 mbar and finally separated
by flash chromatography on silica gel. Thin-layer chromatography: R;=
0.51 (4,4-dichlorobiphenyl), 0.31-0.29 (silica, petroleum ether/ethyl
acetate 25:1). The fraction with R;=0.31-0.29 was isolated to give 12b
(533 mg, 49 %, mixture of three double bond isomers) as a yellow solid.
M.p. 90-95°C; IR (KBr): 7 =3060 (w), 2952 (w), 1606 (w), 1508 (s), 1487
(s), 1289 (w), 1249 (s), 1177 (m), 1091 (m), 1032 (w), 1014 (w), 830 (m),
698 cm~! (s); UV/Vis (acetonitrile): A, (Ig €) =344 (4.08), 277 (4.24, sh),
250 (4.37, sh), 226 nm (4.47, sh); '"H NMR: 6 =3.69, 3.72 and 3.76 (s, 3H,
OCH,;), 4.94,4.98 and 5.00 (s, 1H, CsH), 6.60—6.70 (m, 2H), 6.84-7.16 (m,
20H); MS (70 eV;250°C); m/z (%): 548 (19) [M+4]*+, 547 (33) [M+3]*, 546
(78) [M+2]*, 545 (51) [M+1]*, 544 (100) [M]*; elemental analysis calcd
(%) for C3sH,,CLO (545.5): C 79.26, H 4.80; found C 79.18, H 4.75.

2,5-Di(4-chlorophenyl)-1,3,4-triphenyl-1,3-cyclopentadiene (12a, mixture
of double bond isomers): M.p. 104-108°C; 'H NMR: 6=4.99-5.04
(m, 1H), 6.86-719 (m, 23H); MS: m/z (%): 514, 516 [M]*; elemental
analysis caled (%) for C;sH,,Cl, (515.48): C 81.55, H 4.69; found C 81.35,
H 4.76.

1-(4-Anisyl)-2,5-di(4-(1,3-dioxolan-2-yl)phenyl)-3,4-diphenylcyclopenta-
diene (12¢, mixture of double bond isomers): M.p. 80-83°C; 'H NMR:
0=3.66, 3.70 and 3.73 (s, 3H, OCH,), 3.95-4.11 (m, 8H, O-CH,CH,-0),
5.02,5.05 and 5.08 (s, 1 H, CsH), 5.62, 5.66 and 5.70 (s, 1 H, O-CH-0), 6.56 —
6.65 (m, 2H, o-Ansiyl-H), 7.29-6.85 (m, 20H); MS: m/z (%): 622 (11), 621
(46) [M+1]*, 620 (100) [M]"; elemental analysis calcd (%) for C,,Hs405
(620.74): C 81.27, H 5.85; found C 81.19 H 5.92.
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1,4-Di(4-chlorophenyl)-2,3,5-tri(3,5-dimethylphenyl)-1,3-cyclopentadiene
(12d, mixture of double bond isomers): M.p. 172-175°C; 'H NMR: 0 =
1.90-2.24 (m, 18H), 4.99-5.02 (m, 1H), 6.50-7.27 (m, 17H); MS: m/z
(%): 589, 600 [M]*; elemental analysis calcd (%) for C4;H34Cl, (599.64): C
82.12, H 6.05; found C 82.00, H 6.47.

1,1,3-Triphenylindene (15a): M.p. 134-135°C (Lit.: 132-134°CP4);
'H NMR: 6=6.82 (s, 1H), 720-7.32 (m, 13H), 7.35-7.46 (m, 3H), 7.56
(d, /=73 Hz, 1H), 764 (d, J=71Hz, 2H); ¥C NMR: 0 =65.62, 121.22,
125.57, 125.71, 126.55, 126.82, 127.61, 127.72, 128.17, 128.42, 135.12, 141.47,
142.28, 143.54, 150.94; MS: m/z (%): 344 [M]*.
1,1,3-Tri(4-methylphenyl)indene (15b): M.p. 63-64°C; '"H NMR: 6 =2.30
(s, 6H), 2.40 (s, 3H), 6.75 (s, 1H), 7.04 (d, /=8.1Hz, 4H), 717 (d, /=
8.1 Hz,4H),7.20-729 (m,4H), 737 (d, /=73 Hz, 1H), 7.52- 754 (m, 3H);
BC NMR: 6 =21.13, 21.43, 64.88, 121.13, 125.37, 125.55, 126.62, 127.48,
127.59, 128.81, 129.05, 132.33, 135.98, 137.40, 140.72, 141.23, 141.78, 142.39,
151.33; MS: m/z (%): 386 [M]*; elemental analysis calcd (%) for CsHys
(386.53): C 93.22, H 6.78; found C 92.83, H 6.81.
1,1,3-Tri(4-methoxyphenyl)indene (15 f): M.p. 70°C; '"H NMR: 6 =3.75 (s,
6H), 3.85 (s, 3H), 6.71 (s, 1H), 6.75-6.79 (m, 4H), 6.95-6.99 (m, 2H),
718-737 (m, 8H), 7.52-7.59 (m, 3H); *C NMR: 6 =55.22, 55.35, 64.07,
113.64, 113.99, 121.23, 125.44, 125.68, 126.77, 127.92, 128.84, 128.91, 136.01,
141.06, 141.31, 142.56, 151.87, 158.33, 159.36; MS: m/z (%): 434 [M]*;
elemental analysis calcd (%) for C3H,405 (434.53): C82.92, H 6.03; found
C 82.82, H 6.01.

1,1,3-Tri(3,5-dimethylphenyl)indene (15n): M.p. 145-146°C; 'H NMR:
0=222(s,12H),2.37 (s, 6 H), 6.76 (s, 1H), 6.85-6.87 (m, 5H), 7.01 (s, 1 H),
720-731 (m, 4H), 739 (d, J=73Hz, 1H), 755 (d, /=76Hz, 1H);
3C NMR: 0 =21.51, 21.60, 65.37, 121.15, 125.39, 125.50, 125.56, 126.52,
128.18, 129.29, 135.19, 137.38, 137.87, 141.70, 141.83, 142.41, 143.65, 151.11;
MS: miz (%): 428 [M]*; elemental analysis calcd (% ) for C3;Ha, (428.61): C
92.47, H 753, found C 92.22, H 7.53.
1,3-Di(4-methylphenyl)-2-phenylindene (17b): M.p. 146-147°C; 'HNMR:
0=2.23(s,3H),2.40 (s,3H), 5.06 (s, 1 H), 6.97-7.08 (m, 7H), 7.11 - 7.16 (m,
3H), 720-731 (m, 7H); 3C NMR: 6 =21.23, 21.53, 57.64, 120.34, 123.67,
125.44, 126.38, 126.60, 127.63, 127.85, 129.15, 129.21, 129.24, 132.39, 135.57,
135.83, 136.54, 136.86, 140.42, 144.88, 145.12, 148.18; MS: m/z (%): 372
[M]*; elemental analysis calcd (%) for CyH,, (372.50): C 93.51, H 6.49;
found C 93.43, H 6.39.
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Intramolecular Electron Density Redistribution upon Hydrogen Bond
Formation in the Anion Methyl Orange at the Water/1,2-Dichloroethane
Interface Probed by Phase Interference Second Harmonic Generation

Juliette Rinuy,®! Alexis Piron,'*] Pierre Francois Brevet,/*! Mireille Blanchard-Desce,™ and

Hubert H. Girault*[?!

Abstract: Surface second harmonic
generation (SSHG) studies of the azo-
benzene derivative p-dimethylaminoa-
zobenzene sulfonate, often referred as
Methyl Orange (MO), at the neat water/
1,2-dichloroethane (DCE) interface is
reported. The two forms of the anionic
MO dye, which are usually observed in
bulk solution, with one form being
hydrogen bonded to a water molecule
through the azo nitrogens (MO/H,0)
and the other form not being hydrogen
bonded (MO) have also been observed

and found to be identical. The adsorp-
tion equilibrium of the two forms has
been determined and the Gibbs energy
of adsorption measured to be
—30kJmol! for both forms. From a
light polarisation analysis of the SH
signal, the angle of orientation of the
MO transition dipole moment was
found to be 34 £2° for MO and 43 +2°
for MO/H,O under the assumption of a

Keywords: electronic structure - hy-
drogen bonds - liquid/liquid interfa-

Dirac delta function for the angle dis-
tribution, a difference explained by the
different solvation properties of the two
forms. Furthermore, the wavelength de-
pendence analysis of these data revealed
an interference pattern resulting from
the electronic density redistribution
within the hydrated anionic form occur-
ring upon the formation of the hydrogen
bond with a water molecule. This inter-
ference pattern was clearly evidenced
with the use of another dye at the
interface in order to define a phase

at the water/DCE interface. Their equi-
librium constant has been compared

. . . optics
with the corresponding bulk solution

Introduction

Many fundamental biological reactions involve species ad-
sorption at membrane surfaces, for instance before the
transfer of the species across the membrane into or out of
the cell. In this respect, liquid/liquid interfaces can be used as
simple models to study fundamental processes in biological
membranes. In the past adsorption processes at these
interfaces have been extensively studied, notably by surface
tension measurements.'l More recently, the interfacial envi-
ronment of adsorbed species has been investigated by optical
means in order to get a molecular picture of the solute —sol-
vent interactions at the liquid/liquid interface. To achieve
interfacial sensitivity with the optical signal, the geometry of
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reference to both forms of Methyl
Orange.

nonlinear

total internal reflection (TIR) was used, whereby the incident
wave impinges onto the interface from the medium with the
highest refractive index. The transmitted evanescent wave
intensity then decreases with a typical value for the character-
istic penetration depth in the nanometer range, of about
150 nm for example at the water-DCE interface with an angle
of incidence of 67°. In many cases, this interfacial sensitivity is
not sufficient enough to dwarf the response from the two
adjacent bulk phases; furthermore dedicated properties of the
fluorescent probes, such as surfactant behavior, have to be
met in order to record true interfacial processes.> 3l Despite
these drawbacks, interfacial phenomena such as photoin-
duced electron transfer reactions have been reported.” In this
context, the use of nonlinear optics as a tool to probe surfaces
and interfaces has rapidly been recognized as an efficient
technique. Indeed, nonlinear processes of even order are
forbidden in the electric dipole approximation in centrosym-
metric media like liquids and thus signals only arise from the
surface or the interface where the centrosymmetry is bro-
ken.[> 9 Surface second harmonic generation (SSHG) is a first
order nonlinear process whereby two photons at the funda-
mental frequency @ are converted into one photon at the
harmonic frequency 2w. Despite the weakness of the SH
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signals, the technique has allowed to probe liquid interfaces
with a detailed insight into molecular properties.™ At liquid/
liquid interfaces, orientation, solvation, and chemical equi-
libria have been studied!'"™ ! and polarised interfaces have
also been investigated.'> 13 Furthermore, an interfacial polar-
ity scale has been established for a wide range of liquid
interfaces with solvatochromic probes.['* )]

We present in this study a nonlinear spectroscopic inves-
tigation of the anion Methyl Orange (MO) at the water/DCE
interface in order to understand the solvation environment of
the dye and to consequently get an insight into the subsequent
electronic reorganisation within the moiety. MO belongs to
the family of the p-aminoazobenzene derivatives, a family of
compounds which have been used in the past to study
hydration at protein surfaces as a model to understand the
nature of the interaction prevailing in enzyme —substrate
associations.['! Second harmonic generation from these com-
pounds has already been reported to have a good efficiency.['”]

Experimental Section

Nonlinear optical measurements were performed with a nanosecond Nd3*/
YAG laser pumped optical parametric oscillator (OPO). The idler output
of the OPO was used at wavelengths ranging from 800 to 1020 nm. Pulses at
a repetition rate of 10 Hz with 5 ns duration and energy of 18 mJ were
delivered by the laser source. The laser beam was attenuated down to 1 mJ,
selectively polarised and focussed onto the water/DCE interface from the
DCE phase with an angle of 69.5° to obtain the total internal reflection
(TIR) geometry. The TIR configuration indeed greatly enhances the
intensity of the SH signal arising from the interface. The SH output from
the cell was then separated from the fundamental beam with a filter,
collected with a lens, selectively polarised and eventually detected by a
photomultiplier tube after wavelength selection through a monochromator.
Data were finally acquired with a boxcar integrator. All data were
corrected for the wavelength dependence of the laser source power and the
acquisition system and the experiments were performed well below the
threshold of damages to the surface, ensuring the stability of the interface
during the course of the data collection.

Water was purified by reverse osmosis followed by ion exchange (Millipore,
Milli-Q SP reagent system). 1,2-Dichloroethane (DCE) (Merck, extra
pure) and sodium Methyl Orange (NaMO) (Aldrich, 95 % pure) were used
as received. Tetrabutylammonium Methyl Orange (TBAMO) was made by
extraction into DCE from an equimolar aqueous mixture of NaMO and
tetrabutylammonium chloride (TBACI) (Aldrich) with subsequent solvent
evaporation and recrystallisation in acetone. The phase reference dye
VA348 was synthesized from N-dibutylaniline following a four-step
sequence shown in Scheme 1, and characterized by elemental analysis,
and mass and NMR spectra.l'®!

+ -
Q PBujs Br
c)[ —
a), b) (e}
BUZNO —_— BuzN@CHO U
d)

e)
7
N/\:\>* POPh,
Bu,N ’Q—\ — > BuN
CHO

Scheme 1. Synthesis of VA348: a) POCl;, DMF; b) H,0; c¢) NaH, THF;
d) H;O", THF; e) NaH, THF; f) Mel.
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Results and Discussion

Linear and nonlinear spectroscopy of MO: p-Dimethylami-
noazobenzenesulfonate (MO), see structure in Scheme 2, was
first studied by UV/Visible spectrophotometry in bulk phases
in order to fully resolve its absorption spectrum. In aqueous

SO3 Sle)
N /H N<
Knya 0
N
HaC™ “CH3 HaC™ "CH3
MO~ MO /H,0

Scheme 2. Hydration equilibrium between the hydrogen bonded and the
non-hydrogen bonded forms of Methyl Orange.

solutions, the UV/Vis absorption spectrum consists of two
bands, see Figure 1, corresponding to two m—* transitions.
The band on the blue side of the spectrum lies at 418 nm and is
attributed to the ;t—m* transition of the nonhydrated moiety,
hereafter labelled MO. The band on the red side lies at 467 nm
and is attributed to the w—n* transition of the hydrated form
MO/H,0, which is hydrogen bonded to a water molecule. For
the latter form, the presence of the dimethylamino group
substituted in para position on the end aromatic ring enhances
the basicity of the azo group allowing the formation of a
hydrogen bond between a water molecule and one of the two
nitrogen atoms, see Scheme 2. This bond stabilizes the moiety
in polar solvents owing to the resulting charge transfer,
yielding a shift to the red of the mw—mx* transition wavelength.
The equilibrium constant Ky =a(MO/H,0)/a(MO) be-
tween the hydrated and the nonhydrated forms has been
evaluated in the past to be about 100 for 4,4’-diaminoazo-
benzene, another member of this family of dyes, and closer to
unity for MO.['>- 21 From the UV/Vis spectra in bulk water for
MO concentrations ranging from Sum to 10mm, we deter-
mined a value of 1.2+ 0.1 for the equilibrium constant with a
fit to a double Gaussian function. The extinction coefficient of
the hydrogen bonded MO/H,O form at 467 nm was measured
to be 29700M~'cm~L. In the bulk DCE phase, the UV/Vis
spectrum is markedly different from the bulk aqueous
spectrum with the principal band indicative of the non-
hydrogen bonded form. The extinction coefficient for the
nonhydrated form MO at 418 nm was measured to be
16500m~'cm~!. The shoulder at longer wavelengths in the
DCE phase, as depicted in Figure 1, shows that the hydrogen-
bonded form of the anion MO/H,O still coexists in the organic
phase, however, with a much lower intensity. This is not
surprising since a non-negligible amount of water is present in
the DCE phase when the water/DCE interface is at equili-
brium. Due to these differences between the UV/Vis absorp-
tion spectra in the two media, Methyl Orange is a sensitive
probe to study interfacial hydrogen bonding between solutes
and water molecules.
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Figure 1. UV/Vis spectra of the aqueous salt NaMO in bulk water (dashed
line) and the organic salt TBAMO in bulk DCE (solid line) and surface SH
spectrum at the water/DCE interface (open circles).

The surface SH spectrum of MO adsorbed at the water/
DCE interface can then be obtained from the wavelength
dependence of the SH intensity, with the expression given in
Equation (1):1

I’ ? Vef

8eycdef (el —

epsin6p) lx ) M
where ¢ is the SH intensity in W cm~2, I is the fundamental
intensity in the same units, ¢{’ and & are the relative optical
dielectric constants of the medium through which the light
impinges onto the interface, in this case the organic phase, at
the fundamental and the harmonic frequency, respectively, 2
is the relative optical dielectric constant of the interface at the
harmonic frequency and 6{ is the angle of incidence of the
fundamental beam. The dielectric constant & was taken as
the average of the relative optical dielectric constants of the
two bulk phases in line with the recent measurements of the
polarity of interfaces.'J Furthermore, all optical dielectric
constants were taken as real quantities and without any
dispersion relationships. The use of complex dielectric func-
tions to account for the absorptive nature of the aqueous
phase was deemed not necessary since the imaginary part was
too small to make any significant effect. The same argument
holds for the dispersion effect. The quantity y in Equation (1)
is defined as:

X = a1 3y sin2y sinl + (ayx 3y + a3 0 + 0t Yy,) cos?y cosl

+ a5y Dxxsin?y cosT” @
where a;, i=1-5 are coefficients depending on the relative
optical dielectric constants and the angle of incidence 6{°. The
angles of polarisation y and I” correspond to the fundamental
and the harmonic wave, respectively. The tensor elements
13 1 Dxx> and x2,, are the three nonzero independent
elements of the surface susceptibility tensor characterising the
nonlinear response of the interface. In the presence of a SHG
active monolayer, the contribution to the SH signal of the
nearby solvent molecules is negligible, as in the case with the
MO dye monolayer, so that the only susceptibility tensor is
left for the dye monolayer.?!! This macroscopic susceptibility
tensor ¥{» may then be related to molecular quantities. It is
indeed the product of the total number of optically nonlinear
active molecules adsorbed at the interface N, and the
molecular hyperpolarisability § of a single moiety. For a

3436 ——
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monolayer of a mixture of different species, the susceptibility
tensor ¥/? is the linear combination of each species suscept-
ibility tensor weighted by its interfacial molar fraction:
N, . .~

? = ?l;(a<ﬁM()/Hzll> +(1-a)(B)) (3)
where the brackets around the j tensors mean ensemble
average over all possible orientation configurations of the
adsorbed molecules. In Equation (3), « is the interfacial mole
fraction of the hydrated form MO/H,O. The interfacial SH
spectrum of the Methyl Orange dye monolayer is shown in
Figure 1. It has been measured with both the fundamental and
the harmonic waves p-polarised, that is with y =7"=0°. This
polarisation configuration yields the largest SH signals, see
below and Figure 3. All experiments were conducted in a non-
buffered aqueous solution with a pH measured to be about
6.5. Since the pK, of Methyl Orange is 3.4, the dye is in its
anionic form in water at all times. It is interesting to add that
the bulk DCE UV/Vis spectrum of the protonated form of
Methyl Orange observed after partitioning from a pH?2
aqueous solution into DCE is similar to the one observed for
the anionic form in DCE obtained from the dissolution of the
salt TBAMO. This suggests that the protonated form trans-
ferred in DCE is the neutral form and not the zwitterionic
form. However, at the interface the neutral form is unlikely to
exist, as the sulfonate group is likely to reside in the aqueous
phase. The MO surface spectrum is closely related to that of
the anionic form, since the zwitterionic protonated form has
its resonance band located at longer wavelengths. Similar to
the UV/Vis spectra, two bands can clearly be seen located at
430 nm and 470 nm; this indicates that both the hydrated MO/
H,O and the nonhydrated MO forms are present at the water/
DCE interface. The band at 430 nm is attributed to the MO
form and appears red shifted as compared to the bulk
solution. This shift cannot be attributed to an interference
effect between the resonant and the non-resonant part of the
hyperpolarisability of the MO form. This particular case has
been discussed for other compounds and will be discussed in
detail below.!S] This red shift has already been observed for
Methyl Orange in water—organic solvent mixtures and has
been discussed in terms of a long range ordering of the
aqueous medium with the introduction of a small amount of
the organic solvent.””l This can be related to the modifications
of the solvent—solvent interactions on the aqueous side of the
interface as discussed in molecular dynamics calculations at
the water/DCE interface in terms of the strengthening of the
hydrogen bonds between water molecules at the interface.??]
Hence, the change in the solvent—solvent interaction is
reflected in the solute—solvent interaction at the interface
provided a sensitive probe is used. Note finally that the low
frequency band also shifts towards the red side of the
spectrum, however, with a much more reduced shift of only
3 nm, close to the experimental resolution. The overall width
of the SH spectrum appears much reduced compared with the
linear spectrum, that is about 70 nm against 120 nm for the
aqueous linear spectrum, which is a direct result of the
nonlinear process. Furthermore, the band located at 470 nm
on the SH spectrum is also much larger than its counterpart at
430 nm, a possible result of the rather broad distribution of
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the bond distances between the azo group of MO/H,O and the
hydrogen bonded water molecule. With these results, how-
ever, it is not possible to fully determine the hydration
equilibrium constant of Methyl Orange at the interface, that is
without the ratio of the hyperpolarisability tensors magnitude
of the two forms. This question will be addressed below. One
conclusion of this first section is that the Methyl Orange
principally resides on the aqueous side of the interface since
its surface SH spectrum closely resembles the one observed in
the bulk aqueous phase by UV/Vis absorption spectroscopy.

Adsorption isotherm of MO at the water/DCE interface: The
nonlinear optical response of the Methyl Orange monolayer
adsorbed at the neat water/DCE interface was monitored as a
function of the Methyl Orange aqueous bulk concentration, in
order to determine the Methyl Orange adsorption properties.
As seen from Equations (1) to (3), the SH response is
proportional to the square of the total number of adsorbed
molecules, N,. Hence, a plot of the square root of the SH
intensity against the bulk aqueous concentration of Methyl
Orange follows an adsorption isotherm, see Figure 2. In order
to probe both Methyl Orange forms, the measurements were
conducted for the SH wavelength resonant with the main
absorption band of the MO/H,O form at 470 nm and the MO
form at 430 nm. The bulk aqueous dye concentration was
varied from O up to 4mm, although aggregation into dimers
and eventually oligomers do occur at higher bulk concen-
trations. The SH signal was recorded for the fundamental and
the harmonic waves both p-polarized. The isotherm observed
on Figure 2 exhibits a simple Langmuir behavior, which
indicates that there are no strong interactions between the
species present at the interface. Furthermore, from the
polarisation dependence at different bulk aqueous dye con-
centrations it was deduced that local fields could be neglected.
At very low concentrations, both isotherms exhibit a linear
dependence with the bulk aqueous concentration, as shown in
the inset of Figure 2 for the MO/H,O form. The flattening of

1.0 I I ol
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o
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=
N
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Figure 2. Adsorption isotherm of the non-hydrogen bonded MO form
(open circles) and hydrogen bonded MO/H,O form (filled circles). The
solid line is a fit to a Langmuir adsorption isotherm. The inset shows the
adsorption isotherm of the hydrated MO/H,O form at very low concen-
trations.

the isotherm at bulk aqueous concentrations above 1mM is
characteristic of the full monolayer coverage. Unfortunately,
no absolute surface density values can be extracted from these
measurements by lack of a separate knowledge of the
absolute value of the SH intensity and the nonlinear hyper-
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polarisability of the dye. The fit of the experimental data to
Equation (1) to (3) and a Langmuir isotherm expression is
also displayed on Figure 2 and yielded a value of —30+
3 kJmol~! for the Gibbs energy of adsorption for both the
MO/H,0 and the MO forms. The SH spectrum was also
recorded at different surface coverage. However, no change in
its general shape was observed, just a mere change in the
overall intensity following the isotherm data. Since the bulk
aqueous solution equilibrium constant and the adsorption
Gibbs energies for both species is known, the surface
equilibrium constant can be deduced from a simple thermo-
dynamic cycle between the bulk and the surface; this suggests
that the partitioning in the organic phase is negligible. Since
both forms have the same Gibbs energy of adsorption, the
surface equilibrium constant is about 1.2 and therefore
identical to the bulk solution. From this result and the SH
spectrum, the ratio of the hyperpolarisability magnitude is
close to unity.

Finally, it is worth mentioning that a surface coverage as low
as 1% was clearly observed with Methyl Orange. This supports
the use of Methyl Orange as an interfacial molecular probe
with minimal influence on the surface properties themselves
at low coverage. With molecularly engineered compounds
with an extremely high nonlinear activity, such as the VA348
compound, coverage as low as 0.01 % can easily be detected.

Orientation of MO at the water/DCE interface: The orienta-
tion of the two forms of MO at the water/DCE interface can
be obtained from a light polarisation analysis of the SH
intensity. Indeed, and as suggested in Equations (1) and (2),
the three susceptibility tensor elements characterizing the
Methyl Orange monolayer are determined through measure-
ments as a function of the fundamental wave polarisation
angle y for the SH wave S- (I'=90°) and P- (I"=0°) polarized.
In a simple one component monolayer experiment, only one
single wavelength measurement would be necessary. How-
ever, because the MO monolayer is composed of the two
forms of Methyl Orange, see Equation (3), each susceptibility
tensor component is the sum of the MO and the MO/H,O
contribution and therefore the problem requires measure-
ments at several wavelengths. The two forms contribute to the
susceptibility tensor elements through their angle of orienta-
tion as well as their surface mole fraction and their nonlinear
optical activity. The latter quantity is given by the hyper-
polarisability tensor that can be reduced to a single non-
vanishing element (3,,,, that is the component of the tensor
along the MO transition moment direction, since the experi-
ments are performed in the vicinity of the m—x* electronic
resonance for both forms. Azobenzene dyes are known to
have a n—m* transition in the vicinity of the m-m* one.
However, its contribution to the hyperpolarisability tensor is
much weaker than the contribution of the m—n* band owing
to both a reduced oscillator strength and a reduced charge
transfer. The angle of orientation deduced from this analysis
refers to the orientation of this transition moment direction
with the surface normal. The orientation of the molecule itself
at the interface is obtained from the knowledge of the
orientation of the transition moment within the molecule but
this internal angle is rather small and the transition moment
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direction may be taken as identical to the long axis of the
molecule. Equation (3) can then be developed for the three
non-vanishing susceptibility tensors, yielding:

Xxzx = Xzxx = gNsﬂzzz.MO(l - aapp) <0059M05in29M0>
0
1 ) .
+ gNsﬁnz,M()aapp e‘Ad)<COSHM()/Hz()SlnzeM()/HZ(l> 4)
0

1 )
Xzzz :;Nsﬁzzz‘MO[(l — ) (COS Opi0) + a7 (COS*Oriop,0]
0

In Equation (4), the expression is derived without any
assumption on the ratio of the j,,, element of the two species
MO/H,0 and MO. This implies in particular that the mole

fraction a,,, is only an apparent mole fraction given by:

app

aﬂzzz.MO/H;O )

1—a)B,m0 + aﬂzu.MO/HgO

Capp = (

where a is the true interfacial mole fraction. As mentioned
above, since the ratio f,,,mom,0/Brzmo 18 close to unity, the
apparent mole fraction is nearly equal to the true mole
fraction. Furthermore, a phase angle between the hyper-
polarisability tensor elements of the MO and the MO/H,O
forms A¢ has been introduced. Indeed, since the electron
density is redistributed within the molecule upon the hydro-
gen bond formation with the water molecule in the MO/H,O
form, a phase shift is expected between the two forms.
Figure 3 gives the P-curves obtained when the SH intensity is
recorded as a function of the fundamental beam polarisation
angle at three different wavelengths and different Methyl
Orange bulk aqueous concentrations. Only the P-polarised
SH curve is given since the S-polarised one does not exhibit
any significant change, just a mere overall intensity change.
The general form of the S-polarised curve follows a sin?2y
function, see Equations (1) and (2).

The three curves of Figure 3 are normalised with respect to
the isotherms presented in Figure 2 and to the Methyl Orange
surface spectrum in Figure 1. The molecular parameters
obtained from these curves, namely, Oyiom,0, Omo, and a,p,
are given in Table 1. In Figure 3a) is reported the curve
obtained with the SH wavelength set at 507 nm. This wave-
length corresponds to a fundamental wavelength of 1014 nm
and the Methyl Orange bulk aqueous concentration was set at
3 uMm. This low bulk concentration ensured that the curve was
recorded at a very low surface coverage where interactions
between neighboring Methyl Orange species at the interface
are minimized. From the isotherm, the corresponding surface
coverage is estimated to be 2%. The SH wavelength of
507 nm was chosen to yield measurements with the hydrated
MO/H,0 form only, as the MO form transition band is located
far away to the blue at 430 nm. Hence, the polarisation curve
can be taken as the one of pure MO/H,O and Equation (4)
allows the determination the MO/H,O transition moment
angle of orientation unambiguously. This angle of orientation
of the transition dipole moment was found to be 43 +2° with
respect to the surface normal, assuming an infinitely sharp
distribution. This latter assumption underlines the character
of this angle which defines the angle distribution but does not
give the real tilt angle of the adsorbed dye molecules at the
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Figure 3. Polarisation curves for different MO concentrations and har-
monic wavelengths: a) 3um, 507 nm; b) 30 um, 470 nm; c) 1 mm, 387 nm.
The harmonic beam is P-polarised. The solid lines are fits obtained using
Equations (1) to (5).

Table 1. Molecular parameters obtained for the hydrated MO/H,0O and
the nonhydrated form MO of Methyl Orange at the water/DCE interface.

MO/H,0 MO
01[°] 43 34
PR —0.44 0.0054
A —-59x1077 3.1x1077
 [nm] 470 430
a 0.5 0.5

app

interface. The absolute orientation can not be measured with
this experiment, but it is reasonable to assume that the
sulfonate polar head points towards the aqueous side of the
interface. The polarisation curve in Figure 3b) was then
measured at a Methyl Orange bulk aqueous concentration of
30um corresponding to a still rather low surface coverage of
about 15% where solute —solute interfacial interactions are
rather weak, and a SH wavelength of 470 nm. At this
wavelength, the measured SH signal contains an overwhelm-
ing contribution from the MO/H,O form, but a non-negligible
contribution from the MO form leads to the observed
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distorted shape of the polarisation curve. It is to be pointed
out that these measurements where performed with an
achromatic half-wave plate in order to avoid any improper
polarisation rotation. Keeping the MO/H,0 angle of orienta-
tion deduced above as a constant parameter, the MO angle of
orientation of the transition moment can then be determined,
which is found to be 34+2° with respect to the surface
normal. This procedure was repeated at several other wave-
lengths, for example at 387 nm, see Figure 3c), where the
dominant contribution arises from the MO form and yielded a
similar value. The transition dipole moment of the MO/H,O
has thus the tendency to lie flatter at the water DCE interface
than that of the MO form. The apparent mole fraction of the
MO/H,0 form, a,,, also determined from the polarisation
curve, was found to be 0.5. This value is in agreement with the
value of 0.55 corresponding to the equilibrium constant of
about 1.2. The surface hydration equilibrium constant be-
tween the two Methyl Orange forms at the neat water/DCE
interface is therefore the same as in bulk water. The last
parameter determined from the fit of the polarisation curves
is the phase shift between the two hyperpolarisability tensor
elements of the MO and of the MO/H,O forms. This phase
shift A¢ was found to be weakly dependent with the
wavelength and equal to 206°. It was, however, noted that
rather good fitted curves could be obtained with a wide range
of values for this phase shift A¢, but that these values always
fell between 120° and 240°. This observation of a constant
phase shift is rather surprising as this angle should have been
evolving along the spectrum in this wavelength region that
corresponds to the neighborhood of the resonance. This is the
normal expectation for a single adsorbed compound, the phase
evolving by 180° across the resonance, its value being exactly
90° at the resonance. The weak wavelength dependence of the
A¢ parameter is, however, explained by the interference pattern
between the two forms of Methyl Orange and the presence of
a significant non-resonant contribution to the hyperpolaris-
ability tensor. Indeed, the value of 206° suggests that the two
forms of MO have an opposite direction, one pointing up and
the other down. Furthermore, the non-resonant contribution
to the hyperpolarisability tensor is rather independent of the
wavelength. Thus, the overall phase shift A¢ is the difference
in the two phase shifts which partially compensate along the
spectrum yielding this independent behavior as a function of
wavelength, provided the sulfonate hydrophilic group con-
stantly points into the aqueous phase.

The phase shift of 180° between the two tensor elements for
the two Methyl Orange forms implies an electronic reorgan-
isation within the molecule subsequent to the hydrogen bond
formation. A simple picture can be proposed within the
framework of the two-level two-state model.?! For com-
pounds undergoing a rather large charge transfer upon
excitation, the fundamental |y,) and the excited |y.) states
can be taken as a superposition of a neutral |N) and a
zwitterionic | Z) form. This is usually written as:>!

| pg) 6\N)+ i 0\2}
p,) = — —
Py cos2 sm2

P) =— in—|N)+cos—|Z
| c> St P ‘ > S2 | >
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where the angle 6, taken be- a)Mo
tween 0 and m, defines the
weighted contributions of the
neutral and the zwitterionic N form
forms in the ground and the .. N =<:>:sof'
excited state. In this frame- Nz@:N’
work, the neutral form is the
basic  electronic  structure
where no charge transfer has
taken place whereas the zwit-
terionic one is the one ob-
tained after that full charge Zform W
transfer has occurred. In the g
case of the dye Methyl Orange, N 4@:&“‘@‘803-
the two forms N and Z are /
shown on Figure4 for the Nform
hydrated and the nonhydrated Figure 4. Neutral (N) and zwit-
forms. The nonhydrated MO terionic (Z) forms of nonhy-
form is a classical push-pull drated ~a)and hydrated
. b) Methyl Orange within the
type compound with a donor two-state two-level model.
group, the dimethylamino moi-
ety, and an acceptor group, the sulfonate group, well
separated by an extensive m-electron system.

The neutral form is therefore the basic electronic structure,
whereas the zwitterionic form Zy is obtained with a charge
transfer from the donor amino group to the acceptor sulfonate
group, along the full length of the molecular long axis. In the
case of MO, the neutral form has a dominant contribution to
the description of the ground state structure (i.e., 0 < 8 < 7t/2)
due to the large aromatic stabilisation brought by the two
phenyl rings and the high energetic cost associated with the
charge separation over the total length of the molecule. The
context is different for the hydrated form for which different
N and Z forms can be proposed due to the presence of the
hydrogen bond. The neutral form is the basic structure with
the hydrogen bond formed. The charge transfer from the
dimethylamino donor to the now azo group acceptor yields a
different zwitterionic form Zyom,0, Which is strongly stabi-
lized by hydrogen bonding and involves less aromatic
stabilisation loss and shorter charge separation than Z,,.
Due to the relative stabilisation of the Z form with respect to
the N form brought by the hydrogen bonding, one could
expect a dominant contribution of the Z form in the case of
the hydrated form MO/H,O (i.e., m/2 < 6 < m). This is
expected to lead to opposite sign of B.2° The distance along
which the charge transfer occurs being different and the
mixing element between the neutral and the zwitterionic
forms being not strictly opposite, it is possible that the phase
shift between the two MO forms does not exactly equal .
Hence, an electron density redistribution upon the hydrogen
bond formation is experimentally observed through the
interference of the two hyperpolarisability elements as
exhibited by the phase angle A¢ of about 206° between the
two forms MO and MO/H,0 in the light polarisation data.

b) MO/H,0
) 20

q .
N N
/

Phase interference between MO and MO/H,O: In order to
further evidence the phase inversion of the hyperpolarisabil-
ity tensor element between MO and MO/H,O, the SH
spectrum of these two species was recorded in the presence
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of a third compound, see Figure 5. This VA348 compound is
another push—pull type molecule with a very high nonlinear
optical activity whose main electronic transition lies around
579 nm in dichloromethane. This compound is thus used as a
reference phase for the two forms of Methyl Orange since it is
expected that its phase evolution with the wavelength is

(9}

EN

SSHG Intensity / arb.units
N w

-

0 1
400 420 440 460 480 500 520
wavelength/nm

Figure 5. Surface SHG spectra of the hydrated MO/H,O and dehydrated
MO forms of Methyl Orange adsorbed at the water/DCE interface (open
circles) and of a mixed monolayer of Methyl Orange and VA348 (filled
circles). The solid lines are simulated curves obtained with the data given in
Table 1. Arrows give the region of constructive (arrows up) and destructive
(arrows down) interference.

smooth enough in the range 400 to 500 nm. To perform this
measurement, the Methyl Orange dye was first dissolved in
the organic phase as a tetrabutylammonium salt since the
VA348 is not soluble in the aqueous phase.

It is to be noted that the observed surface SH spectrum of
the Methyl Orange organic salt was identical to the one
reported on Figure 1; this indicates that the surface solvation
properties of Methyl Orange were independent of the phase
from where it was adsorbing. The spectrum obtained in the
presence of a small amount of VA348 clearly shows that on
the red side of the resonance of MO/H,O a constructive
interference occurs, as exhibited by the sharp increase in
intensity. On this side of the spectrum, MO/H,O and VA348
have thus similar phases. This is exactly what is expected since
VA348 is a classical push—pull molecule, with a behavior
similar to the nonhydrated form MO. In particular it is
expected that its donor group, the dibutylamino end will point
into the organic phase just as the dimethylamino end group of
MO points into the organic phase. On the red side of the MO/
H,O resonance, and therefore the blue side of the VA348
resonance, these two compounds have constructive phases,
see Figure 5. On the blue side of the 470 nm resonance, a clear
drop in intensity is observed indicating a destructive interfer-
ence in accordance with the flip of the MO/H,O phase across
the resonance. A similar destructive pattern occurs on the red
side of the 430 nm resonance. This implies as expected that
the MO form is phase shifted as compared to VA348 in this
region since this corresponds to the blue side of the VA348
resonance and the red side of the MO resonance. On the blue
side of the 430 nm band, however, the interference is
constructive again but the effect tends to vanish as the
wavelength range is now more than 100 nm away from the
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VA348 resonance. The general phase interference pattern is
therefore inverted for the two MO and MO/H,O forms, as
schematically shown on Figure 6, but similar for the MO and
the VA348 compounds. This inversion of phase clearly
emphasizes the electron density redistribution that occurred
in the Methyl Orange moiety upon the hydrogen bond
formation.

\
CHs

MO MO7/H,0 VA 348

Figure 6. Schematic of the orientation of the two forms of Methyl Orange
and the absolute orientation of VA348 at the water/DCE interface. Donor
groups are underlined by rectangles and acceptor groups by ellipses.

The SH spectra with and without the VA348 phase
reference were also simulated using Equation (1) to (5)
extended to take into account the VA348 contribution. The
wavelength dependence of the f,,, elements was described
within the two-level model as:

Awmo
Brio= B + ————N0_
[wémo — 4w? — diyyo0] )
Awmo/m,o
Buono =Baso T 5 > =
) [ml!MO'HZO — 40’ — 41}/MO/HIOU)]

where N8 and f EEHZO are the non-resonant part of the
molecular hyperpolarisability tensor, Ay, and Ayom,o are
two constants, wyyo and wgyom,o are the transition frequen-
cies and y\o and yyom,0 the damping constants. To account
for the opposition of the transition moments, Byiom,0 Was set
to a negative value, whereas fy;o and fyass Were set positive.
In these calculations, the orientation angles found in the light
polarisation analysis were used and the spectrum without the
VA348 contribution, similar to the one shown on Figure 1, was
simply obtained by setting the Sy tensor to zero, keeping
all the two MO forms parameters untouched. All the micro-
scopic data used are reported in Table 1. It is important to
note though that the width of the resonance deduced from the
fitting procedure accounts for the inhomogeneous broadening
as a result of the use of the macroscopic susceptibility tensor.
This is not a microscopic parameter and therefore does not
appear in Table 1. As can be seen in Figure 5, the simulated
curves are in good agreement with the experimental data.
One interesting feature obtained from the data is the rather
strong contribution arising from the non-resonant back-
ground of the hydrated form of Methyl Orange as compared
to the nonhydrated form. Figure 6 gives a schematic of the
different orientation of the compounds at the interface.
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Conclusion

The interfacial properties of hydration of the dye Methyl
Orange have been studied at the neat water/DCE interface.
We found that a simple Langmuir isotherm with a Gibbs
energy of adsorption of about —30 kJmol~' could describe
correctly the interfacial adsorption of both the hydrated MO/
H,0 and the nonhydrated MO forms at the neat water DCE
interface. This suggests in turn a surface hydration equili-
brium identical to the bulk aqueous phase one. Furthermore,
it is noted that the hydrated form of MO/H,O is found to lie
flatter at the interface. From the light polarisation analysis,
and more interestingly, from a phase interference with a third
compound used as an internal phase reference, an intra-
molecular electron density redistribution is clearly observed.
Upon the hydrogen bond formation with a water molecule, a
complete flip of the phase of the hyperpolarisability tensor
has occurred within the dye compound. The interference
pattern underlines the sensitivity of surface nonlinear spec-
troscopy to the direct investigation of intramolecular elec-
tronic rearrangements within molecules at interfaces resulting
from the interactions with the solvent.
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Total Synthesis of Sialylated and Sulfated Oligosaccharide Chains from

Respiratory Mucins

Jie Xia, James L. Alderfer, Conrad F. Piskorz, and Khushi L. Matta*!?!

Abstract: The total syntheses of several
complex oligosaccharide moieties that
occur in the core structure of sulfated
mucins are reported. A trisaccharide
acceptor was obtained through regio-
and stereoselective sialylation of methyl
(6-O-pivaloyl-$-p-galactopyanosyl)-

(1 — 3)-4,6-O-benzylidene-2-acetami-
do-2-deoxy-a-D-galactopyranoside with

a novel sialyl donor. A tetrasaccharide,
pentasaccharide, and hexasaccharide
were constructed in predictable and
controlled manner with high regio- and

Keywords: glycosylations - oligo-
saccharides . protection groups -
total synthesis

stereoselectivity after the successful
preparation and employment of a di-
saccharide donor, trisaccharide donor,
disaccharide acceptor, and trisaccharide
acceptor building blocks. Finally, a mild
oxidative cleaving method was adopted
for the selective removal of 2-naphthyl-
methyl (NAP) in the presence of benzyl
groups.

Introduction

In recent years, we have seen a tremendous amount of interest
in the structure —activity relationship of the sulfated carbohy-
drate moieties which occur in O-linked mucinous glycopro-
teins, such as CF respiratory mucin,[! colonic tumor associ-
ated glycoproteins,? and the natural ligands for selectin.P!
Studies on the biosynthesis of these glycoproteins and
investigations of three enzymes [sulfotransferase, a(2,3)-
sialyltransferase and a(1,3)-L-fucosyltransferase] involved in
their assembly have likewise become subjects of great
interest. As a result, the chemical synthesis of well defined
oligosaccharides which are essential for the investigation of
these enzymes is getting increased attention.[*! Consideration
of the different reactivity of sugar ring hydroxyl groups in
combination with detailed structural information obtainable
from two dimensional NMR homonuclear (2D DQF-COSY,
2D ROESY, 2D TOCSY) and heteronuclear (HMQC or
¢-HSQC and HMBC) correlation experiments make it
possible to develop a general strategy for regio- and stereo-
selective glycosylations that utilize unprotected or partially
protected acceptors. The advancement of this approach
overcomes the traditional, tedious multi-step protecting/
deprotection reaction schemes, thereby providing a shorter
and easier route for the synthesis of complex, biologically
active oligosaccharide molecules.l ¢ As illustrated in Figure 1,

[a] Prof. Dr. K. L. Matta, Dr. J. Xia, Prof. Dr. J. L. Alderfer, C. F. Piskorz
Molecular and Cellular Biophysics
Roswell Park Cancer Institute
Elm & Carlton Streets, Buffalo, NY 14263 (USA)
Fax: (+1)716-845-3458
E-mail: kimatta@yahoo.com
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ee0 o
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Figure 1. The core tetrasaccharide of O-linked glycoprotein.

sulfate has been reported to be located at the C-6 position of
GIcNAc in the Le* moiety O-linked to the C-6 position of
GalNAc. Synthesis of this type of structure requires a special
protecting group which can be highly selectively removed in
the presence of O-benzyl group. The 2-naphthylmethyl
(NAP) group was recently introduced by Eskol™ and
Spencer™! as hydroxyl protection group in polyhydroxyl
systems. This group can easily be cleaved by DDQ oxidation
procedure. Herein, we describe a concise total synthesis of
sialylated and sulfated oligosaccharides from respiratory
mucins (Schemel ).

Results and Discussion

Target oligosaccharides 1-3 were synthesized through the
multiple use of the important intermediates: 11, 13
(Scheme 2), 18 and 24 (Scheme 3). Disaccharide donor 11
and trisaccharide donor 13 were synthesized according to
Scheme 2. Treatment of compound 5 with bis(tributyltin)-
oxide® in refluxing toluene, followed by naphthyl methyl
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Scheme 1. Target structure of sialylated, sulfated oligosaccharides.
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Scheme 2. a) nBu,SnO/benzene, reflux, 4 h, Bu,NBr, NAP-Br, 80 to 85°C,
48 h, 69%; b) SnCl,/AgOTf, CH,Cl,/toluene, 4 A MS, —15 to —5°C, 12 h,
75%; c) Ac,O/pyridine 1:1, rt, 12h, 79%; d) CuBr,nBu,NBr/CICH,,
CH,CL/DMF 5:1, 4A MS, rt, N,, 16-24h, 87%; e) AgOT{/SnCl,,
CH,ClL/toluene, 4 A MS, —15 to —5°C, 12 h, 73%.

bromide in the presence of tetrabutylammonium iodide gave
61in 69 % yield. Regioselective glycosylation of HO-4 of diol 6
with 2,3,4,6-tetra-O-acetyl-3-galactopyranosyl fluoride (7)X
was successfully achieved using SnCl,/AgOT{!! catalyst,
providing disaccharide 8 in good yield (75%). Similar
glycosylation of monosaccharide acceptor 9 with donor 7
afforded the (1 — 4) linked disaccharide 10. The structure of
compound 10 was unambiguously established by a combina-
tion of 2D-NMR experiments (2D DQF-COSY, 2D ROESY)
and X-ray structural analysis of disaccharide 10.'] Disacchar-
ide 8 was acetylated with pyridine/Ac,O 1:1 to give disac-
charide donor 11 in good yield (79%). A strong NOE cross
peak between HP-1 and H*-4 of disaccharide 11 was indicative
of a (1 —4) linkage. Disaccharide 8 was fucosylated with
methyl 2,3,4-tri-O-benzyl-1-thio-B-L-fucoside (12)['2 cata-
lyzed by CuBr,/nBu,NBr!"l to give 13 in excellent yield of
87%.

The site of glycosylation, anomeric configuration of the
newly formed bond, and stereochemistry of trisaccharide 13

Chem. Eur. J. 2000, 6, No. 18
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were confirmed by complete assignment of all the peaks in the
'H-NMR spectrum through a combination of 2D DQF-COSY
and 2D-ROESY experiments. Compounds 18 and 24 were
synthesized as depicted in Scheme 3. Thus, benzylidenation of

Ph
AcO OPWV o o HO LOH
Q Q a) O
AcO + HO -«—— HO
OA R R
16 B 15  OCHg 14 OCHs

Ph

AcO OPiv O

OO AcO,
oL oS AT, 000

O
o
OAc R AcO , =
OCH OA SPh
2/ 17 3 AcO C 20

%d) Ph P

AcQO

AcO OPV HO OPiv
&é ’: é ACZN COOCH;3
SPh

OCH3 Aco OA(:21
Ph f)

AcO AcO OPiv HO Rlo OPiv
AcaN ) AcZN 6 %

O ac o OAC COOCH Aco OAC
1_

R = NHAC 22:R

- ) |: R

Scheme 3. a) PHCh(OCH,),, p-TsOH, CH;CN, rt, 12h, 86%;
b) Hg(CN),, benzene/CH;NO,, 40 to 45°C, 12 h, 70%; c) 60% HOAc,
60 to 65°C, 1.5 h, 70%; d) Im CH;0ONa/CH;OH, CH;0OH/CH,Cl,, —20 to
—15°C, 20 min; 81 %; e) isopryrenyl acetate/CAS, 65 °C, 16 h, quantitative;
f) NIS/TfOH, CH,CL/CH;CN 1:1, —45 to —40°C, 12h, 45%; Ac,0O/
pyridine 1:1, rt, 12 h; h) 60 % HOAc, 60 to 65°C,2 h, 76 %.

known compound 14" with a,a-dimethoxytoluene in the
presence of a catalytic amount of p-TsOH:H,O afforded
compound 15 in excellent yield (86%). The 5(1 — 3) linked
disaccharide 17, prepared according to well established
procedure,”l was treated with 60% HOAc to give 18 in
70% yield. Selective removal of the O-acetyl groups from 17
in the presence of the 6-O-pivaloyl group was successfully
accomplished by treatment with sodium methoxide solution
at —20to —15°C to give 19 in excellent yield (81 % ). The next
step employed the regio- and stereoselective sialylation of
acceptor 19. Synthesis of a-sialosides!'®! has invariably been
fraught with difficulties, largely because of the unique
structural features of sialic acid. A number of approaches
have been investigated in order to circumvent these difficul-
ties.l'’? To continue those efforts, we decided to explore the
utility of a novel sialyl donor 21 with defined S-configuration
as established by X-ray structure analysis.'!l It is noteworthy
that the sialyl donor 21, prepared from 20 in the presence of
isopropenyl acetate and a catalytic amount of (4)-10-cam-
phorsulfonic acid, was more reactive than 20. The apparently
more reactive HO-3 of galactose residue b of 19 was readily
sialylated with 21 over both HO-2 and HO-4. Glycal, the by-
product of S-elimination of 21, was dramatically reduced by
the trivial additional N-acetyl group which is consistent with
the result observed by Boons and co-worker.['! The (2 — 3)-
linkage of 22 was confirmed by observation of a weak NOE
cross peak between HP-3 of galactose residue b and He-3a of
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sialic acid residue ¢, and further confirmed by observation
of a cross peak between C-2 of sialic acid residue ¢ and H-3 of
galactose residue b in HMBC spectrum. The a configuration
of glycoside 22 was assigned according to literature meth-
0ds.?% This was further confirmed by observation of a strong
cross peak between H-3a and C-1 of sialic acid residue in
HMBC spectrum because a-sialoside has a larger heteronu-
clear coupling constant of Je,.?" After successful con-
version of compound 19 into compound 22, the acetylation of
22 with pyridine/Ac,0O 1:1 was performed in the presence of
catalytic amounts of DM AP at room temperature to afford 23
which was then treated with 60% HOAc to give 24 (76 %
yield) in two steps.

Target oligosaccharides 1-3 were then synthesized follow-
ing Schemes 4, 5, and 6. Regioselective glycosylation of HO-6
of 18 with 11 was first attempted under controlled reaction

AcO  OA NPht
AcO OPiv HO OH OOC AcO
&E ;O E;O: a) AcO O\%\O
AcO o OAc OR?
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Scheme 4. a) NIS/TfOH (cat.) 4 A MS, CH,Cl,, —65 to —60°C, 1 h, 89%:
b) NH,-NH, - H,O/EtOH 9:1 80 to 85°C; 2 h, then, Ac,O/pyridine 1:1, rt,
12h, 83%; c¢) DDQ, CH,CL/CH;OH 4:1, rt, 18-24h, 75%; d) SO/
pyridine, pyridine, 0 to 5°C, 9-12h, 81%; e) Im CH;ONa/CH;0OH,
CH;OH, rt, 24 h, then Na*-resin, rt, 4—5h, 38%.
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Scheme 5. a) NIS/TfOH, CH,Cl,, 4 A MS, —65 to —60°C, 2h, 59%;
b) Ac,O/pyridine, DMAP, rt, in quantitative yield; ¢) DDQ, CH,Cl,/
CH;O0H 4:1, rt, 18 h; d) SOj;- pyridine, pyridine, 0 to 5°C, 6 h, then, Na*-
resin, rt, 4 h, yield for c) to d): 63 %; e) Lil/pyridine, 120 to 125°C, 6-8 h;
f) NH,-NH, - H,0O/CH;OH 1:5, 80 to 85 °C, then, Ac,O/pyridine 1:1,rt, 12 h,
59% for two steps; g) Im CH;ONa/CH;0H, rt, 12 h, 36 % in three steps.
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Scheme 6. a) NIS-TfOH/CH,Cl,, 4 A MS, —65 to —60°C, 2h, 79%;
b) Ac,O/pyridine, DMAP, rt, 85%; c) DDQ, CH,Cl,/CH;OH 4:1, rt, 12 h;
80% d) SO;- pyridine, pyridine, 0 to 5°C, 6 h, 86 %, then, Na*-resin, rt, 4 h,
e) Lil/pyridine, 120 to 125°C, 6 -8 h; f) NH,-NH, - CH;OH 1:5, 80 to 85°C,
then, Ac,O/pyridine 1:1, rt, 12 h, g) 1m CH;ONa/CH;OH, CH;OH, rt, 12 h,
h) 10% Pd/C, CH;O0H/HOAc 1:1, H,, 12 h, 35% in four steps.

conditions to give the S(1 — 6)-linked 25 in excellent yield
(89 %). Similar, regioselective glycosylations of acceptor 24
with 11 and 13 were successfully performed under controlled
conditions to give the (1 — 6)-linked 29 (59%) and 33
(79%), respectively. Linkage location and orientation was
confirmed by observation of NOE:s cross peaks between H-6a
or H-6b of the N-acetylgalactosamine residue and H-1 of the
N-phthalimido glucosamine residue in these three oligosac-
charides by 2D-ROESY experiments. Therefore, 25, 29, and
33 were constructed in a predictable and controlled manner
with high regio- and stereoselectivity. Tetrasaccharide 25 was
treated with ethanol/NH,-NH,-H,O 9:1, followed by pyr-
idine/Ac,0 1:1 in the presence of catalytic amounts of DM AP
to give 26 in 83 % yield in two steps. Compounds 29 and 33
were each treated with pyridine/Ac,0O 1:1 and catalytic
amounts of DMAP to give acetylated 30 (quantitative yield)
and 34 (85 % yield). Similarity in the electron density between
the NAP group and 4-methoxybenzyl (PMB)2: 22 suggested
that the former could be prone to mild oxidative cleavage.
This was indeed the case, and compounds 27, 31, and 35 were
readily obtained by treatment of 26, 30, and 34, respectively
with DDQ.

Noteworthy the removal of NAP from 34 requires carefully
controlled conditions, since the tribenzyl fucose residue is
known to be acid labile.®! Conversion of 27 into 28 was
accomplished by treatment of 27 with SOj; - pyridine complex
in dry pyridine. A similar procedure was applied for the
conversion of 31 into 32, and 35 into 36. Sulfated tetrasac-
charide 28 was treated with 1M sodium methoxide in
methanol/water solution at room temperature to give 1.

The deprotection procedure used for the conversion of 32
into 2 included three steps: a) removal of methyl from the
carboxyl group with Lil in refluxing pyridine under N,
atmosphere; b) removal of N-phthalimido with methanol/
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NH,-NH,-H,O 5:1, followed by pyridine/Ac,O 1:1 in the
presence of catalytic amounts of DMAP; ¢) O-deacetylation
with 1M sodium methoxide in metshanol/water solution at
room temperature to give 2 (Scheme 5). Sulfated compound
36 was treated exactly as described for 32 to give 2 to furnish 3
(Scheme 6). The structures of 1-3 were fully characterized by
'"H homonuclear correlation NMR spectroscopy (2D DQF-
COSY, 2D ROESY, 2D TOCSY), *C-NMR experiments and
FAB-MS. The positive ion mode FAB mass spectrum of
tetrasaccharide 1 {C,0H,O,,N,SNa,: 887.3 [M + Na]*} showed
a pseudomolecular ion at m/z: 887.4. Scalar coupled networks
of residues a—d of sodium sulfated tetrasaccharide 1 were
identified by 2D DQF-COSY and TOCSY NMR spectra.
Figure 2 shows the 1D spectrum of tetrasaccharide 1 in which
three relatively strong signals and a weak signal are indicated
for the anomeric region.

4.47-4.45 was attributed to H1 of residue b due to the
observation of a strong NOE cross peak between this signal
and the signal at 0 =4.01-3.99 (H*-3). The positive ion-mode
FAB mass spectrum of pentasaccharide 2 {C,,H¢O3,N5SNaj,:
1178.6 [M + Na]*} revealed a characteristic fragment ion at
m/z: 8774 [M+Na — NeuSAc]". The positive ion-mode FAB
mass spectrum of hexasaccharide 3 {C,H;403N;SNa,: 1324.5
[M 4+ Na]*} gave a pseudo-molecular ion at m/z: 1324.9. The
position connectivity of pentasaccharide 2 and hexasacchar-
ide 3 were confirmed by analyses of 2D ROESY spectrum.

Conclusion

We described an efficient route for the synthesis of sialylated
and sulfated oligosaccharides from respiratory mucins based
on the finding that the newly introduced electron-rich
protecting group, the 2-naph-
thylmethyl (NAP) can readily
be cleaved with DDQ in a
manner analogous to that
adopted for the 4-methoxyben-
zyl group. The N,N-diacetyl-
amino sialic acid derivative 21

1
JJ LWJMULWM/UM
‘ 46 44 42 40 38 36

was the sialyl donor of choice
because of its enhanced reac-
tivity as compared with its pa-
rent acetamido compound 20.

3'.4 ' p;m

Experimental Section
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General procedures: TLC was con-
ducted on glass plates, precoated with
0.25 mm layer of silica gel 60 F-254
(Analtech GHLF uniplates); the com-
ponents were visualized either by ex-
posure to UV light or by spraying with
a solution of 10% H,SO, in ethanol,
containing 0.2 % p-anisaldehyde. Sol-

3.0 pbm

F \ ,
J LJJU/ wajl M‘JWUUMWMWMW

5.0 35

Figure 2. 600 MHz 1D 'H-NMR spectra of 1 (D,0+CD;0D), 2 (D,0), and 3 (D,0O) at 303.0 K.

An anomeric resonance of residue a at 0 =4.76—4.75 was
determined to be H?-1 of the N-acetylgalactosamine residue a
because of its strong NOE connectivity with the methyl group
at 0 =3.37. The coupling constant J, , = 3.2 Hz suggests that N-
acetylgalactosamine has an a-configuration. Complete assign-
ment of signals of residue a were carried out by analyses of the
2D DQF-COSY, 2D TOCSY and 2D ROESY NMR spectra.
The anomeric signal at 0 =4.59-4.58 was assigned to N-
acetylglucosamine based on its coupling constant (3J,=
8.4 Hz), and chemical shift value. Anomeric resonance of
residue b and d at 0=4.47-4.45 and 4.55-4.53 were
considered to be due to galactose because they show weak
spin connectivity between H-4 and H-5 in the 2D TOCSY and
2D DQF-COSY spectra, which are characteristic features.?
Anomeric signals designated for residues b and d gave well
solved doublets with the larger coupling constant (3J,,=
7.8 Hz) attributed to f-galactopyranoside configuration (e.g.
J1»=~8.0 Hz for -p-Galp).** ! Anomeric resonance at 6 =

Chem. Eur. J. 2000, 6, No. 18
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utions were concentrated under re-
duced pressure. The silica gel used for
column chromatography was Baker
Analyzed (60-200 mesh). Optical ro-
tations were measured at 25°C with a
Perkin - Elmer 241 polarimeter. [a], values are given in 10! degem?g~
'"H-NMR spectra were recorded at 303 K with either a Bruker AM-400 or
AMX-600 spectrometer. The values of 6 [ppm] are given relative to the
signal for internal Me,Si (6 = 0) for solutions in CDCl;, CD,Cl,, CD;0D,
and D,O. BC-NMR spectra were recorded at 303 K with a Bruker AM-400
(100.6 MHz) spectrometer using the signals for CDCl; (6 =77.0), CD,Cl,
(0=54.15), CD;OD (6=49.15), [D¢lacetone (0=206.0 or 29.8) as
references. First-order chemical shifts and coupling constants (J/ Hz) were
obtained from one-dimensional spectra and assignments of proton
resonance were based on 2D DQF-COSY, 2D ROESY, and 2D TOCSY.
Two-dimensional double-quantum filtered phase sensitive 'H-'H corre-
lated spectra (2D DQF 'H-'H COSY), rotating-frame nuclear Overhauser
enhancement spectroscopy (2D ROESY) and total correlation spectro-
scopy (2D TOCSY) were recorded at 303.0 K with a Bruker AM-400
(400 MHz) spectrometer and a Bruker AMX-600 (600 MHz) spectrometer.
For ROESY experiments, the mixing time was set at 400 ms, for the
TOCSY experiments 50 ms. *C—'H heteronuclear multiple-bond correla-
tion (HMBC) experiment was recorded at 303.0 K with a Bruker AMX-
600 MHz spectrometer. All samples submitted for elemental analyses were
dried under vacuum over P,Os at room temperature. Elemental analyses
were carried out by Robertson Microlit Laboratory, Madison, New Jersey.
p-Toluene sulfonic acid monohydrate (p-TsOH - H,O) was co-evaporated

3.0 ppm
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three times with dry acetonitrile at 80°C before use. Dichloromethane,
acetonitrile, methanol, benzene, and DMF were kept dry over 4 A MS,
pyridine was redistilled over potassium hydroxide, nitromethane was
freshly distilled over P,Os.

Phenyl 6-O-naphthylmethyl-2-deoxy-2-phthalimido-1-thio-f-D-glucopyra-
noside (6): Bis(tributyltin) oxide (33.0 g, 54.86 mmol) was added to a
solution of compound 5 (20.0 g, 49.88 mmol) in dry toluene (430 mL), and
the mixture was heated until toluene (200 mL) had been distilled off. The
temperature was then adjusted to 80 to 85°C, and tetrabutylammonium
iodide (20.26 g, 54.86 mmol) and 2-(bromomethyl)naphthalene (12.12 g,
54.86 mmol) were added and the stirring was continued at the same
temperature for 48 h. The mixture was concentrated under reduced
pressure, and the crude residue was applied to a column of silica gel and
eluted with hexane/ethyl acetate 4:1, and then with CH,Cl,/MeOH 20:1 to
give compound 6 (18.6 g, 69 %) as an amorphous solid. R;=0.68 (CH,Cl,/
CH;0H 20:1); "H NMR (CD,Cl,, 400 MHz): 6 =7.85-7.75 (m, 4H; ArH),
737-1735 (m, 5H; ArH), 725-724 (m, 7H; ArH), 5.63 (d, J,,=10.4 Hz,
1H; H-1), 4.69 (d, Jyen =12.4 Hz, 1H; OCHC,H;, ABq), 4.57 (d, Jyem =
12.6 Hz, 1H; OCHC,,H;, ABq), 425 (t, /=84 Hz, 1H; H-3), 414 (t, J=
10.8 Hz, 1H; H-2), 3.89 (dd, J=11.6, 3.6 Hz, 1 H; H-6a), 3.81 (dd, J=11.6,
3.6 Hz, 1H; H-6b), 3.54-3.52 (m, 2H, H-4; H-5); *C NMR (CD,Cl,,
100.6 MHz): ¢ =135.49, 134.27, 133.41, 133.16, 132.66, 132.32, 133.22,
131.72, 129.01, 128.91, 128.35, 128.10, 127.84, 126.63, 126.25, 126.03, 125.87,
83.73 (C-1), 78.96, 73.79, 72.92, 72.72, 70.10, 55.79; elemental analysis calcd
(%) for C3;H,;O6NS: C 68.74, H 5.02, N 2.59, S 5.92; found C 68.61, H 5.11,
N 2.37, S 6.08.

Glycosylation procedure A: With SnCl/AgOTf catalyst: A solution of
compound 6 or 9 (1 mmol), compound 7 (1.2 mmol), SnCl, (1.8 mmol) in
dry dichloromethane/toluene 5:1 containing 4 A MS (10 g per 100 mL for 6,
8 g per 43 mL for 9) was stirred at — 15 °C for 1.5-2 h under N, atmosphere.
AgOTf (1.8 mmol) was added. The mixture was stirred overnight at — 15 to
0°C under N, atmosphere then neutralized with triethylamine. Solids were
filtered off and the organic layer washed with saturated NaHCO; solution,
water, and dried (Na,SO,). The solvent was removed under reduced
pressure to yield a crude mixture, which was then purified by passage
through a silica gel column eluted with hexane/ethyl acetate 1:1 to give
desired product.

Phenyl  (2,3,4,6-tetra-O-acetyl-f-D-galactopyranosyl)-(1 — 4)-6-O-naph-
thylmethyl-2-deoxy-2-phthalimido-1-thio-f-D-glucopyranoside (8): Yield:
3.48 g, 75 % as an amorphous solid from 6. R;=0.54 (hexane/ethyl acetate
1:1); '"H NMR (CDCl;, 400 MHz): 6 =7.86—7.80 (m, 6 H; ArH), 7.68 -7.64
(m, 2H; ArH), 7.52-7.40 (m, 5H; ArH), 7.28 -7.16 (m, 3H; ArH), 5.64 (d,
Ji,=10.4 Hz, 1H; H*-1), 5.32 (d, /=2.0 Hz, 1H; H"4), 5.18 (t, J=10.0,
8.8Hz, 1H; H"2), 492 (dd, 1H; H"3), 488 (d, / =12.0Hz, 1H;
OCH,C,H;, ABq), 471 (d, J =12.0 Hz, 1H; OCHC,,H,, ABq), 4.52 (d,
J=8.0Hz, 1H), 445 (t,1H), 4.05-4.03 (m, 4H), 3.87-3.71 (m, 4H), 2.10
(s, 3H; Ac), 1.96 (s, 3H; Ac), 1.94 (2s, 6H; 2 Ac); “C NMR (CDCl;,
100.6 MHz): 6 =178.50 (C=0), 170.50 (C=0), 170.00 (C=0), 169.50
(C=0), 169.20 (C=0), 134.50, 132.75, 129.00, 128.50, 128.20, 128.00, 127.80,
126.58, 126.30, 126.00, 123.58, 123.50, 100.50, 83.50, 81.00, 79.20, 72.00,
70.80, 70.20 (2C), 69.50, 69.00, 68.50, 60.50, 58.50, 20.68 (Ac), 20.62 (Ac),
20.35 (Ac), 20.40 (Ac); elemental analysis caled (%) for C,;sH,;sO,sNS: C
61.99, H 5.20, N 1.61, S 3.68; found C 61.90, H 5.11, N 1.80, S 3.70.
Methyl (2,3,4,6-tetra-O-acetyl-f-D-galactopyranosyl)-(1 — 4)-6-O-benzyl-
2-deoxy-2-phthalimido-f-D-glucopyranoside (10): Yield: 2.21 g, 73% as
an amorphous solid from 9. R;=0.34 (hexane/EtOAc 1:1); 'H NMR
(CDCl;, 400 MHz): 6 =7.84-7.82 (m,2H; ArH), 7.72-7.70 (m, 2H; ArH),
741-732 (m, 5H; ArH), 533 (d, /=32 Hz, 1H; H"4), 5.19 (dd, J=8.0,
10.4 Hz, 1H; H*-2), 5.12 (d, J,,=8.8Hz, 1H; H*1), 494 (dd, J=3.6,
10.2 Hz, 1H; H"-3), 4.76 (d, Jo = 12.4 Hz, 1H; OCHPh, ABq), 4.54 (d,
Jyem=12.0 Hz, 1H; OCHPh, ABq), 4.49 (d, J,,=8.0 Hz, 1H; H"1), 4.40 (t,
1H; H*-3), 4.16 (dd, J=8.8 Hz, 1H; H*-2), 4.06-4.04 (m, 2H; H"-6b, H"-
6a), 3.95 (s, 1H; OH?®-3), 3.90 (t, /=72, 6.4 Hz, 1H; H"-5), 3.77-3.69 (m,
3H; H*5, H*-4, H*-6b), 3.65-3.62 (m, 1 H; H*-6a), 3.44 (s,3H; OCH,), 2.11
(s, 3H; Ac), 2.00 (s, 3H; Ac), 1.95 (s, 3H; Ac), 1.91 (s, 3H; Ac); *C NMR
(CDCl;, 100.6 MHz): 6 =170.46 (C=0), 170.06 (C=0), 169.92 (C=0),
169.15 (C=0), 138.18, 133.99, 131.92, 128.55, 127.91, 127.86, 123.34, 101.54,
99.26, 82.06, 74.27, 73.74, 71.22, 70.81, 69.69, 68.80, 67.97, 66.90, 61.47, 56.75,
55.94, 20.72 (Ac), 20.56 (Ac), 20.50 (Ac), 20.33 (Ac); elemental analysis
caled (%) for C3H,,0,6N: C 58.12, H 5.56, N 1.88; found C 58.00, H 5.59, N
1.81.
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Phenyl (2,3,4,6-tetra-O-acetyl-f-D-galactopyranosyl)-(1 — 4)-3-O-acetyl-6-
O-naphthylmethyl-2-deoxy-2-phthalimido-1-thio-f-D-glucopyranoside
(11): Ac,0O (5mL) was added to a solution of compound 8 (900 mg,
0.99 mmol) and DMAP (10 mg) in dry pyridine (5 mL). The mixture was
stirred overnight at room temperature then concentrated under reduced
pressure to a crude residue, which was applied to a short column of silica gel
and eluted with hexane/ethyl acetate 1:1 to give compound 11 (741 mg,
79 %) as an amorphous solid. R;=0.45 (hexane/ethyl acetate 1:1); 'H NMR
(CDCl;, 400 MHz): 6 =7.96-7.25 (m, 16 H; ArH), 5.80-5.75 (m, 2H, J,, =
10.0 Hz; H*-1, J=10.0, 8.4 Hz; H*-3), 5.28 (d, /=3.2 Hz, 1H; H"4), 5.05
(dd, J=76, 10.4 Hz, 1H; H>-2), 4.97 (d, J, = 12.8 Hz, 1H; OCH,C,H,,
ABq), 4.90 (dd, /=32, 10.4 Hz, 1H; H"-3), 4.75 (d, Jom=11.2 Hz, 1H;
OCH3CH,, ABq), 4.59 (d, J,,=76 Hz, 1H; H"1), 437 (t, J=10.4 Hz,
1H; H*-2), 4.09-4.03 (m, 3H; H*-4, H*-6a, H"-6b), 3.89-3.87 (m, 2H; H*-
6a, H*-6b), 3.76-3.74 (m, 1H; H*-5), 3.63 (t, 1 H; H®-5), 2.12 (s, 3H; Ac),
2.05 (s, 3H; Ac), 1.98 (s, 3H; Ac), 1.91 (s, 3H; Ac), 1.90 (s, 3H; Ac);
3C NMR (CDCl;, 100.6 MHz): 6 =170.28 (C=0), 170.19 (C=0), 170.01
(C=0), 169.99 (C=0), 168.91 (C=0), 167.85 (C=0), 167.32 (C=0), 135.44,
134.53, 134.32, 133.19, 133.08, 131.81, 131.66, 131.34, 129.03, 128.61, 128.27,
127.98, 12792, 126.93, 126.86, 126.42, 126.18, 126.11, 126.06, 123.78, 123.63,
100.55 (C*-1), 83.29 (C2-1), 79.07, 75.48, 73.90, 72.12, 71.18, 70.57, 69.26,
66.91, 60.92, 60.40, 54.13, 21.68 (Ac), 20.64 (Ac), 20.60 (Ac), 20.57 (Ac);
elemental analysis calcd (%) for C;;H,,ONS: C 61.63, H 5.39, N 1.53, S
3.50; found C 61.69, H 5.11, N 1.37, S 3.60.

Phenyl (2,3,4,6-tetra-O-acetyl-f-p-galactopyranosyl)-(1 — 4)-[ (2,3,4-tri-O-
benzyl-a-L-fucopyranosyl)-(1 — 3) ]-6-O-naphthylmethyl-2-deoxy-2-phthal-
imido-1-thio-f-D-glucopyranoside (13): A solution of compound 8 (1.22 g,
1.40 mmol), methyl 2,34-tri-O-benzyl-1-thio-S-L-fucopyranoside (12,
2.62 g, 5.6 mmol), tetrabutylammonium bromide (1.81 g, 5.6 mmol) in dry
1,2-dichloroethane/DMF (20 mL, 5:1) containing 4 A MS (8 g) was stirred
at room temperature for 2 h under N, atmosphere. CuBr, (1.25 g, 5.6 mmol)
was then added and stirring continued for overnight. Additional portions of
compound 12 (1.31 g) and CuBr, (750 mg) were added and stirring was
continued for a total of 18 h. The solids were filtered off and the organic
layer was washed with sat. NaHCOj; solution, water, dried (Na,SO,), and
concentrated under reduced pressure. The crude product was applied to a
column of silica gel eluted with hexane/ethyl acetate 2:1 to give compound
13 (1.58 g,1.22 mmol, 87 % ) as a white solid. R;=0.17 (hexane/ethyl acetate
2:1); '"H NMR (CDCl;, 600 MHz): 6 =7.90-7.82 (m, 4H; ArH), 7.72-7.67
(m, 4H; ArH), 7.50-7.44 (m, 3H; ArH), 7.37-7.35 (m, 2H; ArH), 7.26 -
701 (m, 18H; ArH), 5.48 (d,/=10.4 Hz, 1H; H*1),5.15 (d,/ =2.8 Hz, 1H;
HO-4), 5.00 (dd, J=10.4, 10.0 Hz, 1H; H"-2), 4.94 (d, J,n=12.4 Hz, 1H;
OCH,C,H,, ABq), 4.83-4.69 (m, SH; H-3, He-1, Hb-1, H*3, OCHPh,
ABq), 4.66 (d, Jyer, = 12.4 Hz, 1 H; OCHRC,oH,, ABq), 4.61-4.49 (m, 5H;
He-5, OCHPh, OCHPh, OCHPh, ABq, H*-2), 4.41 (d, J,,,=12.0 Hz, 1H;
OCH,Ph, ABQ), 4.24 (d, /. = 12.0 Hz, 1H; OCHPh, ABQ), 4.17 (t, /=
10.0, 8.8 Hz, 1 H; H*-4), 4.06 (dd, 1 H; H"-6b), 3.87-3.82 (m, 4 H; H*-6b, H*-
6a, H"6a, He-3), 3.77 (dd, 1 H; He-4), 3.58 -3.55 (m, 2H; H*-2, H*-5), 3.43 -
3.39 (m, 1H; H"5), 1.92 (s, 3H; Ac), 1.91 (s, 3H; Ac), 1.87 (s, 3H; Ac), 1.79
(s,3H; Ac), 1.15 (d,/=6.4 Hz, 3H; CHy"); *C NMR (CDCl;, 100.6 MHz):
0=170.09 (C=0), 169.94 (C=0), 168.89 (C=0), 138.84, 138.35, 135.49,
134.42,133.43, 133.25, 132.65, 131.89, 129.04, 128.70, 128.38, 128.34, 128.27,
128.19, 128.15, 128.09, 128.03, 127.99, 127.61, 127.42, 127.34, 127.17, 126.80,
126.49, 126.21, 126.01, 123.84, 99.77, 97.85, 84.53, 79.95, 79.77, 75.29, 74.75,
74.40,73.88,73.83,73.19, 72.52,71.20, 70.60, 69.20, 68.05, 66.90, 66.74, 60.30,
55.76, 20.80 (3 Ac), 20.67 (Ac), 16.89 (CH,); elemental analysis calcd (%)
for C;,H7;04NS: C 67.12, H 5.71, N 1.09, S 2.49; found C 67.09, H 5.81, N
1.00, S 2.49.

Methyl  2-acetamido-4,6-O-benzylidene-2-deoxy-a-D-galactopyranoside
(15): p-TsOH -H,0 (1.021 g) was added to a stirred solution of compound
14 (4.45 g, 18.94 mol) and a,a-dimethoxytoluene (4.32 g, 28.40 mmol) in
dry acetonitrile (139 mL), and stirring was continued overnight at room
temperature. Triethylamine was then added and the mixture concentrated
under reduced pressure. The crude product was applied to a column of
silica gel and eluted with dichloromethane/methanol 30:1 to give pure
compound 15 (86 %) as a white solid. R;=0.39 (hexane/ethyl acetate 1:1);
'H NMR (CD;OD, 400 MHz): 6 =7.58-7.56 (m, 2H; ArH), 7.40-7.37 (m,
3H; ArH), 5.63 (s, 1 H; benzylidene proton), 4.84 (d,J=3.6 Hz, 1H; H-1),
442 (dd, J =3.2, 11.2 Hz, 1H; H-2), 4.32-4.26 (m, 2H; H-3, H-6b), 4.11
(dd,J=1.2,12.8 Hz, 1H; H-6a), 3.88 (dd, J =3.2,10.8 Hz, 1H; H-5),3.71 (s,
1H; H-4), 3.41 (s, 3H; OCH;), 2.21 (s, 3H; Ac); *C NMR (CDCl;,
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100.6 MHz): 6 =172.20 (C=0), 137.60, 128.50, 128.00, 126.30, 100.50, 99.50,
75.50, 69.20, 67.50, 62.50, 55.00, 50.00, 21.00 (Ac); elemental analysis calcd
(%) for C;¢H, O6N: C 59.43, H 6.55, N 4.33; found C 59.24, H 6.45, N 4.15.
Methyl  (2,3,4-tri-O-acetyl-6-O-pivaloyl-f-D-galactopyanosyl)-(1 — 3)-2-
acetamido-4,6-O-benzylidene-2-deoxy-a-D-galactopyranoside (17): A mix-
ture of compound 15 (3.0 g, 9.28 mmol) and powered Hg(CN), (4.06 g) in
benzene/nitromethane 1:1 (100 mL) was heated until 50 mL of solvent had
been distilled off. The temperature was then adjusted to 40 to 45°C, and
6-O-pivaloyl-2,3,4-tri-O-acetyl-a-D-galactopyranoside bromide 16 (8.0 g)
was added and the stirring was continued for 12 h at the same temperature.
The mixture was then diluted with benzene and washed with sat. aq.
NaHCOs;, 10% KI, water, dried (Na,SO,) and concentrated. The crude
residue was applied to a column of silica gel and eluted with dichloro-
methane/methanol 20:1 to give compound 17 (70%) as an amorphous
solid. R;=0.47 (CH,Cl,/MeOH 20:1); 'H NMR (CDCl;, 400 MHz): 6
=17.53-750 (m, 2H; ArH), 7.50-7.00 (m, 3H; ArH), 5.60-5.50 (m, 2H;
NHAC, benzylidene proton), 5.35 (d, J=2.8 Hz, 1H; H*-4), 5.18 (dd, 1H;
H’-2), 4.98 (dd, 1H; H"-3), 4.88 (d, J=3.2Hz, 1H; H*1), 478 (d, /=
7.6 Hz, 1H; H"-1), 4.72-4.60 (m, 1H; H*-2), 4.31-4.02 (m, 5H; H*-4, H*
6a, H>6b, Hb-6a, H*-6a), 4.00-3.85 (m, 2H; H?-3, H">-5), 3.60 (s, 1 H; H-5),
3.40 (s,3H; OCH,), 2.20 (s, 3H; Ac), 2.05 (s, 3H; Ac), 2.00 (s,3H; Ac), 1.98
(s, 3H; Ac), 1.27 (s, 9H; rBu); 3C NMR (CDCl;, 100.6 MHz): 6 =178.00
(C=0), 170.40 (C=0), 170.20 (C=0), 169.53 (C=0), 169.50 (C=0), 101.58,
100.59, 99.50, 76.00, 74.80, 71.00 (2C), 69.58, 69.00, 67.00, 63.00, 61.20, 55.60,
48.90, 38.90 [C(CH3;)s], 27.00 (3 CH3), 23.50 (NAc), 20.90 (Ac), 20.80 (Ac),
20.50 (Ac); elemental analysis calcd (%) for C3;3H,5s0,5N: C56.97, H 6.52, N
2.01; found C 56.51, H 6.35, N 1.73.

Methyl (2,3,4-tri-O-acetyl-6-O-pivaloyl-f-D-galactopyranosyl)-(1 — 3)-2-
acetamido-2-deoxy-a-D-galactopyanoside (18): Compound 17 (12g,
1.73 mmol) was taken up in 60 % aqueous acetic acid and stirred for 1.5 h
at 60 to 65 °C. The solution was then concentrated under reduced pressure,
and the crude mixture applied to a short column of silica gel and eluted with
dichloromethane/methanol 20:1 to give pure compound 18 (735 mg, 70 %)
as an amorphous solid. R;=0.07 (CH,Cl,/MeOH 20:1); '"H NMR (CDCl;,
400 MHz): 6 =5.80 (d,/=9.8 Hz, 1H; NHAc), 5.38 (d,/ =2.4 Hz, 1 H; H"-
4), 5.15 (dd, 1H; H®-2), 5.02 (dd, J=3.6, 10.6 Hz, 1H; H"3), 4.69 (d, J=
4.0 Hz, 1H; H?*-1), 4.67 (d, /=76 Hz, 1H; H"-1), 4.52-4.47 (m, 1 H; H*-2),
4.13-4.11 (m, 3H), 3.99-3.98 (m, 1H), 3.89-3.82 (m, 1 H), 3.78-3.74 (m,
3H), 3.40 (s, 3H; OCH,), 2.17 (s, 3H; Ac), 2.07 (s, 3H; Ac), 1.97 (s, 3H;
Ac), 1.95 (s, 3H; Ac); *C NMR (CDCl;, 100.6 MHz): 6 =178.06 (C=0),
170.25 (C=0), 170.22 (C=0), 169.88 (C=0), 169.76 (C=0), 101.99, 99.06,
7797, 71.11,70.79, 69.78, 69.58, 68.89, 67.14, 62.90, 61.49, 55.28, 48.03, 39.00,
27.19 (3CH,), 23.54 (NAc), 20.83 (Ac), 20.75 (Ac), 20.67 (Ac); elemental
analysis caled (%) for C,sH,,0,5N: C 51.39, H 6.80, N 2.31; found C 51.20, H
6.74, N 2.32.

Methyl  (6-O-pivaloyl-f-D-galactopyanosyl)-(1 — 3)-2-acetamido-4,6-O-
benzylidene-2-deoxy-a-D-galactopyranoside (19): 1m CH;ONa/CH;OH
was added dropwise at —15 to —20°C to a solution of compound 17
(3.5 g, 5.03 mmol) in dichloromethane/methanol (44 mL, 1:1), until the pH
of solution was adjusted to ~10. The mixture was stirred at the same
temperature for 20 min, then quenched with acetic acid and concentrated
under reduced pressure. The crude mixture so obtained was passed through
a short column of silica gel and eluted with dichloromethane/methanol 20:1
to give pure compound 19 (2.31 g, 81 %) as an amorphous solid. R;=0.25
(CH,Cl,/MeOH 20:1); '"H NMR (CDCl;, 400 MHz): 6 =7.30—7.00 (m, 2H;
ArH), 7.00-6.50 (m, 3H; ArH), 5.95 (d, J=7.5 Hz, 1H; NHACc), 5.60-5.50
(s, 1 H; benzylidene proton), 4.85 (d, J=3.4 Hz, 1H; H*-1), 4.70-4.60 (m,
1H; H*-2), 4.40-4.30 (m, 2H; H*-4, H*-6b), 4.30-4.20 (m, 2H; H*-6b, H*-
6a), 4.15 (d, /=8.0 Hz, 1H; H"-1), 4.05 (dd, 1H; H"-6a), 3.81 (dd, 1 H; H*-
3),3.69 (d, 1H; H"-4), 3.62-3.58 (m, 2H; H"-2, H"5), 3.53 (t, 1 H; H-5),
3.40 (s,3H; OCHs), 3.33 (dd, 1 H; H"-3), 2.01 (s, 3H; Ac), 1.27 (s, 9H; (Bu);
3C NMR (CDCl;, 100.6 MHz): 6 =178.20 (C=0), 171.80 (C=0), 138.00,
129.21, 128.10, 127.00, 105.80, 101.40, 99.60, 77.50, 76.00, 73.20, 72.50, 70.50,
69.20, 68.10, 63.10 (2C), 55.50, 48.50, 38.50, 27.50 (3 CHj;), 23.50 (NAc);
elemental analysis calcd (%) for C,;H300,,N: C 56.93, H 6.90, N 2.46; found
C 56.87, H 6.82, N 2.30.

Phenyl (methyl N-acetyl-5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-2-
p-thio-D-glycero-D-galacto-2-nonulopyranosid)onate (21): (+)-10-Cam-
phorsulfonic acid (232 mg) was added to a solution of compound 20
(6.64 g, 11.38 mmol) in isopropenylacetate (58 mL). After 16 h at 65°C, the
mixture was quenched by adding triethylamine then concentrated under
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reduced pressure to a crude product residue, which was applied to a short
column of silica gel and eluted with hexane/ethyl acetate 1:1 to give pure
compound 21 in quantitative yield. R;=0.53 (hexane/ethyl acetate 1:1)
[a]p=—582 (c=1.0, CHCL;); '"H NMR (CDCl;, 400 MHz): 6 =7.51-7.49
(m, 2H; ArH), 7.39-7.34 (m, 3H; ArH), 5.85 (ddd, 1H; H-4), 5.64 (dd, J =
2.0,9.8 Hz, 1H; H-5),5.25 (t, 1H; H-7), 4.90 (m, 1 H; H-8), 4.31 (dd, J = 1.6,
12.2 Hz,1H;H-9a), 4.14-4.03 (m, 2H; H-9b, H-6), 3.62 (s, 3H; COOCH,),
2.74 (dd, Js3.,=4.0, 12.0 Hz, 1H; H-3e), 2.39 (s, 3H; Ac), 2.26 (s, 3H; Ac),
2.09 (dd, 1H; H-3a), 2.08 (s, 6H; 2Ac), 1.99 (s, 6H; 2Ac); *C NMR
(CDCl;, 100.6 MHz): 6=175.06 (C=0), 173.74 (C=0), 170.53 (C=0),
170.44 (C=0), 170.36 (C=0), 169.75 (C=0), 168.69 (C=0), 136.63, 130.08,
130.20, 129.46, 89.19, 72.28, 70.48, 69.04, 67.08, 62.44, 57.82, 52.85, 38.97
(CH,), 28.15 (Ac), 25.97 (Ac), 21.02 (Ac), 20.99 (Ac), 20.87 (Ac); elemental
analysis caled (% ) for C,sH350,3NS: C 53.75, H5.64,N 2.24, S 5.13; found C
53.73, H 5.67, N 2.06, S 5.12.

Trisaccharide 22: A solution of compound 21 (1.61g, 2.58 mmol),
compound 19 (1.63 g, 2,35 mmol), N-iodosuccinimide (NIS, 1.83 g,
8.13 mmo) in dry dichloromethane/acetonitrile (60 mL, 1:1) containing
3 A MS (12 g) was stirred at —45 to —40°C for 2 h under N, atmosphere.
Trifluoromethanesulfonic acid (TfOH) (237 uL) in dry acetonitrile (2 mL)
was then added dropwise and stirring continued for 6 h. Additional
portions of donor 21 (550 mg) and TfOH (70 uL) were then added and
stirring was continued for a total of 12 h. The mixture was neutralized with
sat. aq. sodium bicarbonate. Solids were filtered off and the organic layer
washed with sat. aq. NaHCO;, 10 % Na,S,0;, water, dried (Na,SO,), and
concentrated under reduced pressure to a crude product. The product was
applied to a column of silica gel and eluted with dichloromethane/methanol
30:1 to give a pure compound 22 (1.26 g, 45 %) as a glassy white solid. R;=
0.15 (CH,Cl,/MeOH 30:1); '"H NMR (CDCl;, 600 MHz): 6 =7.57-7.54 (m,
2H; ArH), 7.37-7.33 (m, 3H; ArH), 6.38 (d,/ =8.4 Hz, 1H; NHACc), 5.56 —
5.47 (m, 3H; H-4, benzylidene proton, H-8), 5.14 (dd, J=8.8, 8.4 Hz, 1 H;
He-7), 5.01 (d, %,,=3.6 Hz, 1H; H*1), 495 (dd, /=10.0 Hz, 1H; H*-6),
4.70-4.69 (m, 1H; H*-2), 4.42 (d, J,,=8.0 Hz, 1H; H"-1), 437 (d, 3/5,=
2.8 Hz, 1H; H*-4), 4.34-4.24 (m, 4H; H*-5, He-9b, H-6b, H®-6a), 4.15 (dd,
J=9.6,10.0 Hz, 1H; H"-3), 4.04 (d, /] =12.6 Hz, 1 H; H*-6a), 3.95-3.88 (m,
2H; H*-9a, H?-3), 3.85 (s, 3H; COOCHj;), 3.71-3.65 (m, 2H; H®-2, H"-5),
3.61 (s, 1H; H*-5), 3.56 (s, 1H; H">4), 3.42 (s, 3H; OCHj,), 2.87 (dd, / = 4.8,
13.0 Hz, 1 H; H¢-3e), 2.37 (s, 3H; NAc), 2.31 (s, 3H; NAc), 2.16 (s, 3H; Ac),
2.15(s,3H; Ac), 2.06 (s, 3H; Ac), 2.03 (s, 3H; Ac), 2.02 (s, 3H; Ac), 1.65 (t,
Jem=12.6Hz, 1H; H%3a), 123 (t, 9H; rBu); “C NMR (CDClL,
100.6 MHz): 6 =172.50 (C=0), 171.98 (C=0), 171.80 (C=0), 171.00
(C=0), 170.30 (C=0), 169.80 (C=0), 168.2 (C=0), 13791, 128.91, 128.10,
126.53, 105.61, 102.31, 99.81, 99.50, 76.10, 76.05, 72.12, 70.00, 69.40, 68.83,
68.00, 67.88, 67.00, 66.55, 63.20, 62.81, 62.00, 56.50, 55.21, 53.00, 49.55, 38.50,
2720 (3CH,;), 23.50 (2NAc), 21.30 (2 Ac), 20.81 (Ac), 20.56 (Ac), 20.51
(Ac); elemental analysis calcd (%) for CyHgO,sN,: C 54.24, H 6.32, N
2.58; found C 53.98, H 6.14, N 2.27.

Trisaccharide 24: Acetic anhydride (5 mL) was added to a solution of
compound 22 (641 mg, 0.53 mmol) and DMAP (10 mg) in dry pyridine
(5 mL). The mixture was stirred overnight at room temperature then
concentrated under reduced pressure, and the crude mixture was passed
through a short column of silica gel eluted with dichloromethane/methanol
40:1 to give acetylated 23 (600 mg) which was directly used for the next
step. Acetylated 23 (600 mg) in 60 % aqueous HOAc was stirred for 2—3 h
at 60 to 65 °C. The solution was concentrated and the crude product applied
to a short column of silica gel and eluted with dichloromethane/methanol
25:1 to give compound 24 (428 mg, 76 %) as a glassy white solid. R; =0.21
(CH,Cl,/MeOH 25:1); '"H NMR (CDCl;, 400 MHz): 6 =6.25 (d,J =8.8 Hz,
1H; NHAC), 5.70-5.60 (m, 1H; H-8), 5.60-5.50 (m, 1H; H*-4), 5.15 (dd,
J=176, 8.6 Hz, 1H; H*7), 510-5.00 (m, 2H; H"2, H*4), 4.83 (d, J=
3.6 Hz, 1H; H*-1), 4.73 (d, J=7.6 Hz, 1 H; H"-1), 4.65-4.50 (m, 3H; H*-6,
H"-3, H*-2), 4.40-4.20 (m, 2H; H*-5, H*-9b), 4.20-4.10 (m, 2H; H*-4, H"
6b),4.00—3.90 (m, 2H; H-5, H*-6b), 3.85 (s, 3H; COOCH3), 3.85-3.70 (m,
5H; H2-6a, H?-5, H>-6b, He-9a, H?-3), 3.40 (s, 3H; OCHj,), 2.62 (dd, J = 4.8,
12.6 Hz, 1 H; H®-3e), 2.36 (s, 3H; Ac), 2.04 (s, 6H; 2Ac), 2.03 (s, 6H; 2Ac),
2.02 (s, 6 H;2Ac), 1.91 (s, 6H; 2Ac), 1.66 (t, Jyer, = 12.6 Hz, 1H; H-3a), 1.27
(s, 9H; rBu); *C NMR (CDCl;, 100.6 MHz): 6 = 177.58 (C=0), 174.20
(C=0), 173.52 (C=0), 171.50 (C=0), 171.30 (C=0), 170.20 (C=0), 170.10
(C=0), 169.70 (C=0), 168.00 (C=0), 102.50, 98.92, 96.53, 78.20, 71.43,
70.79, 69.85, 69.45, 69.41, 69.21, 67.60, 67.40, 67.21, 67.03, 63.00, 61.02, 55.98,
55.10, 53.12, 48.10, 38.20, 27.31 (3 CH3), 23.12 (Ac), 21.53 (Ac), 21.21 (Ac),

0947-6539/00/0618-3447 $ 17.50+.50/0 3447





FULL PAPER

K. L. Matta et al.

20.59 (Ac), 20.55 (Ac); elemental analysis calcd (%) for CyHgO,7N,: C
51.11, H 6.34, N 2.59; found C 50.84, H 6.23, N 2.44.

Glycosylation procedure B with NIS/TfOH promoter: A solution of
acceptor (1 mmol), donor (1.05-1.1 mmol), NIS (3.0 mmol) in dry
dichloromethane containing 4 A MS (500-800 mg per mL) was stirred at
—65 to —60°C for 2 h under N, atmosphere. TFOH (25 uL—32 pL per
mmol NIS) in dry dichloromethane (2 mL) was then added dropwise and
stirring was continued at the same temperature for 1.5-2h. Reaction
monitored by TLC. The mixture was neutralized with sat. aq. sodium
bicarbonate, solids were filtered off and the organic layer washed with sat.
aq. NaHCO;, 10% Na,S,0;, water, dried (Na,SO,), and concentrated
under reduced pressure. The resultant mixture was purified on a column of
silica gel eluted with dichloromethane/methanol to give pure product.

Tetrasaccharide 25: Yield: 1.03 g, 89 % as a glassy white solid from acceptor
18. R;=0.18 (CH,Cl,/MeOH 30:1); 'H NMR (CDCl;, 400 MHz): 6 =7.96 -
700 (m, 11H; ArH), 5.81 (d, 1H, J=9.8 Hz; NHACc), 5.80-5.75 (m, 2H),
5.38(d, 1H),5.28 (d, 1H), 5.15 (dd, 1H), 5.07 (dd, 1 H), 5.02 (dd, 1H), 4.97
(d, Jyem =12.8 Hz, 1H; OCHLC,(H,, ABq), 4.90 (dd, 1H), 4.75 (d, Jyer, =
11.2 Hz, 1H; OCH;C,H;, ABq), 4.69 (d, 1H), 4.59 (d, 1H), 4.67 (d, 1H),
4.52-4.47 (m, 1H), 4.37 (t, 1H), 413-4.11 (m, 3H), 4.09-4.03 (m, 3H),
3.99-3.98 (m, 1H), 3.89-3.82 (m, 3H), 3.76-3.78 (m, 3H), 3.74 (m, 1H),
3.63 (t, 1H), 3.40 (s, 3H; OCHs;), 2.17 (s, 3H; Ac), 2.11 (s, 3H; Ac), 2.10 (s,
3H; Ac), 2.08 (s, 3H; Ac), 2.07 (s, 3H; Ac), 1.98 (s, 3H; Ac), 1.97 (s, 3H;
Ac), 1.95 (s,3H; Ac),1.93 (s, 3H; Ac), 1.27 (s, 9H; tBu); *C NMR (CDCl;,
100.6 MHz): 6 =170.81 (C=0), 170.79 (C=0), 170.53 (C=0), 170.11
(C=0), 170.07 (C=0), 169.99 (C=0), 169.5 (C=0), 169.48 (C=0), 168.89
(C=0), 167.67 (C=0), 134.51, 128.18, 128.70, 127.95, 127.09, 126.61, 126.46,
126.40, 126.21, 126.10, 101.78, 100.41, 98.93, 98.46, 77.98, 77.80, 75.57, 74.64,
74.05, 71.22, 71.02, 70.92, 70.70, 70.50, 70.28, 69.24, 68.77, 67.56, 66.86 (2 C),
61.15,60.92, 55.15, 54.45, 47.85, 27.13 (3 CH;), 23.48 (Ac), 20.75 (3 Ac), 20.67
(3Ac), 20.58 (2 Ac); elemental analysis calcd (% ) for C¢;Hg,O3,N,: C 57.02,
H 5.86, N 1.98; found C 56.97, H 5.83, N 1.73.

Tetrasaccharide 26: Compound 25 (450 mg, 0.32 mmol) in a mixture of
ethanol (18 mL) and NH,-NH,-H,O (2 mL) was stirred at 80 to 85°C for
2 h under N, atmosphere. The mixture was concentrated and dried for 1.5 h
under reduced pressure then acetylated with pyridine/acetic anhydride
(10 mL, 1:1) overnight at room temperature. Pyridine was removed under
reduced pressure and the resultant product was passed through a silica gel
column eluted with dichloromethane/methanol 10:1 to give compound 26
(360 mg, 83%) as an amorphous solid. R;=0.3 (CH,Cl,/MeOH 10:1);
'H NMR (CDCl;, 400 MHz): 6 =7.96-7.30 (m, 7H; ArH), 5.81-5.79 (m,
2H), 5.80-5.77 (m, 2H), 5.38 (d, 1 H), 5.26 (d, 1H), 5.15 (dd, 1 H), 5.07 (dd,
1H), 5.02 (dd, 1H), 497 (d, Jyen =12.6 Hz, 1H; OCH,C,(H;, ABq), 4.88
(dd, 1H), 4.73 (d, J ooy =11.6 Hz, 1H; OCH,C,(H,, ABq), 4.66 (d, 1 H), 4.58
(d, 1H), 4.55 (d, 1H), 4.53-4.48 (m, 1H), 440-4.34 (m, 1H), 4.14-4.10
(m, 3H), 4.09-4.03 (m, 3H), 3.99-3.96 (m, 1H), 3.89-3.83 (m, 3H), 3.76 -
3.78 (m, 3H), 3.75 (m, 1H), 3.64 (m, 1H), 3.34 (s, 3H; OCH;), 2.18 (s, 3H;
Ac), 2.15 (s, 3H; Ac), 2.12 (s, 3H; Ac), 2.11 (s, 3H; Ac), 2.09 (s, 3H; Ac),
2.08 (s,3H; Ac), 1.98 (s, 3H; Ac), 1.98 (s, 3H; Ac), 1.96 (s, 3H; Ac), 1.95 (s,
3H; Ac), 1.26 (s, 9H; tBu); elemental analysis calcd (% ) for C4;3Hg,O3N,: C
55.42, H 6.20, N 2.05; found C 55.12, H 6.16, N 1.78.

General procedure for removal of the 2-naphthylmethyl (NAP) group:
DDQ (1.5 mmol) was added to a solution of compound 26 or 34 (1 mmol)
in dichloromethane/methanol/H,O 4:1:trace (10 mL). The mixture was
stirred at room temperature for 12—20 h and the reaction monitored by
TLC. The mixture was concentrated under reduced pressure to a crude
residue then redissolved in dichloromethane (50-100 mL) and washed
with sat. ag. NaHCO; (3 x 100 mL), water, dried (Na,SO,), and concen-
trated to a crude product, which was purified over a short column of silica
gel eluted with dichloromethane/methanol to yield pure compound.

Tetrasaccharide 27: Yield: 242 mg, 75% as an amorphous solid from 26.
R;=0.38 (CH,Cl,/MeOH 15:1) [a],=58.9 (¢c=1.0, CHCL); 'H NMR
(CD;OD, 400 MHz): 6 =5.36-5.34 (m, 2H; NHACc), 5.13-4.99 (m, 4H),
4.76-4.74 (m, 1H), 4.63 (d, *J,,=3.6Hz, 1H; H*1), 452 (d, 1H, J=
8.4 Hz), 4.40 (dd, 1H), 4.24-4.00 (m, 10H), 3.86-3.84 (m, 4H), 3.76 (dd,
1H), 3.52 (dd, 1H), 3.44-3.36 (m, 1H), 3.36 (s, 3H; OCHs;), 3.31 (s, 1H),
2.14 (s,3H; Ac),2.13 (s,3H; Ac), 2.10 (s, 3H; Ac), 2.09 (s, 3H; Ac), 2.07 (s,
3H; Ac), 2.04 (s, 3H; Ac), 2.03 (s, 3H; Ac), 1.98 (s, 3H; Ac), 1.93 (s, 6H;
2Ac), 1.88 (s, 3H; Ac), 1.19 (s, 9H; 1Bu); *C NMR (CDCl;, 100.6 MHz):
0=184.17 (C=0), 178.17 (CO), 178.06 (C=0), 17705 (C=0), 176.98
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(C=0), 176.88 (C=0), 176.48 (C=0), 176.38 (C=0), 176.15 (C=0), 176.13
(C=0), 107.38 (2C), 106.79, 105.03, 81.65, 81.59, 79.82, 79.40, 77.42, 77.35,
7718, 76.73,76.67, 75.73, 75.19, 75.08, 74.81, 73.67, 73.39, 76.31, 67.10, 65.92,
60.61, 60.22, 55.40, 44.73, 27.85 (3CH,), 27.80 (Ac), 27.65 (Ac), 26.00 (Ac),
25.80 (Ac), 25.60 (Ac), 25.42 (Ac), 25.40 (Ac); elemental analysis calcd (%)
for C5,H76045N,: C 50.78, H 6.25, N 2.29; found C 51.0, H 6.23, N 2.01.

Tetrasaccharide 28: SO; - pyridine complex (62 mg, 0.39 mmol) was added
to a solution of compound 27 (320 mg, 0.26 mmol) in dry pyridine (6 mL).
The mixture was stirred at 0 to 5 °C for 6 h. The reaction was quenched with
methanol and the mixture concentrated under reduced pressure to a crude
residue, which was applied to a short column of silica gel eluted with
dichloromethane/methanol 20:1 to yield pure compound 28 (280 mg, 81 %)
as a glassy white solid. R;=0.36 (CH,Cl,/MeOH 10:1); 'H NMR (CDCl;,
400 MHz): 6 =5.39-5.37 (m, 2H; NHACc), 5.15-5.09 (m, 1H), 5.08-5.06
(m, 3H), 5.04-5.01 (m, 2H), 4.81-4.77 (m, 2H), 4.66 (d, J=3.2 Hz, 1 H),
4.55 (d, J=8.8Hz, 1H), 443 (dd, /=32, 10.4 Hz, 1H), 4.22 (dd, 1H),
4.17-4.05 (m, 7H), 3.93-3.87 (m, 5H), 3.79 (dd, 1 H), 3.53 (dd, 1H), 3.43 -
3.41 (m, 1H),3.38 (s, 3H; OCH,), 3.33 (s, 1 H), 2.16 (s, 3H; Ac),2.15 (s,3H;
Ac), 2.12 (s, 3H; Ac), 2.09 (s, 3H; Ac), 2.07 (s, 3H; Ac), 2.04 (s,3H; Ac),
2.00 (s,3H; Ac), 1.97 (s, 6H; 2Ac), 1.91 (s, 3H; Ac), 1.27 (s, 9H; Bu);
BC NMR (CDCl;, 100.6 MHz): 6 =184.32 (C=0), 178.39 (C=0), 178.27
(C=0), 177.24 (C=0), 17721 (C=0), 177.09 (C=0), 177.07 (C=0), 176.68
(C=0), 176.62 (C=0), 176.39 (C=0), 108.05, 107.54, 106.58, 105.07, 81.62,
80.18,79.73,79.63, 7774, 77.46, 76.88, 76.84, 76.57, 76.14, 75.71, 75.35, 75.10,
73.90, 73.53, 71.73, 67.46, 66.99, 60.89, 60.35, 55.60, 32.59, 28.00, 27.96 (Ac),
26.18 (Ac), 25.95 (Ac), 25.58 (Ac), 25.19 (Ac).

Deprotected tetrasaccharide 1: A catalytic amount of 1M sodium meth-
oxide (100 pL) was added to a solution of compound 28 (120 mg,
0.092 mmol) in aqueous methanol (6 mL). The mixture was stirred at
room temperature for 24 h then neutralized with acetic acid and
concentrated under reduced pressure. The product was dissolved in water
and treated with Amberlite IR 120 (Na*) cation exchange resin, filtered,
and concentrated under reduced pressure to a crude mixture, which was
applied to a short column of silica gel eluted with nC;H,;OH/HOAc/H,0O
3:1:1 to give a pure compound 1 (30 mg, 38 %) as a glassy white solid. R;=
0.1 (nC;H,OH/HOACc/H,0O 3:1:1); '"H NMR (CD;0OD+D,0, 600 MHz):
0=4.776 (d, J=32Hz, 1H; H*1), 4.59 (d, J=8.4 Hz, 1H; H*1), 4.54 (d,
J=78Hz, 1H; Hd-1), 4.46 (d, /=78 Hz, 1H; H"-1), 441 (dd, J=9.6 Hz,
1H; H-6b), 4.34—4.30 (m, 2H; H*-6a, H*-2), 4.21 (d, J=3.0 Hz, 1 H; H*-4),
4.12 (dd, 1H; H*-5), 4.04-4.02 (m, 1H; H*6b), 4.01-3.99 (m, 1H; H*-3),
3.94 (d,/=3.6 Hz, 1H; H%4),3.92 (d, J=3.0 Hz, 1 H; H"*-4), 3.80-3.72 (m,
9H; He-5, He-4, H*-6a, H®>6b, He-2, H-6b, H®-6a, H®-3, H-6a), 3.69-3.61
(m, 4H; H-5, H4-3, HP-5, H"3), 3.56-3.50 (m, 2H; H-2, H-2), 3.37 (s,
3H; OCH,), 2.02 (s, 3H; Ac), 1.91 (s, 3H; Ac); *C NMR (D,0+CD;O0D,
100.6 MHz): 6 =175.17 (C=0), 174.99 (C=0), 105.31, 103.20, 102.51, 98.78,
78.30,77.92,76.01, 75.59, 73.22, 72.99, 71.68, 71.31, 71.07, 70.06, 69.95, 69.59,
69.29, 68.99, 66.97, 61.68, 61.58, 55.76, 55.58, 55.48, 49.20, 22.69 (Ac), 22.62
(Ac); FABMS (m/z) (positive ion mode) C,yH;0,,N,SNa,: 887.3; found
8874 [M + Na]*t.

Sialylated tetrasaccharide 29: See glycosylation procedure B, yield: 291 mg,
59% as an amorphous solid from acceptor 24. R;=0.32 (CH,Cl,/MeOH
30:1); '"H NMR (CDCl;, 600 MHz): 6 =7.88-7.82 (m, 6 H; ArH), 7.80-7.62
(m, 2H; ArH), 7.58-7.42 (m, 3H; ArH), 6.08 (d, /=8.8 Hz, 1 H; NHAc),
5.74 (t,J=10.4,9.2 Hz, 1H; H%-3), 5.62 (ddd, 1 H; H*-8), 5.55 (ddd, 1 H; H*-
4),5.36 (d,J,,=8.8 Hz, 1H; H%-1), 5.21 (d, J=2.8 Hz, 1H; H*-4), 5.12 (dd,
J=24, 9.8 Hz, 1H; H7), 5.02-4.98 (m, 3H; H"2, H*-2, OCHC,,H;,
ABq), 4.80 (dd, J=3.6,10.6 Hz, 1 H; H®-3), 4.69-4.66 (m, 2H; OCHC,,H;,
ABq, H-1), 4.62-4.55 (m, 2H; H®-6, H*-3), 4.51 (d, J,,=8.0 Hz, 1 H; He-
1),4.35-4.23 (m, 5H; H?-1, H*-2, H-5, He-9b, HY-2),4.10-3.94 (m, 7H; H-
4, He-6b, H>-6b, H!-6b, H-6a, He-6a, H*-4), 3.88-3.80 (m, 7H; COOCHs,
H"-4, H*-6b, H*-6a, H*-9b), 3.77-3.64 (m, SH; H"6a, H*-5, H'-5, H4-5, H*-
3),3.36-3.48 (m, 1 H; He-5), 2.85 (s, 3H; OCHy,), 2.66 (dd, J = 4.8, 12.6 Hz,
1H; H¢-3e),2.36 (s,3H; Ac), 2.30 (s,3H; Ac), 2.23 (s,3H; Ac), 2.18 (s, 3H;
Ac), 2.09 (s, 3H; Ac), 2.08 (s, 3H; Ac), 2.05 (s, 3H; Ac), 2.03 (s, 3H; Ac),
1.96 (s,3H; Ac), 1.95 (s, 3H; Ac), 1.85 (s, 3H; Ac), 1.81 (s, 3H; Ac), 1.58 (t,
J=12.4 Hz, 1H; H¢-3a), 1.20 (s, 9H; rBu); *C NMR (CDCl;, 100.6 MHz):
0=17179 (C=0), 174.19 (C=0), 173.78 (C=0), 171.48 (C=0), 171.23
(C=0), 170.47 (C=0), 170.37 (C=0), 170.27 (C=0), 170.19 (C=0), 170.12
(C=0),170.09 (3C=0), 169.78 (C=0), 169.76 (C=0), 168.96 (C=0), 168.08
(C=0), 167.81 (C=0), 135.38, 134.45, 134.15, 133.37, 133.33, 128.80, 128.09,
128.04, 12722, 126.53, 126.31, 126.27, 126.25, 102.66, 100.51, 99.09, 98.40,
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96.78,78.44,75.69, 74.72, 74.19, 71.59, 71.32, 71.11, 70.77,70.71, 70.59, 69.52,
69.42, 69.35, 69.18, 68.87, 67.68, 67.54, 67.49, 67.14, 67.01, 63.16, 61.04, 60.97,
56.00, 55.27, 54.44, 53.15, 48.32, 38.47, 27.27, 23.33 (Ac), 21.62 (Ac), 21.21
(Ac), 21.10 (Ac), 20.89 (Ac), 20.85 (Ac), 20.79 (Ac), 20.67 (Ac), 20.64 (Ac);
elemental analysis calcd (%) for CyH;;;O,5N;: C 55.38, H 5.93, N 2.23;
found C 53.61, H 5.52, N 1.83.

Pentasaccharide 32: A solution of compound 29 (201 mg, 0.10 mmol),
DMAP(5 mg), and acetic anhydride (3 mL) in dry pyridine (3 mL) was
stirred at room temperature overnight. The reaction mixture was concen-
trated under reduced pressure to a crude residue which was applied to a
short column of silica gel eluted with dichloromethane/methanol 25:1 to
give a pure compound 30 (205 mg) in quantitative yield. A solution of
compound 30 (218 mg, 0.106 mmol) in dichloromethane/methanol (5 mL,
4:1) was treated with DDQ (36 mg, 1.62 mmol) and th reaction mixture was
stirred at room temperature for 16 h. An additional portion of DDQ
(20 mg) was added and stirring continued for a total of 18 h. The reaction
mixture was concentrated under reduced pressure, redissolved in dichloro-
methane (50 mL), then washed with sat. aq. NaHCO; (3 x 100 mL), water,
dried (Na,SO,), and concentrated under reduced pressure to a crude
product which was directly used for the next reaction. To a solution of the
above product (196 mg) in dry pyridine (3 mL) was added SO;-pyridine
(25 mg) and the mixture was stirred at 0 to 5°C for 6 h under N,
atmosphere. The reaction mixture was quenched with methanol and
concentrated under reduced pressure to a crude product which was treated
in methanol (5 mL) with Amberlite IR 120 (Na*) cation exchange resin at
room temperature for 4 h. The mixture was filtered then concentrated to a
crude product, which was applied to a short column of silica gel eluted with
dichloromethane/methanol 15:1 to give 32 (135 mg, 63 % ) as an amorphous
solid. R;=0.35 (CH,Cl/MeOH 15:1); 'H NMR (CDCl;, 600 MHz): ¢
=7.68-745 (m,4H; ArH), 5.68 (dd, J = 8.6, 10.0 Hz, 1 H; H¢-3), 5.57 (ddd,
1H; He-4), 5.50 (ddd, 1H; H®-8), 5.44-5.36 (m, 2H, J,,=7.6 Hz; H4-1,J =
2.8 Hz; H*-4),5.30 (d,/ =3.2 Hz, 1 H; H*-4), 5.20-5.09 (m, 2H; H*-7, H°-3),
5.08-5.00 (m, 2H; H*-4, H®-2), 4.97 (d, J,,=8.0 Hz, 1H; H*-1), 4.80-4.76
(m, 1H; H"2), 4.70 (d, J,,=8.0 Hz, 1H; H®-1), 4.64-4.56 (m, 2H; H"-3,
He®-6), 4.40-4.32 (m, 3H; H4-6b, H'-6a, H°-5), 4.32-4.21 (m, 2H; H*-2, H"-
9b),4.18 (d, J;,=3.6 Hz, 1H; H?-1), 4.16-4.05 (m, 6 H; He-6b, H*-6a, H*-5,
HP-6b, H-6b, H%-2), 4.04-3.92 (m, 4H; H-4, H*-6a, H*-9a, H*-3), 3.92—
3.84 (m, SH; H"6a, COOCHj;, H*-5), 3.84 -3.80 (m, 1 H; H4-5),3.42 (t, 1 H;
HP-5),3.00-2.96 (s, 3H; OCH3), 2.60 (dd, J =4.8,12.6 Hz, 1 H; H"-3e), 2.36
(s,3H; Ac),2.34 (s,3H; Ac),2.24 (s,3H; Ac), 2.16 (s, 3H; Ac), 2.14 (s, 3H;
Ac), 2.10 (s, 3H; Ac), 2.08 (s, 3H; Ac), 2.07 (s, 3H; Ac), 2.06 (s, 3H; Ac),
2.04 (s,3H; Ac),2.02 (s,3H; Ac), 1.98 (s, 3H; Ac), 1.94 (s, 3H; Ac), 1.92 (s,
3H; Ac), 1.88 (s, 3H; Ac), 1.52-1.44 (t, J=12.6 Hz, 1 H; H*-3a), 1.20 (s,
9H; (Bu); “C NMR (CD;OD, 100.6 MHz): 6 =175.98 (C=0), 173.10
(C=0), 172.81 (C=0), 172.72 (C=0), 172.25 (C=0), 172.17 (C=0), 172.14
(C=0), 172.11 (C=0), 172.03 (C=0), 171.92 (C=0), 171.79 (C=0), 171.74
(C=0), 171.49 (C=0), 169.51 (C=0), 134.50, 124.57, 102.77, 101.52, 100.45,
99.99, 98.16, 76.58, 75.32, 74.94,72.99, 72.81, 72.56, 71.93, 71.77, 71.57, 71.54,
71.50,70.92,70.76, 69.91, 68.99, 68.70, 68.41, 68.17, 66.41, 63.54, 62.49, 61.76,
5719, 56.26, 55.52, 53.74, 50.52, 39.72 (CH,), 27.69 (3 CH3;), 23.17 (Ac), 21.85
(Ac), 21.82 (Ac), 21.32 (Ac), 20.98 (Ac), 20.90 (Ac), 20.87 (Ac), 20.74 (Ac),
20.63 (Ac), 20.59 (Ac).

Deprotected pentasaccharide 2: Lithium iodide (Lil, 400 mg, 3.0 mmol)
was added to a solution of compound 32 (126 mg, 63 pmol) in dry pyridine
(4 mL). The mixture was refluxed at 120 to 25°C for 6 h under N,
atmosphere. The dark yellow solution was then concentrated to dryness
and co-evaporated with toluene to a corresponding carboxylic acid as a
dark yellow amorphous solid which was directly used for the next reaction.
A solution of the above in methanol (15 mL), was treated with NH,-NH, -
H,0 (3 mL) solution for 4 h at 80 to 85°C, the mixture was concentrated
under reduced pressure, co-evaporated with toluene then acetylated with
acetic anhydride/pyridine 1:1 in the presence of catalytic amount of DMAP
at room temperature overnight. The acetylated mixture was concentrated
and passed through a short column of silica gel eluted with dichloro-
methane/methanol 10:1 to give a bright yellow film. To a solution of this
bright yellow film in methanol/water (2 mL, 1:1), was added a catalytic
amount of 1M sodium methoxide (150 pL). The mixture was stirred at room
temperature for 48 h and concentrated under reduced pressure to a crude
mixture, which was then applied to a short column of silica gel eluted with
nC;H,OH/HOACc/H,O 1:1:1 to give a pure compound 2 (26 mg, 36 %). R;=
0.39 (nC;H,OH/HOACc/H,O 1:1:1); 'H NMR (D,0, 600 MHz): 6 =4.76 (d,
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Ji,=32Hz, 1H; H*1), 4.58 (d, J,,=8.0Hz, 1H; H-1), 4.54 (d, J,,=
7.6 Hz, 1H; He-1), 4.52 (d, J,,=8.0 Hz, 1H; H"1), 441 (dd, J=10.0 Hz,
1H; Hé-6b), 4.35-4.28 (m, 2H; Hé-6a, H3-2), 4.20 (d, J;,= 3.6 Hz, 1H; H>-
4),4.10-3.99 (m, 4H; H*-5, H-3, H*-6a, H*-3), 3.90-3.56 (m, 20H; He-9b,
He-5, H-6b, H!-5, H*-6a, H-2, He-5, He-7, He-4, He-3, HP-5, H"-6a, He-4, He-
6, He-92), 3.55-3.50 (m, 2H; He-2, H-2), 3.37 (s, 3H; OCH,), 2.75 (dd, J =
4.4,12.0 Hz, 1 H; He-3e), 2.03 (s, 3H; Ac), 2.01 (s, 3H; Ac), 1.91 (s, 3H; Ac),
1.78 (t, J=12.8 Hz, 11.6 Hz, 1 H; He-3a); ®C NMR (D,0, 100.6 MHz): 6 =
173.81 (C=0), 173.44 (C=0), 173.30 (C=0), 172.80 (C=0), 103.36, 101.33,
100.75, 98.52, 96.97,76.17,74.47,74.19, 73.56, 71.62, 71.38, 71.32, 71.16, 70.65,
69.84, 69.58, 68.24, 67.88, 67.71, 67.47, 67.26, 66.90, 66.20, 65.09, 61.30, 59.91,
59.76, 53.95, 53.75, 50.50, 47.37, 38.54 (CH,), 21.04 (Ac), 20.92 (Ac), 20.89
(Ac); FABMS (m/z) (positive ion mode) calcd for C,HgO3N;SNa,:
1178.6; found 887.4 [M+Na — NeuS5Ac]*.

Hexasaccharide 33: See glycosylation procedure B, yield: 386 mg, 79 % as
an amorphous solid from acceptor 24. R;=0.46 (CH,Cl,/MeOH 30:1);
'"H NMR (CDCl;, 600 MHz): 6 =7.96-7.89 (m, 4H; ArH), 7.70-7.69 (m,
2H; ArH), 7.56-7.51 (m, 4H; ArH), 7.29-7.01 (m, 16 H; ArH), 6.09 (d,J =
9.6 Hz, 1H; NHAC), 5.65 (ddd, 1 H; H*-8), 5.57 (ddd, 1H; H*-4), 5.13-5.11
(m, 3H; H¢-1, He-7, He-4), 5.03-4.98 (m, 3H; H"-2, H*-2, OCHATr, ABq),
4.85-4.73 (m, 4H; H*4, J;,=3.6 Hz, OCHAr, ABq, H*-3, H*-1, J;,=
8.0 Hz), 4.72-4.70 (m, 2H, J,,=5.2 Hz; H*1, H"-1), 4.69-4.56 (m, 3H;
OCHAr, J,.,=12.0Hz, H-6, OCHAr, J,,=11.6 Hz, ABq), 445 (d,
Joem=12.8 Hz, 1H; OCHAr, ABq), 4.37-4.19 (m, 7H; H"-1, H-4, H*-5, H*-
9b, H*-2, H-4), 4.11-3.80 (m, 14 H; He-6b, H"-6b, H?-6b, H'-3, H!-6b, H"-
6a, He-6a, COOCHj;, H¢-6a, He-9b, H"-5, H*-3), 3.73-3.56 (m, 2H; H*-6a,
H-2), 3.35 (t, J=6.8, 72 Hz, 1H; H*-5), 2.84 (s, 3H; OCHs;), 2.67 (dd, J =
5.2,12.8 Hz, 1H; H®-3e),2.37 (s,3H; Ac), 2.31 (s, 3H; Ac), 2.24 (s, 3H; Ac),
2.19 (s,3H; Ac), 2.09 (s, 3H; Ac), 2.05 (s, 3H; Ac), 2.04 (s, 3H; Ac), 1.96 (s,
3H; Ac), 1.95 (s, 3H; Ac), 1.93 (s, 3H; Ac), 1.92 (s, 3H; Ac), 1.91 (s, 3H;
Ac), 1.79 (s, 3H; Ac), 1.59 (t, J=12.4 Hz, 1H; H¢-3a), 1.20 (s, 12H; Bu,
CHj;-f); *C NMR (CDCl;, 100.6 MHz): 6 =177.70 (C=0), 174.10 (C=0),
173.72 (C=0), 173.07 (C=0), 171.37 (C=0), 171.15 (C=0), 170.35 (C=0),
170.19 (C=0), 170.05 (C=0), 170.02 (C=0), 169.89 (C=0), 169.75 (C=0),
169.73 (C=0), 169.68 (C=0), 168.80 (C=0), 167.98 (C=0), 139.10, 138.91,
138.51, 135.40, 134.14, 133.22, 128.71, 128.32, 128.27, 128.20, 128.08, 127.98,
127.50, 127.27, 127.21, 127.09, 126.83, 126.44, 126.12, 125.99, 102.60, 99.70,
99.26, 98.22, 97.46, 96.71, 79.90, 78.47, 75.38, 75.26, 74.58, 74.29, 73.91, 72.85,
72.44,72.35,71.50, 71.45, 71.16, 70.84, 70.67, 70.41, 69.44, 69.27, 69.23, 69.10,
68.71, 68.08, 67.49, 67.43, 67.33, 67.07, 68.82, 66.51, 63.13, 60.88, 60.18, 56.64,
55.92,54.39, 53.08, 48.24, 38.38, 27.20 (3 CHj;), 23.25 (Ac), 21.54 (Ac), 21.14
(Ac),21.03 (Ac), 20.80 (Ac), 20.69 (Ac), 20.61 (Ac), 16.81 (CH;); elemental
analysis calcd (%) for C,pH,35046N;: C58.88, H 6.12, N 1.89; found C 58.73,
H 5.88, N 1.59.

Hexasaccharide 34: A solution of compound 33 (284 mg, 0.12 mmol),
DMAP(8 mg), dry pyridine (5 mL), and acetic anhydride(5 mL) was stirred
at room temperature overnight. The reaction mixture was concentrated
under reduced pressure to a crude product, which was passed through a
short column of silica gel eluted with dichloromethane/methanol 25:1 to
give a pure compound 34 (264 mg, 85 %) as an amorphous solid. R;=0.59
(CH,Cl,/MeOH 25:1); 'H NMR (CDCl;, 600 MHz): 6 =7.95-7.80 (m, 4H;;
ArH), 770-761 (m, 3H; ArH), 7.56-7.50 (m, 3H; ArH), 7.29-7.03 (m,
15H; ArH), 6.11 (d, /J=9.5Hz, 1H; NHAc), 5.64 (ddd, 1H; H*-8), 5.56
(ddd, 1H; H*4), 5.13-5.10 (m, 3H; Hd-1, H-7, H*-4), 5.03-4.96 (m, 3H;
H"-2, H*-2, OCHAr, ABq), 4.88-4.73 (m, 4H; H*4, J;, = 3.6 Hz, OCHA,
ABq, H*-3,H*-1,J;,=8.1 Hz),4.71-4.69 (m, 2H; J,, = 5.2 Hz, H*-1, H"-1),
4.69-4.51 (m, 3H; OCHAr, Jy,=12.4 Hz, ABq, H*-6, OCHATr, Jyer, =
12.6 Hz, ABq), 4.44 (d, J,ey = 12.8 Hz, 1H; OCHATr, ABq), 4.38-4.20 (m,
7H; H'-1, H-4, H*-5, H*-9b, H*-2, H9-4), 4.12-3.81 (m, 14 H; He-6b, H>-6b,
He-6b, H'-3, He-6b, H"6a, He-6a, COOCH;, H'6a, H*-9b, H"-5, H*-3),
3.74-3.56 (m, 2H; H*-6a, H'-2), 3.36 (t, / = 6.9, 7.3 Hz, 1 H; H*-5), 2.85 (s,
3H; OCHs;), 2.67 (dd,J=5.2,12.8 Hz, 1H; H*3e), 2.38 (s, 3H; Ac), 2.33 (s,
3H; Ac), 2.26 (s, 3H; Ac), 2.19 (s, 3H; Ac), 2.09 (s, 3H; Ac), 2.06 (s, 3H;
Ac), 2.04 (s, 3H; Ac), 1.98 (s, 3H; Ac), 1.96 (s, 3H; Ac), 1.94 (s, 3H; Ac),
1.93 (s, 6 H; 2Ac), 1.91 (s,3H; Ac), 1.80 (s,3H; Ac), 1.59 (t,/ =12.6 Hz, 1 H;
He-3a), 1.21 (s, 12H; Bu, CHY); ®C NMR (CDCl;, 100.6 MHz): 6 =170.81
(C=0), 170.70 (C=0), 170.51 (C=0), 170.34 (C=0), 170.21 (C=0), 169.89
(C=0), 169.85 (C=0), 169.84 (C=0), 169.80 (C=0), 169.69 (C=0), 169.64
(C=0), 168.88 (C=0), 168.41 (C=0), 168.21 (C=0), 139.20, 138.26, 135.50,
134.50, 128.95, 128.50, 128.48, 128.46, 128.45, 128.43, 128.05, 127.52, 127.50,
127.45,127.00, 126.57, 126.51, 126.41, 101.98, 99.75, 99.51, 98.40, 97.53, 96.58,
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80.12,75.25,75.21,74.65, 74.63, 74.02, 74.00, 73.21, 72.50, 71.98, 71.31, 70.45,
70.41,70.35, 70.21, 69.81, 69.75, 69.10, 68.95, 68.00, 67.51, 67.20, 66.81, 66.40,
62.90, 60.85, 60.30, 56.50, 56.00, 54.98, 53.20, 53.19, 49.50, 38.50, 27.50, 23.10,
21.51, 21.30, 21.29, 21.29, 20.98, 20.95, 20.57, 20.56, 16.89 (CHj;); elemental
analysis caled (%) for C;;H;3,04/N;: C58.85, H 6.10, N 1.86; found C 58.80,
H 6.00, N 1.83.

Hexasaccharide 35: See general procedure, yield: 262 mg, 80% as an
amorphous solid from 34. R;=0.31 (CH,Cl,/MeOH 30:1); 'H NMR
(CDCl;, 600 MHz): 0 =7.26-7.17 (m, 15H; ArH), 7.15-7.12 (m, 2H; ArH),
7.01-6.99 (m, 2H; ArH), 5.99 (d, J=8.4 Hz, 1H; NHACc), 5.56-5.55 (m,
3H; H*4, H*-7), 535 (d, J=2.8 Hz, 1H), 527 (d, J=32 Hz, 1H), 5.14—
5.07 (m,3H), 5.02 (dd,/=2.4,10.6 Hz, 1H), 4.98 (d,/=3.2 Hz, 1 H), 4.90 -
4.86 (m, 2H), 4.81 (d, Jyn = 12.0 Hz, 1H; OCHPh, ABq), 4.72-4.53 (m,
4H; H*-1, 30CHPh, ABq), 4.52 (dd, /=706, 32 Hz, 1H), 4.38 (d, Jyen =
12.4 Hz, 1H; OCHPh), 4.36-3.36 (m, 6 H; H*-2, OCHPh, ABq, COOCHy,
H*-3), 3.63 (s, 1H), 3.44-3.42 (m, 1H), 3.25 (t, 1H), 2.95 (s, 3H; OCH,),
2.64 (dd, J=4.8, 12.4 Hz, 1H; H¢-3e), 2.35 (s, 3H; Ac), 2.29 (s, 3H; Ac),
2.21 (s,3H; Ac),2.03 (s,3H; Ac), 1.99 (s, 3H; Ac), 1.95 (s, 3H; Ac), 1.94 (s,
3H; Ac), 1.88 (s, 3H; Ac), 1.59-1.54 (m, 4H; Ac, H%3a), 1.21-1.17 (m,
12H; CHY, tBu); ¥*C NMR (CDCl;, 100.6 MHz): 6 =177.69 (C=0), 174.13
(C=0), 173.8 (C=0), 171.75 (C=0), 171.50 (C=0), 171.45 (C=0), 171.04
(C=0), 170.63 (C=0), 170.45 (C=0), 170.21 (C=0), 170.06 (C=0), 169.98
(C=0), 169.86 (C=0), 169.73 (C=0), 168.01 (C=0), 134.18, 128.35, 128.27,
128.22, 128.11, 127.92, 127.55, 12729, 127.26, 12713, 101.69, 101.26, 98.67,
98.37,97.82,96.71,79.92, 75.51, 75.03, 74.80, 74.37, 74.05, 72.98, 72.79, 72.48,
71.66, 71.15, 7076, 70.43, 70.14, 69.67, 69.35, 68.54, 67.38, 67.22, 67.13, 67.08,
60.68, 62.82, 60.54, 60.48, 60.44, 56.46, 56.01, 54.86, 53.06, 49.15, 38.46
(CH,), 27.18 (3CHj;), 23.31 (Ac), 21.52 (Ac), 21.16 (Ac), 21.05 (Ac), 20.86
(Ac), 20.84 (Ac), 20.68 (Ac), 20.64 (Ac), 16.87 (CH;); elemental analysis
caled (%) for CH;3,0,5N: C 56.71, H 6.17, N 1.96; found C 56.78, H 5.65,
N 1.92.

Hexasaccharide 36a: A solution of compound 35 (253 mg, 0.11 mmol), dry
pyridine (5 mL), and SO; - pyridine complex (26 mg, 0.39 mmol) was stirred
at 0 to 5°C for 6 h. The mixture was quenched with methanol and
concentrated under reduced pressure to a crude mixture, which was applied
to a short column of silica gel eluted with dichloromethane/methanol 20:1
to give a pure compound 36 (156 mg, 81%) as a glassy white solid. A
solution of compound 36 (120 mg, 50.2 pmol) and 10% Pd/C (300 mg) in
dry dichloromethane/methanol (10 mL, 4:1) was stirred at room temper-
ature for 6 h under hydrogen atmosphere. Solids were filtered off and the
organic layer was concentrated to a crude residue, which was passed
through a short column of silica gel eluted with dichloromethane/methanol
10:1 to give compound 36a (138 mg) in quantitative yield. R;=0.17
(CH,Cl1,/MeOH 10:1); "TH NMR (CDCl;, 600 MHz): 6 =8.00—7.80 (m, 4H;
ArH), 5.59-5.58 (m, 1H; H*-4), 5.53-5.49 (m, 1H; H*-8), 5.44 (d, 1 H; H*-
4),5.27 (d,J =2.8 Hz, 1 H; H*4), 5.19-5.16 (m, 2H, H-1,J,, = 8.6 Hz, He-
7), 5.06 (d, J=3.2 Hz, 1H; H*4), 4.81-4.76 (m, 2H; H'-5, H"-2), 4.71 (d,
Ji,=8.0Hz, 1H; H"1), 4.63-4.60 (m, 2H; H*-6, H">3), 4.56 (d, J,,=
4.0 Hz, 1H; H-1), 452 (t, 7=9.2, 10.8 Hz, 1H; H'-3), 444 (dd, J=2.0,
10.8 Hz, 1H; H-6b), 4.38-4.32 (m, 2H; H%6a, H-5), 4.27-4.09 (m, 6H;
H#-2, He-9b, H*-6b, H4-2, He-1, H?-3), 4.04-3.91 (m, 3H; H%4, H*-6a, H-
9a), 3.91-3.85 (m, 5H; H*-5, COOCH,), 3.81 (dd,J=3.6,10.2 Hz, 1H; H"-
3),3.76 (dd, 1H; H-5), 3.70 (d, 1H; H-4), 3.37-3.33 (m, 3H), 2.99 (s, 3H;
OCH,), 2.59 (dd, /=52, 12.4 Hz, 1H; H¢-3e), 2.37 (s, 3H; NAc), 2.35 (s,
3H; NAc), 2.23 (s, 3H; Ac), 2.14 (s, 6H; 2Ac), 2.08 (s, 9H; 3Ac), 2.06 (s,
3H; Ac), 2.04 (s, 3H; Ac), 1.97 (s, 3H; Ac), 1.96 (s, 3H; Ac), 1.95 (s, 3H;
Ac), 1.49 (t, J o, = 11.2 Hz, 1H; He-3a), 1.28 (d, /= 6.8 Hz, 3H; CHY), 1.22
(s, 9H; Bu); *C NMR (CDCl;, 100.6 MHz): 6 =176.50 (C=0), 176.00
(C=0), 175.50 (C=0), 172.85 (C=0), 172.18 (C=0), 172.07 (C=0), 171.97
(C=0), 171.78 (C=0), 171.67 (C=0), 135.88, 124.72, 102.82, 100.98, 100.60,
100.37,99.97,98.18, 75.94, 75.43,75.37,74.12, 73.67, 73.03, 72.83, 72.20, 71.87,
71.60,71.52,71.21, 70.94, 70.66, 70.05, 69.91, 69.13, 69.00, 68.73, 68.47, 68.22,
67.84, 66.53, 63.60, 62.22, 61.81, 57.83, 57.22, 55.60, 53.78, 50.53, 39.75, 27.74
(3CHs), 23.21 (Ac), 21.90 (Ac), 21.87 (Ac), 21.37 (Ac), 21.08 (Ac), 20.96
(Ac),20.91 (Ac), 20.89 (Ac),20.80 (Ac), 20.68 (Ac), 16.88 (CH;); elemental
analysis calcd (% ) for C,,H;,O(NS: C67.17, H5.64, N 1.09, S 2.49; found C
67.09, H 5.81, N 1.00, S 2.49.

Deprotected hexasaccharide 3: Procedure A: Lil (500 mg, 3.25 mmol) was
added to a solution of compound 36 (201 mg, 84 umol) in dry pyridine
(5 mL). The mixture was stirred at 120 to 125°C for 8—10 h under N,
atmosphere. The dark yellow solution was evaporated to dryness, co-
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evaporated with toluene to a corresponding carboxylic acid as a dark
yellow amorphous solid which was directly used for the next reaction. A
solution of the above in methanol (15 mL) was added NH,-NH,-H,0
(3 mL) solution for 4 h at 80 to 85°C. The mixture was concentrated under
reduced pressure co-evaporated with toluene then acetylated with acetic
anhydride/pyridine 1:1 in the presence of catalytic amount of DMAP at
room temperature for overnight. The acetylated mixture was concentrated
under reduced pressure to a crude product which was passed through a
short column of silica gel eluted with dichloromethane/methanol 10:1 to
give a bright yellow film. To a solution of this bright yellow film in
methanol/water (2 mL, 1:1), was added 1M sodium methoxide (100 pL) and
the mixture was stirred at room temperature for 48 h. The reaction mixture
was then concentrated under reduced pressure to a crude mixture which
was applied to a short column of silica gel eluted with nC;H;OH/HOAc¢/
H,0 6:1:1 to give a white solid. A mixture of this white solid, methanol/
acetic acid (10 mL, 1:1) and 10% Pd/C (300 mg) was stirred at room
temperature overnight under hydrogen atmosphere. The solids were
filtered off and the filtrate concentrated to a crude product which was
passed through a short column of silica gel and eluted with nC,H,OH/
HOACc/H,O 1:1:1 to give a pure compound 3 (15mg, 35.0%) as an
amorphous solid.

Procedure B: Compound 36a (50 mg) was acetylated with acetic anhy-
dride/pyridine 1:1 (10 mL) at room temperature overnight. The reaction
mixture was evaporated under reduced pressure to a crude mixture which
was passed through a short column of silica gel eluted with dichloro-
methane/methanol 10:1 to give an amorphous solid. Lil (100 mg,
0.75 mmol) was added to a solution of the above in dry pyridine (3 mL).
The mixture was refluxed at 120 to 125°C for 68 h under N, atmosphere.
The dark yellow solution was evaporated to dryness, co-evaporated with
toluene (3 x 10 mL) and concentrated to the corresponding carboxylic acid
as a dark yellow amorphous solid directly used for the next reaction. A
solution of the free acid in methanol (7.5 mL), was treated with NH,-NH, -
H,O (2.5 mL) solution for 4 h at 80 to 85°C. The mixture was concentrated
under reduced pressure, co-evaporated with toluene (3 x 10 mL) and
acetylated with acetic anhydride/pyridine in the presence of a catalytic
amount of DMAP at rt overnight. The mixture was concentrated and
passed through a short column of silica gel eluted with dichloromethane/
methanol 10:1 to give a bright yellow film. To a solution of this bright
yellow film in methanol/water (1.5 mL, 1:1), was added a catalytic amount
of 1M sodium methoxide (50 uL) and the solution was stirred at room
temperature for 48 h. It was then concentrated under reduced pressure to
give a product, which was applied to a short column of silica gel and eluted
with nC;H,OH/HOACc/H,O 1:1:1 to give a pure compound 3 (10 mg) in
total 39% yield. R;=0.26 (nC;H,OH/HOACc/H,O 1:1:1); 'H NMR (D,0,
600 MHz): 6 =5.12 (d, J,,=3.6 Hz, 1H; H'-1), 4.83 (dd, 1 H; H'-5), 4.78 (d,
Ji,=3.0Hz, 1H; H*1), 4.60 (d, J,,=8.4Hz, 1H; H'1), 456 (d, J,,=
78 Hz, 1H; H"1), 454 (d, J,,=7.8 Hz, 1H; H*-1), 4.39 (s, 3H; H-6b,
Hd-6a, H"4), 4.32-4.30 (m, 1H; H*-2), 4.21 (s, 3H; H%6b, Hi-6a, H*-4),
4.10-4.00 (m, 5H; H*-5, He-3, H*-6b, H'-4, H*-3), 3.95-3.56 (m, 25H; H%-2,
H'-3, H'-3, H*-6a, H®-6, H-4, He-5, He-4, H'-2, H"-3), 3.57-3.48 (m, 2H; H"-
2,He-2),3.37 (s, 3H; OCH,), 2.77 (dd, J =3.0, 11.4 Hz, 1H; H¢-3e), 2.04 (s,
3H; Ac), 2.02 (s, 3H; Ac), 2.01 (s, 3H; Ac), 1.81 (t, Jy.,, = 12.0 Hz, 1H; H*-
3a), 1.20 (d, J=7.6 Hz, 3H; CHY%); *C NMR (D,0, 100.6 MHz): 6 =177.32
(C=0), 173.14 (C=0), 173.05 (C=0), 172.95 (C=0), 103.41, 100.58, 100.47,
98.75,97.54,97.08, 76.26, 74.60, 73.91, 73.79, 73.68, 72.25, 71.95, 71.78, 71.42,
70.90, 70.75, 69.98, 69.68, 68.26, 68.19, 68.04, 67.78, 67.40, 67.69, 67.05, 66.74,
66.37, 65.66, 64.96, 62.26, 60.39, 59.89, 54.62, 53.91, 50.66, 47.50, 38.69 (CH,),
21.23 (Ac), 21.05 (Ac), 21.00 (Ac), 14.17 (CH;"); FABMS (m/z) (positive
ion mode) calcd for CyH;O5N;SNa,: 1324.5; found 1324.9 [M + Na]*.
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Conformational Transition of Acidic Peptides Exposed to

Minerals in Suspension

Marylene Bertrand and André Brack*!?]

Abstract: Mineral surfaces probably participated in the chemical processes which
led to life in the primitive oceans. The ordered conformations of simple acidic
peptides exposed to insoluble minerals are described. Alternating poly(Glu—Leu)

adopts a random coil conformation in water due to charge repulsion. The polypeptide
extracts cations from insoluble crystalline CdS or molybdenum and adopts an
ordered conformation. CdS leads to the formation of S-sheets whereas molybdenum

Keywords: conformation analysis -
circular dichroism - mineral surfaces
- peptides

leads to a-helices. Peptides with at least 10-amino acids are necessary to exhibit a
significative adsorption onto the surface. Under the same conditions, montmorillon-
ite adsorbs the polypeptide but does not induce any conformational change.

Introduction

Minerals have always been present on the Earth’s surface and
they were probably involved in several stages of the origin of
life. Bernal'! was the first to propose that molecules adsorbed
on clays were essential for the origin of life. One of the first
suggestions of the efficiency of clay minerals in prebiotic
chemistry was reported by Paecht —Horowitz??! who obtained
50-mer polyalanine when polymerizing alanyladenylate in the
presence of montmorillonite. Short oligopeptides have also
been produced on clay surfaces from free amino acids using
wetting-drying heating cycles.] Short oligopeptides can be
elongated to the corresponding 55-mers on the clay mineral
illite by feeding the reaction with fresh monomer and
activating agent carbonyldiimidazole.[) Repeated incubation
of short oligo-glutamic acid peptides adsorbed on hydroxyla-
patite or illite with activated monomer leads to the accumu-
lation of oligomers at least 45 units long.’! Short oligonucleo-
tides can also be elongated on a suitable mineral surface by
feeding the reaction with fresh activated nucleotide.[) Hydro-
talcite concentrates glycolaldehyde phosphate from dilute
solution and then catalyses condensation of the carbohydrate
subunits leading to potentially prebiotic carbohydrate phos-
phates.[!' More importantly, transition element containing
double layer metal hydroxide minerals with similar concen-
tration efficiency produce ribose-2,4-diphosphate, the nucleo-
side component of p-RNA, selectively and in high yield."!
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ORLEANS CEDEX 2 (France)
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We have previously shown that strictly alternating homo-
chiral hydrophobic/hydrophilic polypeptides form thermo-
stable f-sheets. Non-alternating sequences form a-helices
which are thermolabile. For instance, heating samples in
which a- and f-structures coexist increases the amount of j3-
structure with loss of a-helix.’l Aggregation of alternating
sequences to form f-sheets is possible only with homochiral
(all-L or all-p) polypeptides. Racemic alternating poly(D,L-
Leu-D,L-Lys) is unable to adopt a f-structure and remains
unordered.’] When increasing amounts of rL-residues were
introduced into the racemic alternating polypeptide, the
proportion of S-sheets increased gradually. Only these seg-
ments containing six or more homochiral residues aggregated
into stable nuclei of optically pure 5-sheets surrounded by the
more fragile heterochiral unordered segments.['% 11

We have also shown that (Glu—Leu).ss, an alternating
acidic polypeptide adopts different conformations in the
presence of different water-soluble metallic cations.!' 13 14
Random coil in pure water, (Glu—Leu)_ss adopts a S-pleated
sheet structure in the presence of 0.5 equivalent per glutamyl
residue of CaCl, and an a-helical structure in the presence of
0.15 equivalent of FeCl,.l> 3]

In the present paper, we examine if alternating peptides can
undergo a conformation transition in the presence of a
suspension of insoluble salts and if they adsorb on the mineral
surfaces. Oligopeptides, (Glu—Leu), with x values of 2, 5, and
9 and polydisperse (Glu—Leu)_ss were exposed to crystalline
CdS. (Glu—Leu)_ss was also exposed to molybdenum metal
and to montmorillonite clay.

Sulfides were chosen as the solid source in relation with the
primitive sulfide metabolism proposed by Wichtershiuser.['’]
In our hands, iron sulfide, a naturally abundant phase, was not
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stable enough to allow reproducible UV and CD measure-
ments. Cadmium sulfide which was found easy to handle was
chosen as a representative of the sulfide mineral surfaces.
Naturally more abundant phases like sulfides of iron, zinc, and
copper will be tested to come closer to a natural environment.
Molybdenum was chosen as a metal known to interact with
sulfur atoms which might have participated in the thioester
world promoted by De Duve.['!

Results

(Glu—Leu) peptides and CdS: An aqueous solution of
(Glu—Leu)_ss was stirred with different amounts of crystalline
hexagonal a-CdS (1-3 pum) in suspension. After centrifuga-
tion, the supernatant was analysed by circular dichroism. For
each CdS concentration, the behavior of the polypeptide was
followed as function of time. The polypeptide exhibited a
transition from a random coil conformation to a fS-sheet
structure. The maximum transition was observed for
100 equivalents of CdS per glutamyl residue and 4 h incuba-
tion (Figure 1). In the presence of amounts of CdS larger than

30000
—o— without CdS
—=— 10 equiv CdS
20000 + }
—a— 20 equiv CdS
—%— 100 equiv CdS
10000 3 —e— 500 equiv CdS
5
=]
o
5 04 e
o0 .
k) 13
S
-10000 A
-20000 A
-30000 -

Wavelength | nm

Figure 1. CD spectra of (Glu—Leu)_ss after 4 h incubation with various
amounts of CdS.

Abstract in French: Les surfaces minerales participerent
vraisemblablement aux processus chimiques qui permirent
Papparition de la vie sur Terre. Les conformations adoptéees par
des peptides acides simples en presence de surfaces minerales
insolubles sont décrites. Le peptide alterne poly(Glu—Leu)
adopte une conformation désordonnée dans ’eau en raison des
repulsions électrostatiques. Le polypeptide arrache des cations
de sulfure de cadmium cristallin insoluble ou du molybdene
metallique et adopte alors une structure ordonnée, feuillets 3
avec CdS et helice a avec le molybdene. 1l faut au moins 10
acides amines dans la chaine peptidique pour que le peptide
s’adsorbe sur la surface minerale. Dans les mémes conditions,
la montmorillonite adsorbe le peptide mais n’induit aucune
structure ordonnée.
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100 equivalents, no peptide remained in solution. Since no
separate peptide precipitation could be observed, it is likely
that the peptide chains adsorbed onto the mineral surface. For
larger incubation times, the amounts of peptide in solution
decreased progressively at all CdS concentrations studied
(Figure 2). The commercial 1-3 um CdS grains were ground to
increase the mineral surface available for the peptide.

[6]/ deg cm? dmol™

Wavelength | nm

Figure 2. CD spectra of (Glu—Leu)_ss in the presence of 100 equivalent of
CdS. Evolution with time.

Addition of 100 equivalents of fine grained CdS significantly
decreased the amount of peptide remaining in solution
(Figure 3). Short oligo(Glu—Leu) peptides have also been
studied to determine the minimal chain length required for
both conformational transition and adsorption. (Glu—Leu),
ando Decome adsorbed totally after 24 hours in the presence of
100 equivalents of CdS. Different behaviours were observed

30000
—=— 100 equiv coarse CdS
—— 100 equiv fine CdS
20000 +
T,
[=}
]
o
%y 10000 1+
o
o0
3
2
0
1 270
-10000 J-

Wavelength [ nm

Figure 3. CD spectra of (Glu—Leu).ss after 4 h incubation with two
different granulometries of CdS.
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when the amounts of CdS were increased from 1 to
10 equivalents. (Glu—Leu), was strongly adsorbed while
(Glu—Leu), was practically not sensitive to the presence of
CdS. (Glu—Leu)s showed an intermediary behaviour. No
marked transition to S-sheet structure have been observed
with these short peptides (Figure 4).

—o— without CdS
—=— 1 equiv CdS
—— 5 equiv CdS
—— 10 equiv CdS

10000

5
g
o
i
S -10000 -
=
s . .
=)
S0 N
20 T g 2
-20000 + 0 - t i
0 5 10
CdS | equivalent
-30000 -

Wavelength [ nm

Figure 4. CD spectra of (Glu—Leu), after 24 h incubation with various
amounts of CdS. Insert: variation of ellipticities at 199 nm A[6] = ([0],0 —
[0]cas)/[0]u,0 for (Glu—Leu),, (Glu—Leu)s, and (Glu—Leu), after 24 h
incubation with amounts of CdS increasing from 0 to 10 equivalents.

Poly(Glu—Leu) and molybdenum and montmorillonite: An
aqueous solution of (Glu—Leu)_ss was stirred with different
amounts of molydenum metal in suspension. For each
molybdenum concentration, the behavior of the polypeptide
was followed as function of time. The polypeptide exhibited a
transition from a random conformation to an a-helical
structure. The maximum transition was observed for 50 equiv-
alents of molybdenum and 4 h incubation (Figure 5). In the
presence of larger amounts of molybdenum, the polypeptide
becomes adsorbed on the metallic surface. For larger incuba-
tion times, the polypeptide was adsorbed when incubated with
more than 10 equivalents of molybdenum.

The aqueous solution of (Glu—Leu).s; was also stirred
with increasing amounts of montmorillonite clay in suspen-
sion. When less than 10.9 mg of clay per mmole of glutamyl
residue were present, the peptide remained in solution as
random coil. For larger amounts of clay, the peptide becomes
adsorbed.

Discussion

In pure water, the sodium salt of (Glu—Leu)_ss adopts a
random coil conformation due to charge repulsions. We have
previously shown that very small amounts of soluble poly-
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—— without Mo
—— 10 equiv Mo
—e—50 equiv Mo

—=— 100 equiv Mo

20000 —e— 500 equiv Mo

10000 + A%

Wavelength / nm

Figure 5. CD spectra of (Glu—Leu)_ss after 4 h incubation with various
amounts of Mo.

valent metallic cations, typically 0.5 equivalent per acidic
residue for a divalent cation, are able to screen the side chain
charges thus allowing the formation of water soluble ordered
conformations. In the present study, we show that acidic
peptides can extract the cations required for charge screening
from insoluble crystalline CdS or Mo. The solubility at pH 7 of
crystalline a-CdS is 2.16 x 107 g in 100 mL water!'” corre-
sponding to a 1.5 x107'M CdS concentration due to the
following reaction:

CdS+H,0 — CdOH*"+HS~

Since concentrations of 8.3 x 107*m in glutamyl residues
were used for the peptide, the glutamyl residues were about
5 x 10° more abundant that the cadmium cations in solution.
Obviously, the peptides favor the formation of cadmium
cations which allow the coil to S-transition. The same remark
holds for the molybdenum grains, the surface of which are
oxidized in water. In water molybdenum metal, slowly
transforms into molybdenum hydrous oxide species!'¥! with
oxidation states about 5 and 6, like [M0,04(H,0)]**. These
ions induce the formation of an a-helix. Helical conforma-
tions have already been obtained with soluble Fe** ions which
interact both with the backbone carbonyl and the glutamyl
side chain carboxylic groups.I¥] Once having extracted cations
from the mineral surface the peptides adopt a regular
structure. When offering larger mineral surfaces to the
peptides, they adsorb onto the surface. The process is chain-
length dependent. At least, a 10-amino acid long peptide
chain is necessary to exhibit significant adsorption. Under the
same conditions, montmorillonite adsorbs the polypeptide but
does not induce any conformational transition.

Our results suggest that the dissolved peptides are com-
plexed and ordered by metal ion species extracted from the
insoluble minerals. The next step will consist to study what
happens to the conformation of the peptides once they have
been adsorbed on the mineral surface.
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Experimental Section

The synthesis of polydisperse (Glu—Leu)_ss5, (Glu—Leu)y, (Glu—Leu)s, and
(Glu—Leu), have been described in a previous paper.['?]

The acidic form of poly(Glu—Leu) is insoluble in water. The dry free
carboxylic form dissolves slowly when suspended in water in the presence
of the exact amount of 0.1M sodium hydroxide required to neutralize the
acidic groups of the polypeptide. Addition of mineral surfaces was achieved
by adding the required amounts (equivalent per mole of glutamyl residues
or mg of mineral surface). CdS and Mo used (1-3 um) were purchased from
Alpha, montmorillonite clay was kindly provided by J. P. Ferris from the
Rensselaer Polytechnic Institute, Troy, N.Y.

The pH was ajusted to 7 in each sample. The peptidic solutions
concentrations were 0.82mm in Glu for all experiments. Concentrations
of polymer solutions were determined from the optical density at 205 nm,
assuming an extinction coefficient of 3300 Lmol'cm™! per mean residue
for the unordered conformation. Peptide solutions were stirred during 4,
24, or 168 h at 25°C and centrifuged before use. The supernatants were
studied by circular dichroism. CD spectra were recorded between 185 and
280 nm on a Jobin - Yvon Mark IV dichrograph. CD spectra of random coil
conformations are characterized by a negative contribution at about
197 nm. 3-Sheets exhibit a trough near 217 nm and a positive contribution
near 197 nm. a-Helices show two negative contributions near 208 and
222 nm.
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Dye-Loaded Zeolite L Sandwiches as Artificial Antenna Systems

for Light Transport

Marc Pauchard, André Devaux, and Gion Calzaferri*!?!

Abstract: The synthesis and character-
ization of dye loaded zeolite L sand-
wiches acting as artificial antenna sys-
tems for light harvesting and transport is
reported. A set of experimental tools for
the preparation of neutral dye-zeolite L
materials ranging from low to maximum
packing densities has been developed.
The role of co-adsorbed water and the
distribution of molecules between the
inner and the outer surface were found
to be the determining parameters. p-
Terphenyl (pTP) turned out to be very
suitable for studying these and other
relevant parameters of neutral dye-zeo-
lite L materials. We observed that pTP

located in the channels of zeolite L. can
reversibly be displaced by water. This
can be wused when synthesizing
such materials. We also observed that
all-trans-1,6-diphenyl-1,3,5-hexatriene

(DPH) which is very photolabile in
solution is stable after insertion into
zeolite L. By combining our extensive
knowledge of these systems with ion-
exchange procedures developed in an
earlier study, we have realized the first

Keywords: artificial antenna - ener-
gy transfer - host—guest chemistry -
supramolecular chemistry - zeolites

bi-directional three-dye antenna. In this
material the near UV absorbing com-
pounds DPH or 1,2-bis-(5-methyl-ben-
zoxazol-2-yl)-ethene (MBOXE) are lo-
cated in the middle part of zeolite L
nanocrystals followed on both sides by
pyronine (Py) and then by oxonine (Ox)
as acceptors. Fluorescence of the oxo-
nine located at both ends of the cylin-
drical zeolite L crystals was observed
upon excitation of the near UV absorber
in the middle section at 353 nm, where
neither oxonine nor pyronine absorb a
significant amount of the excitation
light.

Introduction

The structural, morphological, physical, and chemical variety
of zeolites has led to applications in different fields such as
catalysis,!! ion exchange, membranes,* 3 and chemical sen-
sors where dynamic processes involving ions or adsorbate
molecules play an important role. Situations where the
zeolites mainly serve as host for supramolecular organization
of molecules, ions, complexes, and clusters to prepare
materials with new properties such as nonlinear optical,
quantum-size,> 9 micro laser,[”) and artificial antenna charac-
teristics®1% are new fields of growing interest."*3l Some of
these new materials can be considered as a static and stable
arrangement of guests in the zeolite host under a broad range
of conditions.l'] In other cases, the adsorption, desorption or
ion exchange of molecules or ions are reversible processes
which lead to a wide range of phenomena.l'>-7]

Our current interest in zeolites is focused on their use as
host materials for different kinds of supramolecular organ-

[a] Prof. Dr. G. Calzaferri, M. Pauchard, A. Devaux
Department of Chemistry and Biochemistry, University of Bern
Freiestrasse 3, 3012 Bern (Switzerland)
Fax: (+41) 31-6313994
E-mail: gion.calzaferri@iac.unibe.ch
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ization.[> 8 This article concentrates on the synthesis of dye-
loaded zeolite L sandwiches acting as artificial antenna
systems. It has been demonstrated both theoretically and
experimentally that by organizing cationic dyes in the one-
dimensional channels of zeolite L nanocrystals an artificial
antenna system for light harvesting and fast anisotropic
energy transport can be realized.”1% 181 In this material
two different kinds of dyes with appropriate photophysical
properties are organized as monomers in spatially separated
domains. The structure of the system allows selective excita-
tion of the central part and fast transport of the energy along
the channel axis to the top and bottom faces of the crystals.
Pyronine and oxonine have been used as chromophores in this
material. Blue-green light is selectively absorbed by the
pyronine molecules located in the middle part of the crystals
with cylindrical morphology. The energy then migrates to the
crystal ends where it is captured by the oxonine and then
emitted as red luminescence.

In the presented work neutral molecules absorbing UV
light were incorporated in order to evaluate the light harvest-
ing properties of this material. The resulting three-dye
zeolite L sandwich materials open the door to new systems
with fascinating properties. We show that a bi-directional
antenna for light collection and transport can been prepared
so that the whole visible light spectrum can be used. The light
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energy is carried spectrally from blue to green to red and
spatially from the central part of the crystal to its top and
bottom faces. Good candidates as UV absorbers, which also
have the right structural characteristics, can be found among
the strongly luminescent scintillation dyes and optical bright-
eners. Existing methods for the synthesis of neutral-dye
loaded zeolite materials were not adequate for our purpose.
We have therefore elaborated adapted procedures to obtain
reproducible, homogeneous, and well defined neutral-dye
zeolite L materials with high packing densities.

While the concept of the synthesis procedure is simple, a
number of details must be considered when dealing with
host—guest zeolite materials. It is important to distinguish
between molecules located inside of the channels and those
adsorbed at the outer surface of the nanocrystals. The
conditions under which such a material can be considered as
a static arrangement of guest molecules in a host deserve
some attention. As a result of the complexity of these
composite materials care must be taken when generalizing
results or when using concepts developed in other fields to
predict the characteristics of new systems.?> 2!l Fortunately
chemical methods in combination with a number of different
techniques such as vibrational spectroscopy,?>2 UV/Vis
absorption and luminescence spectroscopy,!'* 72520 optical
microscopy, nuclear magnetic resonance (NMR),?”] powder
neutron diffraction (PND),?! powder X-ray diffraction
(PXD),¥ thermogravimetry (TGA)®! and others can be
used to obtain the necessary information regarding the
location of adsorbed molecules and the stability of the
materials. A suitable set of experiments was elaborated for
the characterization of the materials reported in this article.
We will show that co-adsorbed water can play a determining
role in the behavior of neutral-dye loaded zeolite L and that it
is rather crucial to control this parameter. Some work on the
influence of co-adsorbed water on the organic guest distribu-
tion in the zeolite host has been reported in the litera-
ture,['- 3934 while in other cases uncertainties remain because
no information concerning this aspect was given.*

We report herein the results for the dye molecules shown in
Scheme 1. They are of appropriate size for being inserted into
the channels of zeolite L. We will show that their behavior
with respect to co-adsorbed water is quite specific. The
properties of DPH and of MBOXE enabled us to synthesize
the first three-dye loaded zeolite L material with bi-direc-
tional antenna characteristics.

General Discussion

Host: Zeolite L is an aluminosilicate with hexagonal symme-
try and a one-dimensional channel system along the c axis as
illustrated in Scheme 2a).B%31 The opening of the main
channel consists of a so called 12-membered ring with a free
diameter of 7.1-7.8 A. The 12 bridging oxygen atoms are not
counted in this generally accepted nomenclature. In order to
compensate for the negative charge due to the aluminium in
the framework, up to 10 cations per unit cell (depending on
the Si/Al ratio) are distributed over the different cation
positions A to E. The largest free channel diameter of
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Biphenyl (BP)

VaUaW,

p-Terphenyl (pTP)

1,6-Diphenylhexatriene (DPH)
T

e s e
1,2-Bis-(5-methyl-benzoaxol-2-yl)

-ethene (MBOXE)

Scheme 1. Molecules discussed in this article.

eoos

Pyronine (Py)
+
HN o} NH,
o]
Oxonine (Ox)
HO. O (0]
oS o)
Resorufin (Res)

é——rb—o»—a

Hydroxy-TEMPO

Scheme 2. a) Zeolite L framework with crystallographic axis (a,) and
different cation positions A to E. b)van der Waals model of a pTP
molecule in the main channel of zeolite L.

~12.6 A is influenced by the charge compensating cations at
the D positions.?s!

In its hydrated form the zeolites void space is filled with
water. The water molecules in the larger zeolite cavities have
been reported to practically show the characteristics of the
isolated liquid, thus indicating that the molecules in the center
of the large cavities do not occupy defined lattice sites. In the
smaller cavities, the water molecules appear to cluster around
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the cations.’”! Evacuation of air-dry K*-zeolite L at room
temperature leads to desorption of most of the original water.
This water is not strongly bound to the sorbent and is
apparently localized in the main channels of the zeolite L.
Water molecules localized in the secondary system of
channels desorb at higher temperatures (>400°C).B It is
known that zeolite L is stable under an oxygen atmosphere at
temperatures up to 800 °C for several hours.’ The framework
structure varies little with temperature or dehydration and the
non framework cation positions do not change significantly
upon hydration/dehydration, reduced temperature or adsorp-
tion of aromatic molecules.?®l

Adsorption and ion-exchange processes in zeolites are
controlled by the size of the channel openings. The size of the
diffusing species and the size of the aperture, as derived from
a hard-sphere model, are useful to decide if a molecule has a
chance to enter a cavitiy or not. In limiting cases this rough
picture must be extended by the concept of the kinetic
diameter of the channel opening and the diffusing species.
Both of them are strongly temperature dependent. It is known
that thermally excited ring vibrations of the zeolite, which
cause large oxygen amplitudes, play an important role.
Thermally excited modes of the diffusing species can be
equally important. Similar arguments hold with respect to the
question if and under what conditions two species can glide
past each other for example in the channels of zeolite L. The
inhibition of such counter diffusion for sufficiently large
molecules is a critical condition for the synthesis of sandwich
structures as described in this article.

In comparison to neutral zeolite types (e.g. AIPO,-5)
zeolite L has the advantage of allowing insertion of neutral
and of cationic dyes which leads to a higher choice in the
palette of molecules and more flexibility for the synthesis of
composed structures. Cationic dyes can be inserted in the
zeolite channels in the presence of water. For each inserted
monovalent dye molecule one alkali cation of the main
channel must leave the framework. Neutral molecules can be
inserted best when the main channels are water free, because
water is in competition with them at the adsorption sites. The
way this influences the stability of neutral-dye loaded
zeolite L in the presence of water will be discussed in detail.

Guests: Because of its high thermal and photochemical
stability the synthesis and characterization methods for
neutral dyes were elaborated with pTP. The sublimation of
pTP at 3 x 102 mbar starts at 125°C.[*! Heating for 10d
under air or helium at 390 °C was reported to yield only 3%
decomposition products. A typical reaction known from this
class of substances, the formation of polycondensation
products, is only observable at higher temperatures
(>480°C within 2 d).* In Scheme 2b) a van der Waals
model of pTP in the zeolite L main channel is shown (the
torsion angles of pTP are chosen (30°, — 30°) corresponding to
a mean value reported for biphenyl in solution?).

The experience gained with pTP was then applied and
extended to the neutral molecules reported in Scheme 1. DPH
and MBOXE were used together with Py and Ox to
synthesize two different three-dye zeolite L sandwich materi-
als. In Figure 1 we show the electronic absorption a) and the
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Figure 1. a) Electronic absorption spectra of DPH (solid line) in 1-butanol
and of Py (dotted line) and Ox (dashed line) in water (105m). The
wavelength of 353 nm used for the specific excitation of DPH in the
antenna system is indicated by an arrow. b) The corresponding emission
spectra of the three solutions (10-°M) were recorded after excitation at the
absorption maxima of the individual species (Acxppn =353 nm, Aepy=
495 nm, A, 0,=582nm) and normalized to equal height at the band
maxima.

normalized emission spectra b) of DPH in 1-butanol and of Py
and Ox in water. The arrow indicates the wavelength of the
light which can be used to specifically excite DPH in the
presence of Py and Ox.

Sandwich structures: The spatial restrictions of the zeolite L
host and the characteristics of the used dye molecules allowed
the synthesis of sandwich structures. A typical nanocrystal of
800 nm length and a diameter of 1100 nm contains about
300000 parallel one-dimensional channels. The general con-
cept of the synthesis of these materials is illustrated in
Scheme 3. First, neutral dyel molecules are inserted, for
example from the gas phase, filling the channels to the desired
degree. Provided that the inserted molecules are not rapidly
displaced by water, this material can then be subjected to ion
exchange from aqueous suspension with dissolved cationic
dye?2. This process can be well controlled, so that a specifically
desired space is left for the third cationic dye3, which is
inserted in the same way.

Reactions: When preparing or handling dye loaded zeolite L
materials different reactions can play a role: hydration/
dehydration of the material, adsorption/desorption of dyes
at the inner and outer surface of the nanocrystals, displace-
ment of dyes by water, and reinsertion upon dehydration,
cation exchange in case of cationic dyes. It is useful to express
the reversible reactions where dyes are involved as follows:

Insertion from the gas phase or melt: Dye molecules in the gas
phase or the melt D(gm) are in equilibrium with dye
molecules in the channels of the dehydrated zeolite ZD..
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The parameter r counts the number of sites occupied by dye
molecules. Its values range from 0 to ny,,, where ny,, is equal
to the number of sites in one channel. A site represents the
part of the main channel which is occupied by an adsorbed dye
molecule. The dye molecules are positioned at sites along the
linear channels. The sites do not overlap. The length of a site is
equal to an integral number u times the crystallographic c axis,
so that one dye molecule fits into one site.*’] Each site is
occupied with the same probability by a dye molecule. In case
of for example a 600 nm long zeolite crystal and a 1.5 nm long
dye which occupies two unit cells, n,, is equal to 400.

ZD._+D(g.m)=ZD, M

Displacement equilibrium: Neutral dye molecules D in the
zeolite ZD X, , can be displaced by x molecules X. In this
study X is a water molecule. The states of X(out) and D(out)
are gas, liquid, solid, or molecules adsorbed at the outer
surface of zeolite nanocrystals.

ZD,X,_.+xX(out)==ZD,_ X, + D(out) ?2)

Ion exchange equilibrium: In the experiments reported in this
article monovalent cationic dyes have been used. D¢ and Mg
denote the dye cation and the alkali metal cation in solution.
The parameter n,,, is equal to the number of sites in one
channel and r counts the number of sites occupied by a dye. Y
denotes the cation concentration inside the zeolite channels.
For monovalent cations and dyes, such as Py and Ox which
occupy two unit cells in zeolite L, we must use Y, =
[(M,,, (Mi),] to describe the state of a given channel. A
site contains 18 cations M* and only one of them can be
exchanged by a singly charged dye cation D *. By the exchange
of r- D * molecules the number of sites containing 18 cations,
(M§),,,.. is reduced by r so that r sites with only 17 alkali
cations are formed.

zY,

o Dr1 T D§ =2Y, D+ Mg 3)
Adsorption at the outer surface and insertion of adsorbed
cationic dye molecules: Adsorption at the outer surface
followed by insertion was discussed by us in some detail for
an aqueous suspension of the cationic dye thionine and
zeolite L. Thionine and structurally related molecules, such as
Py and Ox, have a strong tendency to form so called H-type
aggregates on the surface of zeolite crystals.?> “I They can be
recognized by their different electronic absorption spectra.

t
When a total number ¢ of dye molecules are adsorbed, —
m

aggregates (D7), (with m=2, 3, ..., i.e., dimers, trimers etc.)
can form on the outer surface. The inclusion reaction for these
aggregates can then be expressed by Equation (4), where ads
indicates dyes adsorbed at the outer surface and cage indicates
dyes inserted in the zeolite L channels.

t t
ZM {— (D *)m] =ZM;, K— - 1) (D +)m] [mD ] g
m ads m ads

2m5 (=20 D
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Definitions and terminology: The following definitions and
expressions have been used: Molecules per unit cell (u.c.)
describes the average number of molecules contained in one
primitive unit cell when a statistical distribution over the
crystal is assumed. As the dye-molecules can only enter the
main channels of zeolite L, the unit cell may be reduced to the
cavity of the main channel. In Scheme 2b) a loading of
0.5 pTP per u.c. is illustrated. The occupation probability p is
equal to the ratio between the occupied and the total number
of sites. In hydrated zeolite L the channels are completely
filled with water. The exact amount of water in the framework
depends on the Si/Al ratio (which is 3.2 in our case) and on the
humidity of the environment in equilibrium with the material.
It varies in our case from 16.2 H,O per u.c. (22 % rel. hum.) up
to 21.7 H,O per u.c. (98% rel. hum.). Dehydrated zeolite L
means zeolite L after the indicated dehydration process. A
complete removal of the water was only achieved when
heating the zeolite up to 1000°C in a nitrogen stream, as
realized in TGA measurement. Otherwise the zeolite still
contains some water adsorbed at the cations in the small
cavities. A dry dye-zeolite L is a dye-loaded zeolite L after
synthesis and without contact to humidity (handling in the
glove box). Here some water adsorbed at the cations in the
small cavities is also present. Wer dye-zeolite L means dry
dye-loaded zeolite L exposed to 22 % relative humidity until
equilibration is achieved. dye2,dyel-zeolite L describes a
zeolite L sandwich material with dyel in the middle part
and the indicated dye2 at both ends of the crystal. If further
modifications are made, the symbol of the next dye is set as
prefix to the name (e.g. dye3,dye2,dyel-zeolite L, see
Scheme 3).

—
|.'l L
e - -

dhyecd e Sy szl L

Scheme 3. Insertion of three different dyes into the zeolite framework to
form a sandwich material.

Results

pTP was found to be an excellent choice for developing the
synthesis methods and for studying the relevant parameters.
We therefore proceed as follows. First the results obtained
with the pTP-zeolite L systems are described in detail. In the
section on other neutral-dye zeolite L materials (see below)
the most important results for the other neutral dyes reported
in Scheme 1 are summarized. We then describe properties of
the three-dye zeolite L sandwiches which have been used for
energy transfer and energy migration experiments.
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Insertion of pTP into zeolite L—The effectiveness of dehy-
dration

In the double and simple ampoule synthesis methods,
described in the Experimental Section, the zeolite has to be
dehydrated prior to the adsorption of the neutral molecule.
The effectiveness of our procedure was checked by two
independent experiments. The argon adsorption isotherms of
dehydrated zeolite L gives information about the accessibility
of the main channels to the argon molecules and the
gravimetry (see Experimental Section) shows how many
H,O per u.c. are contained in such a dehydrated sample. The
specific monolayer surface area obtained from the argon
adsorption isotherm of the dehydrated zeolite L was equal to
the value obtained for the reference sample dehydrated at the
Sorptomatic instrument under dynamic vacuum conditions
(<10~*Torr at 300°C). This shows that the dehydration
method used in the sample preparation leads to water free
main channels. Gravimetric measurements with dehydrated
zeolite L and dry pTP-zeolite L showed that about 1 H,O
molecule per u.c. remained in the zeolite after dehydration. It
can be concluded that the water remaining in the zeolite L
framework after dehydration is present as hydroxyl groups or
is located in the smaller side channels where it neither affects
the adsorption of argon nor that of pTP.

Sample composition determined by TGA : After the insertion
of pTP into the zeolite channels by one of the methods
described in the Experimental Section, the sample was
rehydrated and its composition was determined by means of
TGA. Figure 2a) shows a desorption curve (TGA) of
hydrated zeolite L and its first derivative (DTG) as a function
of temperature. In a fast desorption step between 25 and
220°C up to 95 % of the water leaves the zeolite L framework.
The remaining 5% desorb with a much slower rate between
220 and 1000°C. The water molecules located in the main
channels and those in the smaller cavities can be distinguished
by their different desorption behavior. The total amount of
desorbed water for hydrated zeolite L is 10.5+0.1% by
weight which corresponds to 16.2 £0.2 H,O per u.c. For the
correct determination of the amount of neutral dyes desorb-
ing during a TGA measurement, the desorption of the
strongest bound water molecules has to be taken into account.
From the TGA of the hydrated zeolite L this amount was
calculated to be 0.7 H,O per u.c. in the interval from 220 °C to
1000°C.

Figure 2b) shows a typical desorption curve of a wet pTP-
zeolite L sample. The desorption of water is followed by two
distinguishable desorption processes at higher temperature.
The desorption starting at 400 °C can be assigned to the loss of
PpTP or reaction products resulting from it. The amount of
water desorbing between 25 °C and 220°C is the same as in the
case of hydrated zeolite L. The calculated ratio of pTP to
zeolite is 0.53+0.02 pTP per u.c. The sample composition
determined by the TGA is homogeneous and shows no
changes over several weeks, when stored at 22% relative
humidity. Figure 2c) shows a reference TGA of crystalline
pTP.
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Figure 2. TGA and its first derivative (DTG) of a) hydrated zeolite L,

b) wet pTP-zeolite L and c) crystalline pTP observed at a heating rate of
5°C per min in a nitrogen stream of 15 mL per min.

Coadsorption of water and displacement reaction in pTP-
zeolite L—Water adsorption kinetics

For the handling of dry neutral-dye zeolite L samples, it is
important to know how fast and how much water is read-
sorbed by the sample. Figure 3a) shows the water adsorption
kinetics of a dehydrated zeolite L sample, when exposed to
laboratory air of 18-22 % relative humidity at rt. The initial
adsorption rate of about 1 H,O per u.c. per h remains constant
until about 12 H,O per u.c. are adsorbed and then decreases
until equilibrium is reached after about 24 h. The water
content at equilibrium was determined from the subsequent
TGA to about 16 H,O per u.c. Figure 3b) shows the
adsorption kinetics of a dry pTP-zeolite L sample under the
same conditions. Here, the initial adsorption rate is higher
compared with Figure 3a). It decreases to a rate of about 1
H,O per u.c. per h when about 12 H,O per u.c. are adsorbed
and then levels off. The water content at equilibrium was
determined to about 16 H,O per u.c.

The amount of water adsorbed by the two samples is
identical but the adsorption kinetics are different. In the case
of dry pTP-zeolite L two kinetic processes are observable
leading to an earlier establishment of equilibrium compared
with the dehydrated zeolite L case.
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Figure 3. Water adsorption kinetics observed for a) dehydrated zeolite L S

and b) dry pTP-zeolite L at laboratory air of 18 -22 % rel. hum. over a time
period of 24h (solid line). The corresponding adsorption rates are
displayed as dotted lines. The dashed lines indicate the changes of the
adsorption rates when about 12 H,O per u.c. are adsorbed.

Influence of co-adsorbed water on the dye location: To
investigate the dye location as a function of the co-adsorbed
water, a method to distinguish between the dyes located inside
and outside the zeolite channels was developed. Figure 4a)
shows the amount of pTP per u.c. located inside the zeolite as
a function of time, when suspended in 1-butanol. It was
determined by comparing the amount of pTP in the 1-butanol
phase with the total amount in the sample. In the case of a dry
pTP-zeolite L (squares), only about 5% of the pTP was
dissolved immediately in 1-butanol. Over a period of at least
300 h the amount of pTP located in the channels was observed
to be constant at 0.5 pTP per u.c., which corresponds to an
occupation probability p of 1.

When the dry pTP-zeolite L is first equilibrated with water
vapor of 22 % relative humidity at rt and then suspended in
1-butanol (triangles), about 75 % of the pTP can be found in
the solvent after some minutes and only 0.13 pTP per u.c.
remain in the zeolite. This situation is stable over a period of
at least 300 h. The immediate dissolution of pTP can be
attributed to molecules located at the outer surface of the
zeolite crystals. The stability of the pTP inside the zeolite L
channels is due to the fact that 1-butanol does not displace
pTP from the zeolite L channels. The washing with 1-butanol
can therefore be used to selectively remove the molecules
located outside of the zeolite channels. The large amount of
pTP which can be washed off in the wet pTP-zeolite L sample
is caused by its displacement by co-adsorbed water according
to Equation (2).

The pTP displacement by water upon rehydration of the
stable dry pTP-zeolite L sample was investigated in detail by
controlling the amount of co-adsorbed water. Figure 4b)
shows the amount of pTP per u.c. located inside the zeolite
channels containing different amounts of co-adsorbed water.
Between 1 and about 10 H,O per u.c. almost all pTP is located
inside the channels. Then the displacement of the pTP by
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Figure 4. a) Amount of pTP per u.c. staying inside the zeolite, when dry
pTP-zeolite L (squares) or wet pTP-zeolite L (triangles) are dispersed in
1-butanol. The total amount of pTP per u.c. contained in the sample after
the synthesis is indicated as dotted line. b) Amount of pTP per u.c. located
inside the zeolite depending on the amount of co-adsorbed H,O per u.c.
The water content of the sample was varied either by adsorption of water
through the dry pTP-zeolite L sample (left side) or desorption of water
from a wet pTP-zeolite sample (right side). The dotted line indicates the
region where it was difficult to get accurate data.

water starts and leads to the situation of hydrated pTP-
zeolite L already known from Figure 4a). This process is
reversible. When desorbing the water again the pTP moves
back into the channels. The location of the pTP can reversibly
be changed according to Equation (2) by controlling the
amount of co-adsorbed water through adsorption or desorp-
tion of water at temperatures between 25°C and 200 °C. The
first 8—10 H,O per u.c. co-adsorbed do not enter into
competition with the pTP inside the channels.

If all displaced pTP molecules adsorb on the zeolite outer
surface, the crystals would be covered by about 30 mono-
layers. Other possibilities are the formation of an isolated
crystalline phase or a mixture of the two aggregation states. To
get more information about the state of the pTP a series of
experiments was carried out. A hydrated zeolite L sample was
impregnated with pTP as described in the Experimental
Section (first step of impregnation method). The pTP was
located outside the zeolite L since its channels were filled with
water. The TGA of this sample looked exactly the same as the
TGA of the wet pTP-zeolite L shown in Figure 2b). From this,
one might be tempted to conclude that the observed weight
loss above 400 °C is due to desorption of pTP from the outer
surface because crystalline pTP would desorb around 250°C
(see Figure 2c)). However, this conclusion is wrong. For a
better understanding of what is going on in the sample during
the TGA measurement, different samples of wet pTP-
zeolite L and of pTP-impregnated zeolite L were partially
dehydrated in the thermobalance by heating under TGA
conditions from 25 to 220°C. The total weight loss in this
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temperature interval was 10.0% by weight for all samples.
The same amount of water was desorbed in the case of
hydrated zeolite L in this interval. The dehydration was
therefore completed to 95 % corresponding to 1 H,O per u.c.
remaining in the zeolite. The washing of this partially
dehydrated samples with 1-butanol showed that only about
3% of the total amount of pTP present could be removed.
This means that during the dehydration a subsequent
insertion of the pTP into the zeolite channels takes place in
both samples. This corresponds to the same process as
reported in Figure 4b). The desorption processes seen in the
TGA above 220°C are therefore due to desorption of pTP or
reaction products located inside the zeolite L channels.

Raman spectra of pTP samples

Raman spectroscopy is a powerful tool for the investigation of
structural integrity of dye-loaded zeolite samples and of
host — guest interactions. In Figure 5 (1) the Raman spectrum
of hydrated zeolite L is shown. The peaks at 498 cm™!,
605 cm~!, and the flat band at 1140 cm~! were already
described by Angell.*! The first one can be assigned to the
symmetric bending vibration (the O atom moves along the

(4)

600 800 1000 1200 1400 1600 1800
Wavenumbers / cm’

Figure 5. Raman spectra of (1) hydrated zeolite L, (2) dry pTP-zeolite L,
(3) wet pTP-zeolite L and (4) crystalline pTP. Spectra (2) to (4) are
normalized to the band at 772 cm~. Spectrum (1) is normalized to the same
heigth at 498 cm™! relative to spectrum (2).

bisecting line of the T-O-T angle, where T represents either Si
or Al). It appears to be the most structure-sensitive band.[*¢-5!
The zeolite L bands remained unchanged upon dehydration
or treatment of the zeolite L up to 1000°C in the TGA
experiments. This indicates that the framework was stable
under all conditions mentioned in this paper. The dashed lines
connect the corresponding zeolite L peaks appearing in the
spectra of pTP-zeolite L. To check whether thermal decom-
position of the pTP took place during the sample synthesis,
Raman spectra of dry and wet pTP-zeolite L were recorded
and compared with the reference spectrum of crystalline pTP.
The conformity of the pTP peaks in the reference spectrum of
crystalline pTP (4) and of wet pTP-zeolite L (3) shows that no
decomposition of the pTP can be observed after the sample
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synthesis. Compared with the wet pTP-zeolite L, the spectrum
of dry pTP-zeolite L (2) shows an increase of the zeolite peak
intensities with respect to those of pTP. The spectral shifts of
some pTP vibrations, are indicated by dotted lines. The peak
at 1274 cm~!, which can be assigned to the inter-ring stretching
vibration (in analogy to the biphenylP!), is shifted to higher
frequencies by 7 cm~!. The peak at 1605 cm™' is also slightly
shifted to 1609 cm~! and the relative intensity with respect to
the 1591 cm~! band changes. Peaks around 1600 cm~! are
typical for aromatic compounds and correspond to carbon—
carbon stretch vibrations. The changes of position and
intensity of the bands observed mainly in the dry pTP-
zeolite L samples reflect the interaction of the pTP with the
zeolite environment, which was not further analyzed.

Other neutral-dye zeolite L materials

To outline the general character of the synthesis and
characterization methods, some results obtained with other
neutral dyes are summarized in this Section. The character-
istics of these systems also helps to improve our understand-
ing of the host—guest interactions and the important param-
eters of insertion reactions. The neutral molecules shown in
Scheme 1 were successfully inserted into zeolite L either by
the double or the simple ampoule method at temperatures
between 100°C and 300°C.

In the case of BP, a loading of about 1 BP per u.c. was
achieved using either the simple or the double ampoule
method at a temperature of 300 °C. From the high loading we
infer that the BP molecule is not aligned along the zeolite L ¢
axis. In other aspects the BP-zeolite L behaves similar to the
pTP-zeolite L. Displacement by water takes place and the
TGA also shows two distinct desorption steps at high
temperature which are even more pronounced. The second
desorption step could be due to desorption of polycondensa-
tion products formed at high temperatures, which is a typical
reaction known for this class of substances.[*!! The radical
hydroxy-TEMPO was inserted by the double ampoule
method at a temperature of 120°C and a loading of about
1 hydroxy-TEMPO per u.c. was achieved. Displacement by
water was not observed. Resorufin was introduced in its
neutral form by the simple ampoule method and afterwards
deprotonated inside the zeolite by treatment with ethanolic
KOH solution. The displacement kinetics of resorufin anion
by different molecules (water, methanol, ethanol, 1-propanol,
1-butanol) was studied in detail.'y MBOXE was inserted
using either the simple or the double ampoule method at a
temperature of 170°C. It was displaced by co-adsorbed water
in a similar way as reported for pTP-zeolite L upon rehydra-
tion of the dry MBOXE-zeolite L, but with a slower rate.
DPH could not be inserted into the zeolite by the double
ampoule method because degradation started at its sublima-
tion temperature. Therefore the simple ampoule method was
used involving the insertion from the melt at 180°C. After
30 min a butanolic solution of DPH was completely degraded
(when stored in daylight) forming species absorbing in the UV
(probably oxidation products). However, practically no
degradation by light was observed once the DPH was inserted
in the zeolite; this demonstrates the stabilizing effect of the
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zeolite host. When washing dry DPH-zeolite L with 1-butanol
after the synthesis, only about 5% of the total DPH
(determined from the TGA) was found in the solvent. The
same amount was found for the wet DPH-zeolite L after
exposure to humidity, thus indicating that water does not
displace DPH. For this reason DPH was our favorite for the
synthesis of the first three-dye zeolite L sandwich structure. In
Figure 6a) we show the Raman spectra of hydrated zeolite L
(1), of wet DPH-zeolite L (2) and of crystalline DPH (3). In
the spectrum of wet DPH-zeolite L the zeolite L peaks can be
observed (dashed lines). The vibrations of the DPH in the
zeolite do not shift with respect to the crystalline phase with
exception of the aromatic carbon—carbon stretching modes

a)
mheo

® W
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Wavenumbers / cm™

b)

()

@)
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Wavenumbers / cm”
Figure 6. a) Raman spectra of (1) hydrated zeolite L, (2) wet DPH-
zeolite L and (3) crystalline DPH. b) Enlargement of the peaks around
1600 cm~! of (2) and (3). Spectra (2) and (3) are normalized to the band at
1142 cm~L. Spectrum (1) is normalized to the same heigth at 498 cm™!
relative to spectrum (2).

around 1600 cm~!. Figure 6b) shows an enlargement of this
region. The broadening of the peaks is accompanied by minor
spectral shifts of about 3 cm~, indicating an interaction of the
molecule with the environment in the zeolite L channels.

Three-dye zeolite L sandwiches

Synthesis: We found that neutral dye-zeolite L materials with
an occupation p smaller than one and sufficiently slow
displacement kinetics can be modified with Py and Ox by
means of ion exchange, according to Equation (3). This led to
the discovery of the first bi-directional three-dye zeolite L
antenna material. Under the fluorescence microscope the
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sandwich structure of single Ox,Py,DPH-zeolite L crystals can
be observed by selectively filtering the DPH, Py or Ox
emission. Following the same procedure as described for
Ox,Py,DPH-zeolite L the system Ox,PyMBOXE-zeolite L
was also prepared and analyzed. This was possible despite
the fact that MBOXE can be displaced by water, because the
initial step of the exchange kinetic with Py is fast enough.

Energy migration and energy transfer experiments: We have
studied the fluorescence spectra of the following materials
coated as thin layers on quartz plates: DPH-zeolite L, Py-
zeolite L, Ox-zeolite L, Py,DPH-zeolite L, Ox,DPH-zeolite L
and Ox,Py,DPH-zeolite L. The occupation probabilities of the
different dyes was the same in all the samples, namely pppy ~
0.50, ppy~0.10 and po,~0.02. An additional Ox,Py,DPH-
sample with pp ~0.05 was investigated. The Ox,Py,DPH-
zeolite L sample is a deeply violet colored material.

In Figure 7a) we compare the emission spectra of DPH-
zeolite L, Py-zeolite L, and Py,DPH-zeolite L, when excited
at 353 nm, where the extinction coefficient of DPH is much
bigger than that of Py (see Figure 1a)). We observe that the
emission of the DPH-zeolite L (dotted line) has much higher
intensity than the Py-zeolite L (dashed line), as expected from
the higher extinction coefficient and the five times higher
loading. We should add that the fluorescence quantum yield
of Py and Ox in zeolite L are close to one, while we estimate
that of the DPH in zeolite L to be in the order of 0.2.5% The
reference spectrum of Py-zeolite L represents the part of the
Py fluorescence coming from direct excitation by the 353 nm
light and the spectrum of DPH-zeolite L represents the
fluorescence of DPH in absence of energy transfer. An
interesting observation can be made for the Py, DPH-zeolite L
(solid line). The DPH emission is reduced significantly with
respect to the DPH-zeolite L and the Py emission has gained
intensity. Our explanation of this observation is that energy
absorbed by DPH is transferred to Py in a similar way as was
reported recently for the bi-directional Py,Ox-zeolite L an-
tenna material.l'”! This observation encouraged us to prepare
and investigate Ox,Py,DPH-zeolite L sandwiches in order to
find out if near UV excitation of DPH, located in the middle
part of the crystals, can travel all the way through the Py
containing region and end up as red light emitted by Ox. The
result of such an experiment is illustrated in Figure 7b), where
we compare the fluorescence observed when Ox-zeolite L
(dashed), Ox,DPH-zeolite L (dotted) and Ox,Py,DPH-
zeolite L (solid) layers on quartz are excited at 353 nm. We
observe only a weak Ox emission in case of the Ox-zeolite L
sample. This was expected since Ox absorbs very weakly at
353 nm and its loading is low. The DPH fluorescence intensity
of the Ox,DPH-zeolite L is quite intense and the Ox emission
has also increased significantly. The energy transfer from the
DPH to the Ox is responsible for this behavior, as will be
explained later. The most interesting observation is made in
the case of the Ox,Py,DPH-zeolite L. We see that the DPH
intensity decreases with respect to the Ox,DPH-zeolite L
sample and that instead of it a Py emission is build up, as
already observed above. In addition to this the Ox emission
intensity has increased significantly. Our interpretation for
this observation is that the Py emission and the enhanced Ox
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emission are due to the antenna function of the system. The
energy is transferred from the electronically excited DPH to
Py which either relaxes by emitting a photon or allows the
energy to migrate to the boundary of the Ox domain. After
energy transfer to Ox, emission of red light due to fluorescing
Ox can be observed. This interpretation is supported by the
excitation spectra of two Ox,Py,DPH-zeolite L samples with
different Py loading, reported in Figure 7c). The two spectra
were recorded at 620 nm, the emission maximum of Ox. They
have been scaled to the same height at 600 nm. We observe
that both spectra show features of the absorption spectra of
the three dyes (see Figure 1a)), which indicates that the
observed fluorescence at 620 nm can be measured when
either DPH, Py or Ox molecules are excited by the light. We
also observe the expected decrease of the Py intensity for the
sample with half of the Py loading.

a)

DPH Py

Intensity of fluorescence / a.u.

-
380 420 460 500 540 580 620
Wavelength / nm

b
) DPH Py Ox

Intensity of fluorescence / a.u.

o

380 420 460 500 540 580 620
Wavelength / nm

c) DPH Py Ox

Normalized fluorescence

T T T T T T T

T T T T T T
360 400 440 480 520
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Figure 7. All spectra were recorded from thin layers on quartz plates. The
occupation probabilities of the different molecules in these samples are:
Poeu = 0.50, pp, = 0.10, po, =~ 0.02. a) Comparison of the emission spectrum
of Py,DPH-zeolite L (solid line) with DPH-zeolite L (dotted line) and Py-
zeolite L (dashed line) as reference, when excited at 353 nm. b) Compar-
ison of the emission spectrum of Ox,Py,DPH-zeolite L (solid line), of Ox-
zeolite L (dashed line) and of Ox,DPH-zeolite L (dotted line) when excited
at 353 nm. c) Excitation spectra of two Ox,Py,DPH-zeolite L samples with
different Py loading recorded at 620 nm, scaled to the same hight at 600 nm.
The first sample has the same composition as the one in b) (solid). The
second sample has a two times lower Py loading (dotted line).
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Discussion

A set of experimental tools for the synthesis and character-
ization of neutral dye-zeolite L materials has been reported
and applied to the dyes summarized in Scheme 1. We now
outline some general features of these tools and implications
of the displacement reaction [Eq. (2)]. In the discussion of the
three-dye zeolite L sandwiches the emphasis is on their bi-
directional antenna behavior.

Insertion of neutral dyes into zeolite L: The double ampoule
method leads to homogeneous and reproducible samples of
highly dye loaded zeolite L. The handling of the materials is
easy and does not require complicated equipment. Because of
electrostatic effects it is difficult to weigh the dry zeolite in a
glove box. It is much easier to weigh the hydrated zeolite and
to dehydrate it afterwards. Therefore precisely known
amounts of dye and dry zeolite can be used in this method
for quantitative experiments. The glass spiral and the rotation
of the ampoule provide an effective homogenization of the
reaction mixture. The final material is obtained in a sealed
ampoule. The simple ampoule method leads to comparable
results. It requires the handling of the sample in the glove box.
The insertion temperature is lower compared with the double
ampoule procedure because insertion takes place from the
melt and not from the gas phase. The surface impregnation
method consists of simultaneous dehydration of the zeolite
and insertion of the organic molecule. It leads to the same
results as the two methods mentioned above in the case of
pTP-zeolite L. It can be used for inserting less stable
molecules with low partial pressures. The dehydration con-
ditions should be chosen so that a sufficient amount of H,O
can escape the zeolite framework and a high mobility of the
molecules adsorbed on the surface is guaranteed. A temper-
ature of 200°C and a continuous nitrogen stream led to
the desired results. Obviously the mobility of the pTP on
the zeolite surface and in the channels was high enough
under these conditions. Milder conditions could be achieved
by replacing the nitrogen stream with an evacuated
system.

The vapor phase impregnation method described by Davis
etal.P does need dehydration of the zeolite prior to
mechanical mixing with the organic molecules. It has for
example been used for the “ship in the bottle” synthesis of
Ru(bpy);>* in zeolite Y./ Tt is less convenient for quantitative
experiments. Procedures were neutral molecules are inserted
from solution have so far not been successful for our purposes.
Inclusion of dyes during the zeolite synthesis does not allow
the synthesis of the sandwich structures envisaged and was
therefore not considered.

A wide variety of dehydration methods have been reported
in the literature. In most cases the effectiveness of the
procedures were not discussed. Specific surface area measure-
ments, TGA and gravimetric measurements represent good
and simple tools to check the effectiveness of a method. We
have shown that the dehydration method applied in this study
leads to water free main channels of zeolite L. About 1 H,O
per u.c. still remains in the smaller side channels, which does
not affect our experiments.
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TGA was found to be an ideal method for determining the
total pTP content in any pTP-zeolite sample. When using
TGA for the analysis of other dye-zeolite samples, complica-
tions can arise such as room temperature sublimation, thermal
reactions leading to polymers and other unwanted processes.
Therefore the data has to be carefully interpreted when
working with new classes of substances. When using TGA as
the only evidence for the successful insertion of a molecule
during the preparation, one has to be careful because
insertion can also be a result of the processes taking place
during the TGA measurements.?!

The washing of dry dye-zeolite L materials with 1-butanol,
which was first studied for resorufin-zeolite L,['®! allows us to
distinguish between dyes located inside and outside of the
channels. It was also used to remove molecules from the outer
surface of the crystals, which is necessary when preparing
sandwich structures with defined domains.

Coadsorption of water and displacement reaction: Exposure
of a dry pTP-zeolite L to air of 22 % relative humidity at rt
leads to the water adsorption kinetics shown in Figure 3b).
The adsorption behavior can be interpreted as a superimpo-
sition of two processes. One process dominates the first 4—6 h
where the large initial rate tends asymptotically to a value of
about 1 H,O per u.c. per h. After the adsorption of 10—
12 H,O per u.c. the second process takes over and the rate
slows down steadily until equilibrium is reached after about
24 h. The total capacity for water adsorption is about the same
as for a dehydrated zeolite L. We have no explanation for the
astonishing observation that the initial water adsorption rate
of the pTP-zeolite L is larger than that of an unloaded sample.
However, the characteristic behavior of this process can be
compared with the results reported in Figure 4b). We
observed that the first 10 H,O per u.c. do not displace the
inserted pTP. Replacement of the pTP by water occurs only
after this limit has been exceeded. From this we know that
pTP-zeolite L samples can easily be manipulated despite the
fact that the initial water uptake is fast. The reason why the
first 10 H,O per u.c. do not displace pTP can be understood
from the fact that at the beginning most of the cations in the
dry pTP-zeolite L channels are free to coordinate the entering
water molecules without disturbing the pTP. About 0.13 pTP
per u.c. remain in the channels of the zeolite at equilibrium.
This corresponds to an equivalent volume of about 0.3 H,O
per u.c. as can be estimated from the density of crystalline pTP
(1.234 gem=3, 25°C) and the specific volume of adsorbed
water in zeolite L at rt (784 A3 per u.c.® %)), This explains
why the total capacity for water adsorption of the pTP-
zeolite L was found to be the same as for an unloaded
zeolite L.

The amount of pTP leaving a dry pTP-zeolite L upon
exposure to humidity corresponds to an equivalent of about
30 pTP monolayers at the outer surface of the zeolite crystals.
The pTP Raman spectrum of such samples is the same as that
of pure crystalline pTP. In their TGA characteristics however,
the desorption step of a crystalline pTP phase at 250°C is
missing. This is explained by the observation that the pTP,
which melts at 210°C, prefers to return into the water-free
zeolite L main channels before the desorption temperature of
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the crystalline phase is attained. The surface impregnation
method as a synthetic tool was developed based on this
observation. Figure 4b) indicates how the distribution of the
pTP between the inner and the outer surface of the zeolite
crystals can be controlled. A similar observation was made by
Ramamurthy et al. when studying the behavior of some
ketones in zeolite Y.

The fact that water can displace BP, pTP, Res, and MBOXE
at room temperature but not for example DPH reflects
different interactions of these molecules with the zeolite
framework. The shape of the zeolite L main channel makes it
easy for the flexible DPH to come into close contact with the
wall but difficult for example for the pTP. More quantitative
thermodynamic, kinetic, spectroscopic, and theoretical stud-
ies of this aspect for a large range of molecules would be
desirable.

Three-dye sandwiches: Zeolite L permits insertion of neutral
dyes [Eq. (1)] and insertion of cationic dyes by ion exchange
[Eq. (3)]. This is a specific feature with respect to the popular
covalent AIPO,-5 and similar materials. It allowed us to
design the synthesis procedure illustrated in Scheme 3 which
leads to sandwich materials. Each step can either be an
insertion of a neutral dye or an ion exchange with a cationic
dye. If their size and shape are properly chosen, the molecules
cannot glide past each other because the channels are too
narrow. This allows the filling of specific parts of the
nanocrystals with the desired type of molecules. We envisaged
two systems. In one of them DPH, and in the other MBOXE
was inserted in the first step. The amount of dye was chosen so
that about 50 % of the sites remained empty. In the next step
Py was inserted by ion exchange. The rate of this ion exchange
is fast enough at the beginning so that MBOXE does not have
sufficient time to be significantly displaced by water. The dye
molecules, which are further inside, have no chance to escape,
as soon as one Py has been inserted on both sides of a channel.
Instead they are pushed deeper in the channel by newly
entering Py cations. In a next step Ox is added on each side of
the channels in a similar procedure. This process could be
continued, to also include neutral molecules after an ion-
exchange step. This means that the procedure explained in
Scheme 3 is very versatile. The high degree of organization
realized in the three-dye zeolite L sandwich material is of
general interest. The zeolite L host can be used to organize
other molecules in a sandwich structure and to prepare
materials with remarkable new properties.

Energy migration and energy transfer in 2 and 3-dye zeolite L
sandwiches: Organic dyes have the tendency to form aggre-
gates in solution even at low concentration. Such aggregates
are known to cause fast thermal relaxation of the electroni-
cally excited states. The role of zeolite L in this study is to
prevent this aggregation and to superimpose a specific
organization. We have observed that a portion of the near
UV light absorbed by the DPH, which is located in the middle
part of the Ox,Py,DPH-zeolite L nanocrystals, is transferred
to the adjacent Py, travels all the way through the Py
containing section and is then transferred to the Ox located
at both ends of the crystals, where it is emitted as red light.
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Similar observations have been made with Ox,PyMBOXE-
zeolite L materials.

Energy transfer and migration in these systems are
governed by dipole—dipole interactions known as Forster
mechanismP®* due to the absence of any orbital overlap
between the dye molecules. Consequences of Forster’s energy
transfer in such materials have been reported in a theoretical
study.") Tt turned out that it is convenient to express the rate
constant for energy transfer from a donor i to an acceptor j as
follows:

91n(10)¢,

T8N T Gilipip; )

where ¢; and 7; [s~!] are the fluorescence quantum yield and
the intrinsic fluorescence lifetime of the donor, N, [mol~] is
Avogadro number, 7 is the refractive index of the medium, G
[A-6] expresses the geometrical constraints of the sites in the
crystal and the relative ordering of the electronic transition
moments, p; and p; are the occupation probabilities of the sites
with excited donors i and acceptors j in the groundstate, and J;
[cm3m~1] is the spectral overlap integral between the donor
emission and the acceptor absorption spectrum. The energy
migration rate constant k¥ is obtained by summing up the
individual k; for the energy migration between an excited
donor and all surrounding acceptors:

kf = Z kij (6)

Spontaneous fluorescence, internal conversion and intersys-
tem crossing compete with the energy transfer and energy
migration processes as indicated in Scheme 4. The depopu-
lation rate of an excited donor i can be expressed according to
Equation (21) of ref. [19] by:

ki=ke+ko+kE -+ ky
J

where kg is the intrinsic fluorescence rate constant, k,, is the
rate constant of thermal relaxation including internal con-
version and intersystem crossing, and the kj; are the rate
constants for energy transfer from a donor i to an acceptor j at
the domain boundary. Quantitative evaluation of for example
front —back trapping efficiencies can be made in a similar way
as described in ref. [19] but is considerably more complex. We
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Scheme 4. Three-dye zeolite L sandwich crystal and photophysical pro-
cesses occurring after excitation of dyel: energy migration (k,y;,), energy
transfer (kgy), thermal relaxation including internal conversion and
intersystem crossing (k,.), spontaneous fluorescence (kg).
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observed in our recently published study on Ox,Py-zeolite L
significantly larger energy migration length than predicted by
Forster energy migration.'”! Our data strongly indicates that
this is due to self-absorption and re-emission processes,
causing a longer effective fluorescence lifetime.!

Instead of trying a quantitative account on the antenna
properties of the Ox,Py,DPH-zeolite L and Ox,Py,MBOXE-
zeolite L materials for which we are not yet ready, some
qualitative arguments are useful. After selective excitation of
a dyel located in the middle part of a dye3,dye2,dyel-
zeolite L successive energy migration steps take place until
the phase boundary dye2,dyel has been reached, where
energy transfer to dye2 can take place. This step is not
reversible because a portion of the excitation energy is lost.
The remaining exitation energy then migrates to the next
phase boundary dye3,dye2 where the same process can
happen. Dye3 finally relaxes to its groundstate either by
fluorescence or by a radiationless processes. The rate con-
stants for the energy migration and transfer are directly
proportional to the spectral overlap J;; which are illustrated
qualitatively in Figure 8 for DPH, Py and Ox as shaded areas.

J Py,0x

'JDPH,OX

JDPH,Py

J DPH,DPH A E

DPH

R e e
36000 32000 28000 24000 20000 16000
Wavenumbers / cm’

Figure 8. Bottom: Absorption (A) and emission spectrum (E) of DPH.
The shaded area indicates the DPH/DPH spectral overlap. Middle:
Emission spectrum of DPH and absorption spectrum of Py. The dark area
indicates the DPH/Py spectral overlap. Top: Emission spectra of DPH and
Py and absorption spectrum of Ox. The DHP/Ox and the Py/Ox spectral
overlap integrals are indicated.

We first discuss the consequences for energy migration.
Based on the spectral overlap, the fluorescence quantum yield
and lifetime, energy migration is fastest in Ox, followed by Py.
It is slower in DPH and MBOXE. Since Gj is an intrinsic
constant in the case of energy migration, the important
parameter that can be varied is the occupation probability.
The occupation probabilities which apply here can only be
estimated. The values given for the Ox,Py,DPH-zeolite L
material in the section on the synthesis of three-dye zeolite L
sandwiches refer to a whole micro crystal. Since the DPH,
which is initially inserted, is first compressed by the following
Py and then also by the following Ox, we must now use the
“local pppy” Which is larger than 0.5. By similar reasoning we
know that the “local pp,” is larger than 0.1 and that “local pg,”
is larger than 0.02. More quantitative knowledge of the
“local” occupation probability is not available but would be
desirable, which means that new analytical techniques are

0947-6539/00/0618-3466 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 18





Zeolite L Sandwiches

3456-3470

needed. For energy transfer, the Gj is no longer an intrinsic
parameter only determined by the crystal symmetry and the
relative orientation of the electronic transition moments. It
must be expressed specifically at each of the four dyei,dyej
boundaries. The probability that DPH can transfer its energy
in an Ox,Py,DPH-zeolite L crystal directly to Ox is small
because of the Py layer located between them, which makes
the DPH to Ox distance much too long to compete with the
DPH to Py energy transfer. In a Ox,DPH-zeolite L material,
however, some DPH to Ox energy transfer is possible because
of the shorter distance and the non vanishing Jppy o, Spectral
overlap. This explains the increase of the Ox emission
illustrated in Figure 7b).

The efficiency of DPH excitation energy transport to Ox
depends strongly on the energy migration length /ppy in the
DPH region located in the middle part of the cylinders and on
lp,. The length of the DPH region can be estimated to be more
than 400 nm, which means that severe losses are to be
expected due to the relatively low fluorescence quantum yield
of DPH. This is supported by the excitation spectra shown in
Figure 7c), observed at the Ox emission maximum. The
absorption characteristics of all three dyes can clearly be
recognized and we conclude that Ox can be excited at each
wavelength shown, ranging from 330 to 620 nm, in both cases.
The part of the Ox emission caused by light absorption of the
DPH at 353 nm is smaller than the emission due to the direct
Py excitation at 495 nm. The distribution of excited Py in the
zeolite is completely different in the case of direct light
absorption compared with the case of excitation by energy
transfer from the DPH. In the first case the whole Py domain
is excited homogeneously, while in the second case only Py
near the Py,DPH boundary can be excited. The Py intensity
shown in Figure 7c¢) differs by a factor of about two as
expected for the different Py loading. Interestingly the
relative intensity of the Ox to DPH fluorescence is the same
in both spectra. This means that the loss in the Py energy
transfer rate is not the determining step for the DPH — Py —
Ox excitation energy transport. We conclude that a significant
amount of excitation energy is lost within the DPH region
because the energy migration length is significantly shorter
than the length of the DPH section and a large part of the
DPH domain does not contribute to the energy transfer. A
dye with a significantly larger fluorescence quantum yield but
otherwise similar characteristics as DPH is therefore expected
to show a larger energy transport efficiency. In Figure 9 we
report the results of a similar experiments to those shown in
Figure 7b) and c), except in this case for the Ox,Py,MBOXE-
zeolite L material. We observe that the Ox fluorescence in
Figure 9a) is now even more intense with respect to the Py
emission. The absorption characteristics of MBOXE in the
excitation spectrum b) is comparable in intensity to the Ox
contribution.

Conclusion
A new kind of artificial antenna systems with light harvesting
properties over the whole visible spectrum and effective

energy transfer was demonstrated on two different materials.
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Figure 9. a) Emission spectrum of Ox,Py, MBOXE-zeolite L when excited
at 364 nm. b) Excitation spectrum of Ox,Py,MBOXE-zeolite L recorded at
627 nm.

The concept described for preparing and characterizing dye
loaded zeolite L sandwich structured material is not limited to
the dyes reported in Scheme 1 and it is not limited to
zeolite L. Optimization of the energy transport efficiency is
possible and we are confident that the linking of these antenna
systems to appropriate molecular or extended acceptors will
lead to devices with fascinating properties.

Experimental Section

Physical measurements: UV/Vis spectra were recorded on a Lambda 14
spectrophotometer (Perkin—Elmer). Fluorescence spectra were recorded
on a luminescence spectrometer LS50B (Perkin-Elmer). For the fluo-
rescence measurements of the sandwich materials and the reference
samples, about 1 #m thick layers were prepared on quartz plates. The dye-
loaded zeolite was suspended in 1-butanol (1.5mL). 200 uL of this
suspension were put as droplet on a quartz plate (1.5 cm diameter) and
covered by a petri dish top. After 4 -6 h the solvent was evaporated and the
layers were ready for the measurements. FT-Raman measurements were
performed with the Raman accessory of a BOMEM DA3.01 FTIR
spectrometer, equipped with quartz beamsplitter and a liquid nitrogen
cooled InGaAs-detector. The excitation wavelength of 9394.5 cm~! was
generated by a cw-Nd**:YAG Laser (Quantronix Model 114). The samples
were filled in glass tubes (DURAN, inner diameter 1.6 mm) and sealed
afterwards (the dry dye-zeolite L samples were handled in the glove box).
The spectra were recorded with a laser power between 250 and 390 mW, a
resolution of 4 cm™! and 1000 scans. Specific surface area measurements
were made on a Sorptomatic 1990 instrument (including Krypton unit from
CE-Instruments) using argon as adsorbate at ~87 K in the range of relative
partial pressures p/p, from 10~ to 1. Thermo gravimetric analysis (TGA)
and water adsorption kinetics were measured on a Mettler Thermobalance
TGS50. For the water adsorption kinetics experiment the thermobalance
was exposed to laboratory air with a relative humidity of 18—-22 % and the
temperature was held constant at 25 °C. Filtering of zeolite suspensions was
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performed with a polycarbonate membrane filter (Millipore Isopore
Membrane Filter, 0.1 um, VCTP).

Materials: p-Terphenyl (pTP) (Aldrich, 99.5 %) was used as received. The
extinction coefficient was determined in 1-butanol as &gsgumpuom) = 3.6 X
10* Lmol~'cm~L. all-trans-1,6-Diphenyl-1,3,5-hexatriene (DPH) (Fluka,
>99% HPLC) was used as received. The extinction coefficient reported
for methanol as solvent was used:*! &30, meom = 8.28 x 10* Lmol~'cm™".
The extinction coefficient of 1,2-bis(5-methyl-benzoxazol-2-yl)-ethene
(MBOXE) in ethanol was reported to be &aeumeom =43 %
10* Lmol~'cm~'5% Pyronine (Py) with acetate and oxonine (Ox) with
perchlorate as counter ion were synthesized and purified according to the
procedures described in the literature.’® 3 58 The extinction coefficients of
pyronine (&, = 8.3 x 10* Lmol~'cm™"') reported by Miiller” and oxonine
(€max =78 x 10* Lmol~'cm™") reported by Vogelmann®! were used in all
subsequent measurements. The fluorescence quantum yields and the
natural lifetimes of the dyes used in the sandwich materials are
Ppprimeon =027/ tpprmeon =19.3 185 Dypoe pon = 0.78/Tupoxe Eon =
1.5 08,5 @y o ~ VTpgpon = 3.2 08,1 @o ~ 1/70, pon = 3.5 ns.>)

1-Butanol (Fluka, for UV spectroscopy, >99.8%) was used as solvent
without further drying. Zeolite L was synthesized as described else-
where.'”! Elementary analysis of a representative zeolite sample yielded
the formula Kg 5[ AlgsSiy;505,0] - nH,0. By means of TGA the water content
of the zeolite stored at 22 % relative humidity was determined by weight
loss up to 1000°C to be n=16.240. 2. The material used in the present
work consisted of cylinders with an average length of about 800 nm and a
diameter of 1100 nm.

Synthesis of dye-loaded zeolite L materials: Three methods for the
insertion of neutral dyes into zeolite L channels are described. Most
procedures are explained for pTP as an example, but can also be applied to
other neutral dyes (see section on other neutral-dye zeolite L materials).
The appropriate synthesis method was chosen depending on the dyes
characteristics. In addition, the method for the synthesis of sandwich
structures by modification of a neutral-dye loaded zeolite L is described.

Insertion of neutral dyes: Double ampoule method: The synthesis was
performed in a specially designed glass ampoule. Two simple ampoules
were connected at their bottom end via a thin capillary. This capillary was
closed at one end by a thin glass hook, dividing the double ampoule into
two cavities. In a typical experiment hydrated zeolite L (200 mg) was
introduced in the left cavity and heated at 400°C for 24 h under vacuum
(3 x 1072 mbar). After this dehydration step the left cavity of the double
ampoule was sealed. pTP (9.5 mg) was then introduced into the other
cavity. After flushing several times with N,(g) and evacuating to a pressure
of 3 x 1072 mbar, the ampoule was cooled with liquid nitrogen to prevent
sublimation of the pTP and sealed. The glass hook, separating the two
cavities, was then broken by means of a little glass ball and insertion took
place at 300°C. A temperature gradient in the oven helped to direct the
sublimation to the zeolite containing cavity. Rotation of the ampoule in the
oven and a glass spiral secured a continuous homogenization of the sample.
After 24 h the temperature gradient was inverted by turning the ampoule in
the oven and the sample was slowly cooled to room temperature. This step
secured the separation of excess dye molecules which were neither
adsorbed on the outer surface nor inserted in the zeolite. The zeolite
containing cavity was then cooled with liquid nitrogen and the cavities were
separated by sealing the connecting capillary.

Simple ampoule method: In a typical experiment hydrated zeolite L
(200 mg) was introduced in a simple ampoule (equipped with a glass spiral)
and dehydrated at 400°C at 3 x 102 mbar during 24 h. The sealed ampoule
was opened in the glove box and pTP (9.5mg) was introduced. The
ampoule was then connected to the vacuum line until a pressure of 3 x
10-2 mbar was achieved. The ampoule was cooled with liquid nitrogen,
sealed and rotated in the center of the oven at 300°C. After 24 h the
sample was slowly cooled to room temperature. For the gravimetric
experiments hydrated zeolite L was dehydrated in a simple ampoule
under the same conditions (400°C, 24 h, 3 x 10-2 mbar) and sealed for later
use.

Surface impregnation method: In a first step hydrated zeolite L (50 mg) was
suspended in 1-butanol (5 mL) containing pTP (2.4 mg). The 1-butanol
was then removed by distillation under reduced pressure at 60°C.
The remaining powder was dried at a vacuum line (3 x 1072 mbar) for
24 h. The powder was stored at 22% rel. hum. during 24 h before use.

3468 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

In a second step portions of wet sample (about 30 mg) were filled ina 1 mL
ampoule and heated in a nitrogen stream of 160 mLmin~! at 200°C for
3 h. Then the hot ampoule was taken out of the oven and immediately
sealed.

Synthesis of dye-loaded sandwich crystals: For the synthesis of Py,DPH-
zeolite L wet DPH-zeolite L (3 mg) was placed in a 10 mL test tube and
suspended in water (4 mL), containing pyronine (300 uL of a 6 x 107°M
solution). The test tube was connected to a reflux condenser and protected
with aluminium foil against daylight. The suspension was refluxed for
90 min and then cooled to room temperature. After centrifugation of the
suspension the solvent was decanted off. The zeolite was washed with
portions of 4 mL water until no further dye was detected in the supernatant.
In the same way as described for pyronine, an Ox,DPH-zeolite L sample
was prepared with oxonine (40 puL of a 5.7 x 10~°m solution) and heated
under reflux for 30 min. As a reference, Py-zeolite L and Ox-zeolite L were
prepared in the same way as the corresponding DPH-samples taking
hydrated zeolite L (3mg) as starting material instead of wet DPH-
zeolite L.

For the synthesis of Ox,Py,DPH-zeolite L samples, the method mentioned
above was applied twice. First, wet DPH-zeolite L (3 mg) was modified
with pyronine as described above. After the suspension was heated under
reflux 90 min, it was cooled to 70°C and oxonine (40 pL of a 5.7 x 10-°m
solution) was added. The temperature was raised again and the suspension
was refluxed for another 30 min. Then the suspension was cooled to room
temperature and washed in the same way as described before. Ox,Py,
MBOXE-zeolite L samples were synthesized in a similar way.

Characterization: Again we explain the different procedures in detail for
pTP-zeolite L materials. Similar experiments were carried out with other
neutral dye-zeolite L samples.

Dehydration of zeolite L and specific surface area measurements: Two
methods of dehydration were used: Dehydration at the Sorptomatic
Instrument port: Hydrated zeolite L (200 mg) was placed in a burette
connected to a vacuum port and heated in an oven at a rate of 0.5°C per
min up to 300°C. The sample was held at this temperature under dynamic
vacuum conditions for 16 h until the residual pressure was <10~ torr. The
weight of dry zeolite L was calculated by comparing the weight of the
empty degassed sample burette and the degassed sample burette contain-
ing zeolite after dehydration. The weight loss of the sample due to
dehydration was in agreement with the total water content determined by
TGA. Dehydration method used in preparation technique: The zeolite L
sample was degassed in the Sorptomatic standard burette under the same
conditions as used for the pTP-zeolite L synthesis described above (400°C,
24 h, 3 x 10-2 mbar). For the argon adsorption measurement, the evacuated
burettes were connected to the measuring port of the Sorptomatic
instrument, evacuated to a pressure of <10~*Torr and cooled in liquid
argon. The argon adsorption isotherms of the dehydrated zeolite L samples
were then collected and the specific monolayer surface areas were
calculated according to the BET theory.*

Gravimetric determination of the water content: The water content after
preparation was determined by a gravimetric method. The ampoule
containing for example dry pTP-zeolite L was opened in a glove box and a
portion of the sample (50100 mg) was transferred into a glass vessel of
known weight. The closed vessel was then weighed on a microbalance to
determine the quantity of sample filled in. After rehydration the sample
weight was determined again and the quantity of adsorbed water was
calculated and compared with the total water content known from TGA
measurements. The same procedure was also followed when the water
content of dehydrated zeolite L was determined.

Thermo gravimetric analysis: The composition of a typical sample was
determined by means of TGA. Wet pTP-zeolite L (15-30 mg) was filled
into a 70 pL aluminium oxide crucible, placed in the thermobalance and
heated in a N,(g) stream of about 15 mLmin~! from 25 to 1000°C with a
rate of 5°C per min. The total water content of hydrated zeolite L was
determined following the same procedure.

Washing of dry and wet samples with 1-butanol: To determine the amount
of dye located outside the zeolite channels and to remove it, the following
washing procedure was used. In the glove box dry pTP-zeolite L (30 mg)
was filled in a dried and weighed 50 mL bulb, equipped with magnetic
stirrer and septum. 1-Butanol (30 mL) was then introduced through the
septum by a syringe. The suspension was put in an ultrasonic bath for
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several minutes and then portions of 5 mL were transferred to dried 10 mL
test tubes equipped with magnetic stirrers. The tubes were closed by gas-
tight caps and the suspensions were stirred at room temperature. After a
specified time the solvent was removed by filtration of the suspension and
the amount of dissolved pTP was determined spectrometrically. The wet
pTP-zeolite L was washed by the same method. The same method was
applied to the other dye-zeolite materials.

Coadsorption of water and displacement reaction: The water adsorption
kinetics were measured on a thermobalance. Dry pTP-zeolite L (20—
40 mg) was filled in the glove box into a 70 pL aluminium oxide crucible
of known weight, transferred to the thermobalance in a sealed glass vessel
and quickly put onto the balance where the weight gain at 25°C and
laboratory air (18-22% rel. hum.) was recorded over 24 h. The same
procedure was used when measuring the water adsorption kinetics of
dehydrated zeolite L.

Known amounts of water were adsorbed on a dry pTP-zeolite L sample
applying the following method: In the glove box, defined amounts of dry
pTP-zeolite L were transferred into glass vessels of known weight. The
closed vessels were then weighed on a microbalance to determine the
quantity of sample filled in. The samples were exposed to 22 % rel. hum. for
defined periods of time until the weight gain had reached the desired value.
The amount of sample was chosen in a way that the weight gain observed
was about 1 mg, independent of the relative amount of water adsorbed. The
vessels were sealed and stored for 4 h at 80°C to obtain a homogeneous
distribution of the adsorbed water. The samples were washed for 24 h with
1-butanol following the washing method described above and the amount
of pTP in the washing liquid was determined spectrometrically after
filtration.

Known amounts of water were also desorbed from wet pTP-zeolite L
samples. Defined amounts of wet pTP-zeolite L were filled into glass
ampoules having a volume of about 1 mL. The ampoules were then placed
in an oven at 100 °C (or 200 °C for high degree of dehydration) for a certain
time and flushed with dry nitrogen at a rate of about 120 mLmin~'. The
ampoules where taken out of the oven and sealed. After storage at 80°C for
4 h the weight loss was determined. The amount of sample was chosen in a
way that the weight loss observed was about 1 mg, independent of the
relative amount of water desorbed. For the calculation of the exact amount
of desorbed water from the sample, the water desorbed from the glass
surface had to be taken into account. The samples were then washed for
24 h with 1-butanol following the washing method described above and the
amount of pTP in the washing liquid was determined spectrometrically
after filtration.

Dehydration during TGA measurement: Wet pTP-zeolite L (25 mg), either
prepared by the double ampoule method or by the first step of the surface
impregnation method, was placed in a 70 uL. aluminium oxide crucible and
put on the thermobalance. Then the TGA measurement was started under
the same conditions as described before and the weight loss between 25 and
220°C was monitored. At 220°C the measurement was stopped and the
sample was quickly transferred from the crucible into a 25 mL dried
volumetric flask equipped with septum and magnetic stirrer. 1-Butanol
(25 mL) was added and the suspension was stirred for 24 h. The solvent was
separated by filtration and the amount of pTP contained was determined
spectrometrically.
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