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Regio- and Diastereoselective Cyclization Reactions of
Free and Masked 1,3-Dicarbonyl Dianions with 1,2-Dielectrophiles

Peter Langer*[?]

g N

Abstract: Despite their simplicity and synthetic useful-
ness, cyclisation reactions of 1,3-dicarbonyl dianions with
1,2-dielectrophiles are problematic, since both dianions
and 1,2-dielectrophiles are highly reactive compounds
(low reactivity matching). In addition, 1,2-dielectrophiles
are often rather labile, and reactions with nucleophiles
can result in polymerisation, decomposition, formation of
open-chained products, elimination or SET-reactions.
These intrinsic limitations can be overcome by a proper
reactivity tuning and by the use of electroneutral dianion
equivalents (masked dianions) in Lewis acid catalysed
reactions. The cyclisations reported herein allow for an
efficient, regio- and stereoselective one-pot synthesis of
biologically relevant ring systems.

Keywords: anions - cyclization - regioselectivity - silyl
enol ethers - tetrahydrofurans
\_ J

Introduction

Ambident dianions are organic substrates containing two
delocalised negative charges.!l The generation of dianions
requires strong bases such as lithium diisopropylamide (LDA)
or n-butyl lithium (nBuLi). 1,3-Dicarbonyl compounds can be
metallated twice by the action of two equivalents of LDA or
by the use of NaH/nBuLi.[! The terminal carbon atom of the
dianion can be regioselectively coupled with one equivalent of
an electrophile to give a monoanion, which is subsequently
trapped by addition of a second electrophile. Monoanions
may be alkylated twice by a double deprotonation-alkylation
sequence. However, the regioselectivities of the reactions of
monoanions and dianions generally differ greatly. For exam-
ple, 1,3-dicarbonyl monoanions are generally alkylated at the
central carbon or at the oxygen atom, whereas the formation
of dianions allows for functionalisation of the terminal carbon
atom. Exceptions to this are the reactions of highly stabilised

[a] Dr. P. Langer
Institut fiir Organische Chemie, Georg-August-Universitdt Gottingen
Tammannstr. 2, 37077 Géttingen (Germany)
Fax: (+49)551-399475
E-mail: planger@gwdg.de

Chem. Eur. J. 2001, 7, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

1,3,5-tricarbonyl compounds, which contain two (rather than
only one) highly acidic C—H groups. The product obtained by
sequential alkylation of a stabilised carbanion can be identical
to that prepared from the respective dianion.

Most work in dianion chemistry has been concentrated so
far on condensation reactions with monofunctional electro-
philes, and the subsequent addition of water to give open-
chained products.'l Despite their simplicity and synthetic
usefulness, cyclisation reactions of dianions with dielectro-
philes are relatively rare.?-] The use of 1,2-dielectrophiles is
particularly problematic, since both dianions and 1,2-dielec-
trophiles are highly reactive compounds (low reactivity
matching). In addition, 1,2-dielectrophiles are often rather
labile, and reactions with nucleophiles can result in polymer-
isation, decomposition, formation of open-chained products,
elimination, or SET-processes. Two ways of overcoming these
intrinsic limitations are viable: a)a proper tuning of the
reactivity of the dianion and the dielectrophile and b) the use
of electroneutral dianion equivalents (masked dianions) in
Lewis acid catalysed reactions.

Two general mechanistic pathways can be discussed for
cyclisation reactions of dianions (Scheme 1): firstly (mecha-
nism type A), the dianion can react with a monofunctional
electrophile with transposition of a negative charge from the
dianion to the electrophile. This carbanion attacks an electro-
philic centre of the former dianion moiety (e.g. the ester
group) to give a monoanion which is subsequently quenched
with water. Secondly, the dianion can react as a dinucleophile
with a dielectrophile (mechanism type B). This article will
mainly focus on cyclisation reactions of 1,3-dicarbonyl di-
anions following mechanism type B.

Discussion

Oxalic acid dielectrophiles: The reaction of dilithiated ethyl
acetoacetate 1a with oxalyl chloride and oxalic diethyl ester
proved unsuccessful and resulted in the formation of complex
mixtures.[) However, we have recently been successful in
inducing the desired cyclisation by tuning the reactivity of the
dielectrophile: the reaction of the dianion of 1a with N,N'-
dimethoxy-N,N’-dimethylethanediamide (a bis-Weinreb
amide) 24,/ which is available from oxalyl chloride in one
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Scheme 1. Possible mechanistic pathways for cyclisation reactions of 1,3-
dicarbonyl dianions. Nu = nucleophilic centre, E = electrophilic centre.

step, resulted in formation of
the y-alkylidenebutenolide 3a o o

in 75% yield (Scheme 2).1 R3\)J\HJ\R1

The reaction proceeds by R2

regioselective attack of the ter-
minal carbon of the dianion
onto 2a and subsequent regio-
selective cyclisation through
the oxygen atom of the dianion

1

MesSiO  OSiMes

(mechanism type B). The O- R1
regioselectivity can be ex- RS R2
plained by stereoelectronic a

considerations.®! The E-dia-
stereoselectivity for the forma-

Abstract in German: Trotz ihrer bestechenden Einfachheit
und potentiellen priparativen Niitzlichkeit sind Cyclisierungs-
reaktionen von ambidenten 1,3-Dicarbonyldianionen mit 1,2-
Dielektrophilen schwer zu bewerkstelligen, da sowohl Dianio-
nen als auch viele 1,2-Dielektrophile hochreaktive Verbindun-
gen darstellen (schlechtes Reaktivititsmatching). Weiterhin
sind viele 1,2-Dielektrophile gegeniiber starken Nucleophilen
relativ labil, was zu einer Reihe von Nebenreaktionen, wie zum
Beispiel Polymerisation, Zersetzung, Bildung offenkettiger
Produkte, Eliminierungen oder SET-Reaktionen, fiihren kann.
In letzter Zeit konnten durch Anwendung des Konzepts der
Reaktivititsfeinabstimmung und durch Einsatz elektroneu-
traler Dianion-Aquivalente (maskierter Dianionen) eine Reihe
effizienter Cyclisierungsreaktionen entwickelt werden, die eine
regio- und diastereoselektive Eintopf-Synthese biologisch re-
levanter Ringsysteme ermaglichen.
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Scheme 2. Cyclisation of the dianion of ethyl acetoacetate with 2a.l’]
i) 2.3 LDA, THF, —78°C; ii) 2a; iii) HCI, H,O (10%).

tion of the exocyclic double bond is presumably a result of the
dipole —dipole repulsion of the oxygen atoms of a nonche-
lated enolate intermediatel or by the higher thermodynamic
stability of the E-configured y-alkylidenebutenolide.l'”) From
a methodological viewpoint, this reaction represents both the
first example of cyclisation of an oxalic acid dielectrophile
with an ambident dianion and the first cyclisation of a bis-
Weinreb amide.[* 1]

Variation of the substituents allowed for the preparation of
a variety of y-alkylidenebutenolides (Scheme 3). All reactions
proceeded with very good E diastereoselectivity for substrates
containing a hydrogen atom at the terminal carbon of the 1,3-
dicarbonyl compound (R3>=H). For steric reasons, the

20 Examples, 22-80% yield
i 0] 0]
) o o %

R2 Ri
i) HO XY= HO ==
1 R2
/ RSO R RS
O
CH‘)&CI 2b 3
0]

forR3=H for R3+H
>40 Examples, 28-85% yield

Scheme 3. Cyclisation of 1,3-dicarbonyl dianions and 1,3-bis(trimethylsilyloxy)-1,3-butadienes with oxalic acid
dielectrophiles.* 12 i) 2.3 LDA, 2a, THF, —78°C, then HCI, H,0; ii) 2b, 0.3 Me;SiOTf, CH,Cl,, —78°C.

selectivity changed from E to Z configuration for substrates
containing a terminal substituent (R*#+H). Reactions of
sterically hindered, alkoxy-substituted, cyclic and functional-
ised substrates proved unsuccessful. To overcome these
limitations, we have developed an alternative method that
relies on the Me;SiOTf-catalysed cyclisation of 1,3-bis(trimeth-
ylsilyloxy)-1,3-butadienes 4—electroneutral dianion equiv-
alents—with oxalyl chloride (Me;SiOTf = trimethylsilyl tri-
fluoromethane-sulfonate).'”l The masked 1,3-dicarbonyl di-
anions 4 are available!™ ¥l from the respective 1,3-dicarbonyl
compounds in one or two steps and, in most cases, can be
stored for several months at —30°C without decomposition.
Although the Me;SiOTf-catalysed cyclisation is more general
than the dianion methodology, the latter has the advantage
that the 1,3-dicarbonyl compounds can be used directly. In
addition, ester-derived bis(silyl enol) ethers containing a
substituent at carbon C(2) are rather labile and readily
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undergo 1,5-silyl migration reactions.'”) Amide-derived bis- Me3Sio OSiMes
(silyl enol) ethers are particularly prone to such rearrange- PN
ment reactions.[3] OFt
A great variety of y-alkylidenebutenolides are readily OBn 5
available by reaction of bis(silyl enol) ethers 4 with oxalyl cl o
chloride (Schemes3 and 4). This includes, for example, DR
butenolides 3a and 3¢, which are analogues of the natural o cl
products pulvinic acid and calycin, respectively. Starting with EO EtO
cyclic bis(silyl enol) ethers, a number of biologically relevant o. o o o. o 0
bicyclic y-alkylidenebutenolides were prepared in good sz i) it D
yields.'") For example, the 5,10-bicyclic core structure of 3 f HO" b BzO" 1\,
is present in a number of sesquiterpenes.
6 (70%) 7 (69%)
iv)
00 __ OO
= E
HO 0 % ho o EO. .0 Et0._O
3a (56%) 3b (70%)
o o0z V) o O//
0.0 o OBn R OBn
HO = o 8 (78%) 9 (30-61%)
3d (81%) Scheme 5. Synthesis of y-alkylidenetetronic esters.’® I i) 0.3 Me,SiOTH,
CH,Cl,, —78°C; ii) BzCl, Pyr; iii) H,, Pd/C; iv) 1.3 Tf,O, 2.0 pyridine;
MeO.__O iv) 1.2 BusSnR, Pd,dbaj; (cat.), P(2-furyl);, LiCl. R = alkinyl, alkenyl, aryl,
Owr hetaryl.
3e (70%) HO 3t (730) O S
Scheme 4. Selected examples of the y-alkylidenebutenolides pre- MesSiO  OFt i) A
pared.l2 161 = < OSiMez —————————> © o |\
O, Cl OH
. . 10 H 11
Due to their polyketide structure, many natural products cl o) o
contain an oxygen atom at carbon C(4) of the butenolide
moiety. The preparation of y-alkylidenetetronic acids and R
esters from ascorbic acid derivatives requires several steps DA oH
and has the disadvantage that no additional substituents can
be introduced at the exocyclic double bond or at the
butenolide moiety.l'”? We have developed a solution to this
problem by cyclisation of 4-benzyloxy-1-ethoxy-1,3-bis(tri- Q EtO -
methylsilyloxy)-1,3-butadiene (5) and related bis(silyl enol) g\ i) g N
ethers with oxalyl chloride, which affords, for example, o | - o ! o
butenolide 6 in good yield (Scheme 5).'! The free y- o CI,,/F{Cy3 Ph o %
alkylidenetetronic acid 7 was obtained by orthogonal protec- ° R Ru=" | R

tion of the C(3) hydroxy group of 6 as a benzoate ester and
subsequent chemoselective deprotection of the C(4) hydroxy
group.l'8] Substituted butenolides, such as 9, could be prepared
by palladium-catalysed cross-coupling reactions via the cor-
responding enol triflates 8 at carbon C(3) (Scheme 5).1 The
hydrogenation of y-alkylidenebutenolides proceeded with
very good cis diastereoselectivity to give y-lactones in good
yields. 20 21]

Butenolide medium-ring-ether hybrids were efficiently
prepared by sequential Me;SiOTf-catalysed cyclisation, Mit-
sunobu reaction and ring-closing metathesis (RCM).??l For
example, the 5,8 bicyclic compounds 13 were prepared by
cyclisation of bis(silyl enol) ether 10 with oxalyl chloride to
give butenolide 11, which was subsequently alkylated and
transformed into 13 by RCM (Scheme 6). The ring size and

Chem. Eur. J. 2001, 7, No. 18
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7|
13 (R = H, Me, Et): 55-66% Cl" pcy, (Cat) 12 (62-68%)

Scheme 6. Synthesis of butenolide medium-ring-ether hybrids.”?!
i) 0.3 Me,SiOTf, CH,Cl,, —78°C, 72%; ii) DEAD, PPh,, 24 h, 20°C,
THEF; iii) Cat. (10 mol % ), CsHs.

the location of the endocyclic double bond could be efficiently
controlled by variation of the length of the two alkenyl chains.

1,5-Bis(trimethylsilyloxy)-1,3,5-hexatrienes 14 can be con-
sidered to be vinylogous 1,3-dicarbonyl dianion equivalents.
The cyclisation of these compounds with oxalyl chloride
allowed for a direct and regioselective synthesis of polyunsat-
urated y-alkylidenebutenolides 15, which are analogues and
synthetic precursors of natural products such as lissoclinolide
(Scheme 7). The reactions proceed with very good regio-
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Scheme 7. Synthesis of polyunsaturated y-alkylidenebutenolides.?! i) 0.5
Me;SiOTf, CH,Cl,, —78°C. R!=H, Alkyl, OMe; R2=Me, Et; Z/E >98:2
for R'+H. ii) 0.3 Me;SiOTf, CH,Cl,, 61 %; Z/E <2:98.

and Z diastereoselectivities for dienes that contain a terminal
substituent R'. Starting with the parent triene (R'=H), a
mixture of geometric isomers was obtained (E/Z =1:2) which
supports our initial observation (vide supra) that the carbonyl
group attached to the exocyclic double bond is a stereo-
directing element. In fact, the reaction of oxalyl chloride with
1,3,5-tris(trimethylsilyloxy)-1,3,5-hexatriene 16 afforded the
y-alkylidenebutenolide 17 with very good E diastereoselec-
tivity (Scheme 7).

The reaction of dilithiated 1,3-dicarbonyl compounds with
oxalic acid-bis(imidoyl)chlorides 18, aza-analogues of oxalyl
chloride, resulted in regioselective formation of a great
variety of 5-alkylidene-5 H-pyrrol-2-ones 19 (Scheme 8).14

R4
I R2
. O O Ox_N
R \)\/U\Ra i) H. MR?’
2 > N
R cl. N-R* ke R °
1 H 19
R*-N  cI .
18 Y
27-66% R4
ElZ>98:2 for R = H I R?
28 Examples

Scheme 8. Cyclisation of 1,3-dicarbonyl dianions with oxalic acid-bis-
(imidoyl)chlorides.? i) 2.3 LDA, then 18, THF, —78°C.

The cyclisation proceeds by regioselective attack of the
terminal carbon atom of the dianion onto the dielectrophile
and cyclisation through the oxygen atom to give intermediate
A, which undergoes a Dimroth rearrangement under the
reaction conditions (mechanism type B). Due to the stereo-
directing effect of R*, the products were formed with excellent
E diastereoselectivity (for R'=H). The 5-alkylidene-5H-
pyrrol-2-one system is of biological relevance and occurs in a
number of natural products.

3862
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a-Chloroacetic chlorides and aldehydes: Reaction of the
disodium salt of acetylacetone with the sodium salt of
chloroacetic acid was reported to give 4,6-dioxoheptanoic
acid by attack of the terminal carbon of the dianion on the
carbon attached to the chlorine atom.®! Although two
examples for condensations of 1,3-dicarbonyl dianions with
ethyl chloroacetate are known,? this reaction has structural
limitations. We have recently developed a more general
approach which relies on the Me;SiOTf-catalysed, chemo-
and regioselective condensation of 1,3-bis(trimethylsilyloxy)-
1,3-butadienes 4 with a-chloroacetic chlorides 21 to give the
6-chloro-3,5-dioxoesters 22 (Scheme 9).% 28 Upon treatment
with 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), these com-
pounds underwent regioselective cyclisation to give a variety
of biologically relevant functionalised 3(2 H)furanones 23
(mechanism type B).

MesSiO  OSiMes o o o o 0
i 3
M RS + CI%CI v MR
Rl R2 R4 R* R! R?
4 21

14 Examples
31-70% over two steps
23

Scheme 9. Cyclisation of 1,3-bis(trimethylsilyloxy)-1,3-butadienes with a-
chloroacetic chlorides.”” 21 i) 0.3 Me;SiOTf, CH,Cl,, —78°C; ii) 2.0 DBU,
THF,2-12 h. R'=H, alkyl, OMe; R?>= H, alkyl; R?= O-alkyl; R*=H, Me.

Based on the known Ti'V-mediated reactions of simple silyl
enol ethers with glyoxylate esters®? and a-bromoacetals,?!
and on the diastereo- and enantioselective reaction of
1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene with a-
heterosubstituted aldehydes,* the Me,;SiOTf-catalysed®
condensation of 1,3-bis(trimethylsilyloxy)-1,3-butadienes with
a-chloroacetic aldehyde dimethylacetal 24 was developed
(Scheme 10).2% 3% These reactions chemoselectively afforded
the 6-chloro-5-methoxy-3-oxoesters 25, which were isolated
and subsequently transformed into the 2-alkylidene-4-me-
thoxytetrahydrofurans 26 by treatment with DBU (mecha-
nism type B). The products were formed with very good regio-
and E/Z diastereoselectivities, and with good 1,2-diastereose-
lectivities.

MesSIO  OSiMes OMe
a3 I
Rl/ R2 o C OMe i
4 24 OMeO O
cl o3
R? R! R?
MeO™ o 10 Examples

52-64% over two steps

(forR'=H) 5  (for R #H)

Scheme 10. Cyclisation of 1,3-bis(trimethylsilyloxy)-1,3-butadienes with
a-chloroacetic aldehyde dimethylacetal.?®3 i) 0.3 Me,SiOTf, CH,CL,,
—78°C; i) 2.0 DBU, THF, 2 h. R!, R2=H, alkyl; R3= O-alkyl.
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1,2-Dihalides: The reaction of 1,3-dicarbonyl dianions with
1,2-dibromo- or 1,2-diiodoethane resulted in oxidation of the
dianion and formation of ethylene.’'! Open-chained conden-
sation products were obtained in the presence of catalytic
amounts of CuCl; however, only in 25-33% yield.?? An
elimination reaction was observed when 1,2-dichloroethane
was used.’? The problem was solved by application of the
concept of reactivity tuning: cyclisations of 1,3-dicarbonyl
dianions 1 with 1,2-dihalides could be successfully induced
when 1-bromo-2-chloroethane 27 was employed as the
dielectrophile (Scheme 11).*%1 The tetrahydrofurans 28 were
formed with very good E diastereoselectivity. The cyclisation
proceeds by attack of the terminal carbon of the dianion on
the bromide at low temperature and, upon heating, attack of
the enolate oxygen on the less reactive chloride function
(mechanism type B).

R2?
o o o O
w0 N
R _—
2 Br Rt O
R C|/\/ 27
1 28 (40-80%)
14 Examples

Scheme 11. Cyclisation of 1,3-dicarbonyl dianions with 1-bromo-2-chloro-
ethane.?1) 2.3 LDA; ii) 27, THF, — 78 —20°C for 14 h, then 68°C for 14 h.
R!, R?=H, alkyl; R*= O-alkyl, NEt,.

The reaction of 1,3-dicarbonyl dianions with 1,4-dichloro-2-
butene has been reported to result in formation of mixtures of
open-chained products in low yields.?> However, cyclisation
reactions could be successfully carried out when 1,4-dibromo-
2-butene 31 was used as the dielectrophile.* 1 The products,
2-alkylidene-5-vinyl-tetrahydrofurans, were formed by a
S\/Sy’ displacement reaction with very good regio- and E/Z
diastereoselectivity (mechanism type B). The reaction of 31
with dianions of cyclic 1,3-dicarbonyl compounds 29 resulted
in formation of the 2-vinyl-2,3,3a,4,5,6-hexahydro-2,3-benzo-
furans 32 with very good 1,2- and 1,3-diastereoselectivity
(Scheme 12).51 These products could be efficiently trans-
formed into the isomeric bicyclo[3.2.1]Joctan-8-ones 34 by a
palladium(o)-catalysed rearrangement. This reaction proceeds
by initial ring opening, formation of a m-allyl palladium
complex and recyclisation by nucleophilic attack of the
carbon atom of the enolate onto the m-allyl palladium
complex.’% ¥ Due to m-0-m isomerisation of the m-allyl
palladium complex, the products were obtained as mixtures
of endolexo diastereomers. One way to overcome this
problem was to use a better leaving group: the cyclisation of
31 with dilithiated S-ketosulfones 30 afforded the sulfone-
substituted products 33 with very good diastereoselectivity.
The palladium-catalysed rearrangement of 33 proceeded with
very good stereospecificity to give the endo-configured
bicyclo[3.2.1]octan-8-ones 35 exclusively and in good yields
(Scheme 12).5

Epoxides and aziridines: Previous attention in reactions of
1,3-dicarbonyl dianions with epoxides has mainly been
focused on the synthesis of open-chained products. For

Chem. Eur. J. 2001, 7, No. 18
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(o] o) A
R2 o 2 i; ;
i), ii)
H
R! B B RL

29 (R?=CO,R) 31 32 (R?=CO,R): 36-81%
30 (R? = SO,Ph) 33 (R? = SO,Ph): 32-43%

i) ‘
o
\

H “R?

endo exo

34 (R?=CO,R): 51-92%, endolexo = 1.1:1
35 (R? = SO,Ph): 35-81%, endolexo > 98:2

Scheme 12. Cyclisation of 1,3-dicarbonyl and -ketosulfone dianions with
1,4-dibromo-2-butene and palladium catalysed rearrangement of the
products.?**l i) 23 LDA; ii)31, THF, —78°C, ds>98:2; iii) DMSO,
Pd(dppe), (5 mol %), 60-100°C, 624 h.

example, a protected seco acid, an open-chained precursor to
(R,R)-(—)-pyrenophorin, has been enantiospecifically pre-
pared by treating the dianion of tert-butyl acetoacetate with
(R)-(+)-propylene oxide and subsequently quenching the
reaction with water to give an open-chained product.[*’]
Cyclisation reactions of epoxides with 1,3-dicarbonyl di-
anions, which have been carried out in one or two steps,
proceed by attack of the terminal carbon atom of the dianion
on the sterically less hindered carbon atom of the epoxide.[*!]
Despite a number of structural and preparative limitations,
this type of reaction has been successfully used for the
synthesis of (4)-methyl homononactate.*'® The reaction of
1,3-dicarbonyl dianions with N-tosyl aziridines has been
reported to give open-chained products, which could be
transformed into substituted pyrrolidines by treatment with
acidic Amberlyst 15 resin (mechanism type A).[*?!

Recently, we reported the first Lewis acid mediated
cyclisations of 1,3-bis(trimethylsilyloxy)-1,3-butadienes 4 with
epoxides 36 which allowed for the synthesis of 2-alkylidene-
tetrahydrofurans 37 with a great variety of substitution
patterns and functional groups (Scheme 13).3! For epoxides
containing a base-labile ester, chloride or bromide function,
the reaction proceeded with very good chemoselectivity. For
all cyclisations, very good regio- and E-diastereoselectivities
were observed.

H Me3SiO  OSiMeg H H o Rl
H \H\l MRZ D R M R?
< + R3
R* g3 R o
36 4 37 (30-70%)
28 Examples
E:Z>98:2

Scheme 13. Cyclisation of 1,3-bis(trimethylsilyloxy)-1,3-butadienes with
epoxides.¥l i) 2.0 TiCl,, CH,Cl,, —78°C, 5h, 20°C, 12 h. R'=H, alkyl;
R?=alkyl, Ph, O-alkyl; R®*=H, alkyl, Cl, Br, CO,Et, CH,CO,Et, OBn,
CH,CH=CH,; R*=H, Me.
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The use of 1,2-disubstituted epoxides was equally successful
and proceeded with very good stereospecificity. Starting with
the trans-configured epoxide 38, the cis-configured tetrahy-
drofuran 39 was obtained and vice versa (Scheme 14). The

Me3SiO  OSiMes o] y o Lomoa
Adge + N ——— LY
38 39 (42%)

N N )

OSiMe .
. OSiMe.
C|3TIO\J\/§\ iy | O, 3
P o7oEt

Ticl,

Scheme 14. Mechanism of the cyclisation of dienes 4 with epoxides.[*’]
i)2.0 TiCl,, CH,Cl,, 4 A MS, —78°C, 5h, 20°C, 12h; ii) + 2 TiCl,,
—Me;SiCl; iii) — TiCly; iv) — “Me;SiOTiCly”.

observed stereoselectivity suggested that formation of 2-al-
kylidenetetrahydrofurans 37 and 39 can be explained by the
following mechanism: the terminal carbon of the diene
regioselectively attacks the epoxide 38 to give intermediate
A, with inversion of configuration. The cyclisation proceeds
by TiCl,-mediated attack of the epoxide-derived hydroxy
group onto the a,f-unsaturated ester to give intermediate B,
with retention of configuration (mechanism type A). In fact,
the epoxide can be considered as a 1,3-electrophile/nucleo-
phile rather than a 1,2-dielectrophile. Elimination of silano-
late subsequently leads to the final product. Attack of the
oxygen atom of intermediate A, derived from silyl enol ether,
onto the hydroxy group would have resulted in inversion of
configuration (mechanism type B). The stereoselectivity in
favour of products containing E-configured exocyclic double
bonds can be explained by the W-shaped configuration of
intermediate A, which allows for minimisation of the dipole —
dipole repulsion of the oxygen atoms (vide supra). Attack of
the diene onto the sterically more encumbered carbon is
observed for epoxides containing a phenyl or vinyl substitu-
ent, which more effectively stabilise a carbocationic inter-
mediate.

The SnF,-mediated reaction of epoxyaldehydes with 3-iodo-
2-[(trimethylsilyl)methyl]propene, a trimethylenemethane
dianion equivalent, has been reported by Molander and co-
workers.[* This reaction proceeds by attack of the dianion
onto the aldehyde and subsequent cyclisation through the
terminal carbon of the epoxide to give a six- rather than a five-
membered ring. The regioselectivity can be explained by the
fact that a 5-exo-tet cyclisation is stereoelectronically unfa-
voured, since only carbon but no oxygen atoms are available
as nucleophilic centres. The reaction of 1,3-dicarbonyl dia-
nions with carbohydrate-derived epoxy tosylates and triflates
has been reported to result in formation of bicyclic systems.[*]

We have recently reported the cyclisation of 1,3-dicarbonyl
dianions with 1-bromo-2,3-epoxypropane (40).14¢ 471 This re-
action proceeds by attack of the dianion on the carbon
attached to the bromine atom, and subsequent nucleophilic
attack of the enolate oxygen on the central carbon atom

3864
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giving rise to formation of 2-alkylidene-5-hydroxymethyl-
tetrahydrofurans (41) (mechanism type B; Scheme 15). A
thorough optimisation of the conditions (temperature, coun-
ter-ions of the dianion, presence of the Lewis acid LiClO,)

0
HO R3
Rl i i \/”'/ 0 —
MRE’ i, i), i R?
2
R N 1
1 >\ Br 40 41 (21-96%)
iv), v)

vi)

23 Examples
In most cases: ZIE > 98:2

Scheme 15. Cyclisation of 1,3-dicarbonyl dianions with 1-bromo-2,3-epoxy-
propane.l“> 47 i) NaH, nBuLi; ii) 40; iii) H,O; THF, LiClO,, —35°C for
10 h, 20°C for 8 h; iv) NaH, nBuLi; v) 40, —NaBr; vi) H,0. R!, R2=H,
alkyl; R®=alkyl, Ph, O-alkyl, NEt,.

was important to obtain good yields and high chemo- and
regioselectivities. In most cases, the reaction yielded the
thermodynamically less stable Z-diastereomers which slowly
isomerised into the corresponding E-configured products. The
Z-diastereoselectivity can be explained by chelation of the
oxygen atoms with a Li* ion in intermediates A and B. This
complexation is facilitated by the high concentration of
lithium ions in solution.

Hydrogenation of 2-alkylidene-5-hydroxymethyl-tetrahy-
drofurans by using Pd/C as the catalyst afforded syn-
configured functionalised tetrahydrofurans in good yields
and with good diastereoselectivities.*®! For steric reasons, the
hydrogenation occurred from the sterically less encumbered
side of the molecule.

1,2-Dicarbonyl derivatives: In general, cyclisations of 1,3-
dianions with enolisable 1,2-dicarbonyl derivatives are not
possible, due to competing deprotonation of the latter.[45-5
This problem could be solved by the use of electroneutral
dianion equivalents: Molander and co-workers developed the
SnF,-mediated cyclisation of 3-iodo-2-[(trimethylsilyl)-
methyl]propene (vide supra) with enolisable 1,2-diketones.5!
Recently, we reported the cyclisation of 1,2-diketones 42 with
1,3-bis(trimethylsiloxy)-1,3-butadienes 4 (Scheme 16).% This

. . o o
Me3zSiO  OSiMe; (6] ) 1
4 [ R 2
NP Rz L R ROV R
R* o 16-63% RT g
’ Ho R
4 42 43

12 Examples for R34 R4 1s = 9:1- 411

Scheme 16. Cyclisation of 1,3-bis(trimethylsilyloxy)-1,3-butadienes with
1,2-diketones.” i) 2.0 TiCl,, CH,Cl,, —78°C, R'=H, Me, Et, OMe; R?=
Me, CH,0Me, O-alkyl; R?, R*=Me, Et.
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cyclisation proceeds by a regioselective double Mukaiyama
aldol reaction and subsequent elimination of water to give the
functionalised cyclopent-2-en-1-ones 43 (mechanism type B).
Similarly, the reaction of bis(silyl enol) ethers with 2,2-
dimethoxyphenylacetic aldehyde afforded cyclopent-2-en-1-
ones by attack of the terminal carbon of the diene on the
aldehyde, and subsequent cyclisation by attack of the central
carbon atom of the diene on the ketal group.

Nitroalkenes: The cyclisation of 1,3-dicarbonyl dianions with
nitroalkenes to give functionalised cyclohexanones was re-
ported by Seebach et al. (Scheme 17).54 For example, Mi-
chael addition of the terminal carbon of the dianion of
2-acetylcyclohexanone with nitroalkene 44 and subsequent
aldol reaction gave the decalone 45 with very good 1,2-
diastereoselectivity (mechanism type A). In this reaction, the
nitroalkene reacts as a 1,2-electrophile/nucleophile. Related
reactions of 1,3-dicarbonyl dianions with aldehydes have been
reported to give functionalised pyran-4-ones.>

44 O 45 (68%)

Scheme 17. Cyclisation of 1,3-dicarbonyl dianions with nitro-alkenes.[>
i) NaH; ii) nBuLi, THF, 0°C.

A great deal of synthetic interest has been focused on [4+2]
cycloaddition reactions of 1-methoxy-3-trimethylsilyloxy-1,3-
butadiene (Danishefsky’s diene) and of 1,3-bis(trimethylsilyl-
oxy)-1,3-butadienes with alkenes,’® alkynes 5! aldehydes!™®!
and allenes.’ % The discussion of these reactions is beyond
the scope of this article.

Conclusion

Reactions of 1,3-dicarbonyl dianions with electrophiles allow
for a functionalisation of the terminal carbon atom of the 1,3-
dicarbonyl compound. Despite their simplicity, direct cyclisa-
tion reactions of 1,3-dicarbonyl dianions with 1,2-dielectro-
philes are problematic. Based on the concept of reactivity
tuning and on the use of 1,3-bis(trimethylsilyloxy)-1,3-buta-
dienes (electroneutral dianion equivalents) we have devel-
oped a number of cyclisation reactions which allow for a rapid
chemo-, regio- and diastereoselective synthesis of a variety of
biologically relevant ring systems. The cyclisation of oxalic
acid dielectrophiles with free and masked dianions afforded a
variety of y-alkylidenebutenolides. The reaction of 1,3-
bis(trimethylsilyloxy)-1,3-butadienes  with  a-chloroacetic
chlorides and a-chloroacetic aldehyde dimethylacetal regio-
selectively afforded 3(2 H)furanones and 2-alkylidene-4-
methoxytetrahydrofurans, respectively. The reaction of free
and masked 1,3-dicarbonyl dianions with 1,4-dibromo-2-
butene, 1-bromo-2-chloroethane, epoxides and 1-bromo-2,3-
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epoxypropane provided a convenient access to functionalised
tetrahydrofurans. Cyclopent-2-en-1-ones were prepared by
cyclisation of 1,3-bis(trimethylsilyloxy)-1,3-butadienes with
1,2-dicarbonyl derivatives. Further progress is directed to-
wards applications in natural product syntheses and solid-
phase methodology.

[1] Reviews: a) A. Maercker, Methoden Org. Chem. (Houben-Weyl) 4.
Aufl., Bd. E19d, 1993, 448; b) C. M. Thompson, D. Green, Tetrahe-
dron 1991, 47, 4223; c) E. M. Kaiser, J. D. Petty, P. L. A. Knutson,
Synthesis 1977, 509.

[2] L. Weiler, J. Am. Chem. Soc. 1970, 92, 6702.

[3] For cyclisations of other than 1,3-dicarbonyl dianions with 1,n-
dielectrophiles, see for example: a) K. G. Bilyard, P.J. Garratt, R.
Hunter, E. Lete, J. Org. Chem. 1982, 47, 4731; b) R. B. Bates, B.
Gordon, T. K. Highsmith, J. J. White, J. Org. Chem. 1984, 49, 2981;
¢) K. Tanaka, H. Horiuchi, H. Yoda, J. Org. Chem. 1989, 54, 63; d) A.
Maercker, A. Groos, Angew. Chem. 1996, 108, 216; Angew. Chem. Int.
Ed. Engl. 1996, 35, 210.

For cyclisations of other than 1,3-dicarbonyl dianions from our

laboratory, see: a) P. Langer, J. Wuckelt, M. Doring, H. Gorls, J.

Org. Chem. 2000, 65, 3603; b) P. Langer, M. Doéring, Chem. Commun.

1999, 2439; c) P. Langer, Chem. Commun. 1999, 1217; d) P. Langer, J.

Wauckelt, M. Doring, R. Beckert, Eur. J. Org. Chem. 1998, 1467; ¢) P.

Langer, M. Doring, Synlett 1998, 396; f) P. Langer, J. Wuckelt, M.

Doring, P. R. Schreiner, H. Gorls, Eur. J. Org. Chem. 2001, 2245.

For multicomponent cyclisations of dianions from our laboratory, see:

a) P. Langer, M. Doring, H. Gorls, R. Beckert, Liebigs Ann./Receuil

1997, 2553; b) P. Langer, M. Doring, D. Seyferth, Chem. Commun.

1998, 1927; c) P. Langer, M. Doring, Synlett 1998, 399; d) J. Wuckelt,

M. Doéring, R. Beckert, P. Langer, Synlett 1999, 1100; e) P. Langer, J.

Wauckelt, M. Doring, J. Org. Chem. 2000, 65, 729; f) P. Langer, J.

Wauckelt, M. Déring, H. Gorls, Eur. J. Org. Chem. 2001, 1503; g) P.

Langer, M. Doring, D. Seyferth, Synlett 1999, 135; h) P. Langer, M.

Doring, H. Gorls, Eur. J. Org. Chem. 2001, 1511; i) P. Langer, M.

Doring, P. R. Schreiner, H. Gorls, Chem. Eur. J. 2001, 7, 2617.

For the extrusion of carbon monoxide in the reaction of glycols with

oxalyl chloride, see: a) T. lida, T. Itaya, Tetrahedron 1993, 49, 10511;

b) M. P. Sibi, M. Marvin, R. Sharma, J. Org. Chem. 1995, 60,

5016.

P. Langer, M. Stoll, Angew. Chem. 1999, 111, 1919; Angew. Chem. Int.

Ed. 1999, 38, 1803.

[8] J. E. Baldwin, L. I. Kruse, J. Chem. Soc. Chem. Commun. 1977, 233.

[9] For a review on the structure and reactivity of lithium enolates, see:
a) D. Seebach, Angew. Chem. 1988, 100, 1685; Angew. Chem. Int. Ed.
Engl. 1988, 27, 1624; b) S. J. Rhoads, R. W. Holder, Tetrahedron 1969,
25, 5443; c)B. Miller, H. Margulies, T. Drabb, Jr., R. Wayne,
Tetrahedron Lett. 1970, 3801; d) G. Entenmann, Tetrahedron Lett.
1975, 4241; e) C. Cambillau, P. Sarthou, G. Bram, Tetrahedron Lett.
1976, 281.

[10] For other approaches to y-alkylidenebutenolides, see for example:
a) K. Siegel, R. Briickner, Chem. Eur.J. 1998, 4,1116; b) F. Goerth, A.
Umland, R. Briickner, Eur. J. Org. Chem. 1998, 1055; ¢) F. v. d. Ohe,
R. Briickner, Tetrahedron Lett. 1998, 1909; d) F.C. Gorth, R.
Briickner, Synthesis 1999, 1520; e) I. Hanisch, R. Briickner, Synlett
2000, 374; f) E.-i. Negishi, M. Kotora, Tetrahedron 1997, 53, 6707,
¢) D. W. Knight, G. Pattenden, J. Chem. Soc. Perkin Trans. 1 1979, 62;
h) C.F. Ingham, R.A. Massy-Westropp, G.D. Reynolds, W.D.
Thorpe, Aust. J. Chem. 1975, 28, 2499. For a stereoselective approach
to isoascorbic acids, see: i) D. Enders, H. Dyker, F. R. Leusink, Chem.
Eur. J. 1998, 4, 311.

[11] For cyclisations of stabilised carbanions with oxalic acid dielectro-
philes, see: a) R. Saalfrank, J. Nachtrab, S. Reck, F. Hampel, Z.
Naturforsch. B, 1999, 54, 179; b) H.-D. Stachel, K. Zeitler, Arch.
Pharm. (Weinheim, Ger.) 1995, 328, 99; c) J. S. Chickos, J. Org. Chem.
1973, 38, 1231. For the MgCl, mediated cyclisation of 1,3-dicarbonyl
compounds with oxalyl chloride, see: d) R. W. Saalfrank, T. Lutz,
Angew. Chem. 1990, 102, 1064 ; Angew. Chem. Int. Ed. Engl. 1990, 29,
1041.

4

[l

5

[t

[6

—_

7

—

0947-6539/01/0718-3865 $ 17.50+.50/0 3865





CONCEPTS

[12]
[13]
[14]

(15]

[16
[17]

(18]
(19]

[20]
[21

[22

[2
2
[2
[2
[28
[29

LR INN B DD

~

(30]

(31]
(32]
(33]
(34]

(35]

(36]

(37]

3866 ——

P. Langer

P. Langer, T. Schneider, M. Stoll, Chem. Eur. J. 2000, 6, 3204.

P. Langer, T. Schneider, Synlett 2000, 497.

a) T. H. Chan, P. Brownbridge, J. Chem. Soc. Chem. Commun. 1979,
578; b) K. Krégeloh, G. Simchen, Synthesis 1981, 30; c) P. Brown-
bridge, Synthesis 1983, 85; d) B. Simoneau, P. Brassard, Tetrahedron
1986, 14,3767; ¢) G. A. Molander, K. O. Cameron, J. Am. Chem. Soc.
1993, 115, 830.

G. Anderson, D. W. Cameron, G. I. Feutrill, R. W. Read, Tetrahedron
Lett. 1981, 4347.

P. Langer, N. N. R. Saleh, Org. Lett. 2000, 3333.

a) M. A. Khan, H. Adams, Synthesis 1995, 687;b) Y. Nihro, S. Sogawa,
A. Tzumi, A. Sasanori, T. Sudo, T. Miki, H. Matsumoto, T. Satoh, J.
Med. Chem. 1992, 35, 1618.

P. Langer, T. Eckardt, Synlett 2000, 844.

P. Langer, T. Eckardt, T. Schneider, C. Gobel, R. Herbst-Irmer, J. Org.
Chem. 2001, 66, 2222; for related reactions, see: ref. [10D].

P. Langer, V. Kohler, N. N. R. Saleh, unpublished results.

For the hydrogenation of butenolides, see: a) G. Stork, S. D. Rych-
novsky, J. Am. Chem. Soc. 1987, 109, 1564; b) C. Marino, O. Varela,
R. M. de Lederkremer, Carbohydr. Res. 1990, 220, 145.

P. Langer, T. Eckardt, M. Stoll, Org. Lett. 2000, 2991.

P. Langer, 1. Freifeld, Synlett 2001, 523.

P. Langer, M. Doring, Synlett 2001, in press.

R. O. Pendarvis, K. G. Hampton, J. Org. Chem. 1974, 39, 2289.

M. Yamaguchi, K. Shibato, Tetrahedron 1988, 44, 4767.

P. Langer, T. Krummel, Chem. Commun. 2000, 967.

P. Langer, T. Krummel, Chem. Eur. J. 2001, 7, 1720.

a) K. Mikami, S. Matsukawa, J. Am. Chem. Soc. 1993, 115,7039;b) T.
Mukaiyama, H. Ishihara, K. Inomata, Chem. Lett. 1975, 527; c) D.
Enders, F. Burkamp, J. Runsink, J. Chem. Soc. Chem. Commun. 1996,
609. d) For the use of Me;SiOTf in reactions of simple silyl enol ethers
with monofunctional acetals, see: d) S. Murata, M. Suzuki, R. Noyori,
J. Am. Chem. Soc. 1980, 102, 3248.

For an isolated example of a reaction of a 1,3-dicarbonyl dianion with
bromoacetic aldehyde, see: a) G. A. Kraus, P. Gottschalk, J. Org.
Chem. 1983, 48, 2111. The TiCl,-mediated condensation of the methyl
acetoacetate-derived  1,3-bis(trimethylsilyloxy)-1,3-diene with «a-
chloroacetic aldehyde dimethylacetal has been reported to proceed
with 35% yield: b) P. Brownbridge, T. H. Chan, M. A. Brook, G.J.
Kang, Can. J. Chem. 1983, 61, 688.

K. G. Hampton, R. J. Light, C. R. Hauser, J. Org. Chem. 1965, 30,
1413.

K. G. Hampton, J. J. Christie, J. Org. Chem. 1976, 41, 2772.

P. Langer, 1. Karimé, Synlett 2000, 743.

For the formation of open-chained products, see: P. H. Lambert, M.
Vaultier, R. Carrié, J. Org. Chem. 1985, 50, 5352.

a) P-E. Sum, L. Weiler, Can. J. Chem. 1977, 55, 996. For the formation
of open-chained products, see: b) T. R. Hoye, J. C. Suhadolnik,
Tetrahedron 1986, 42, 2855.

P. Langer, E. Holtz, Angew. Chem. 2000, 112, 3208; Angew. Chem. Int.
Ed. 2000, 39, 3086.

For cyclisations of monoanions, see: a) T. Wang, J. Chen, K. Zhao, J.
Org. Chem. 1995, 60, 2668; b) T. Lavoisier, J. Rodriguez, Synlett 1996,
339.

(38]

(39]
[40]

[41]

[50]
(51]
(52]
(53]
(54]

55]

[56]

(57)

58]

[59]
[60]

For mt-allyl palladium complexes, see: a) B. M. Trost, Angew. Chem.
1989, 101, 1199; Angew. Chem. Int. Ed. Engl. 1989, 28, 1173. For a
related reaction, see: b) B. M. Trost, T. A. Runge, J. Am. Chem. Soc.
1981, 703, 7550.

P. Langer, E. Holtz, N. N. R. Saleh, Chem. Eur. J. 2001, in press.

R. V. Hoffman, T. Patonay, N. K. Nayyar, J. Tao, Tetrahedron Lett.
1996, 2381.

a) T. A. Bryson, J. Org. Chem. 1973, 38, 3428; b) K. Mori, M. Sasaki, S.
Tamada, T. Suguro, S. Masuda, Tetrahedron 1979, 35, 1601; c) M.
Yamaguchi, I. Hirao, Chem. Lett. 1985, 337; d) B. Lygo, Tetrahedron
1988, 44, 6889.

B. Lygo, Synlett 1993, 765.

P. Langer, T. Eckardt, Angew. Chem. 2000, 112, 4503; Angew. Chem.
Int. Ed. 2000, 39, 4343,

G. A. Molander, D. C. Shubert, J. Am. Chem. Soc. 1986, 108, 4683.
T. H. Al-Tel, W. Voelter, J. Chem. Soc. Chem. Commun. 1995, 239;
b) T. H. Al-Tel, M. Meisenbach, W. Voelter, Liebigs Ann. 1995, 689.
a) P. Langer, L. Freifeld, E. Holtz, Synlett 2000, 501; b) P. Langer, 1.
Freifeld, Chem. Eur. J. 2001, 7, 565.

For a related reaction, see: M. Nakada, Y. Iwata, M. Takano,
Tetrahedron Lett. 1999, 9077.

For a review on TiCl,-mediated reactions of simple silyl enol ethers,
see: T. Mukaiyama, Angew. Chem. 1977, 89, 858; Angew. Chem. Int.
Ed. Engl. 19717, 16, 817.

For base-mediated cyclisations of nonenolisable aromatic 1,2-diones,
see for example: a) F. Morgenroth, A. J. Berresheim, M. Wagner, K.
Miillen, Chem. Commun. 1998, 1139; b) S. Eguchi, K. Ishiura, T.
Noda, T. Sasaki, J. Org. Chem. 1987, 52, 496.

For reactions of 1,3,5-tricarbonyl compounds with glyoxal in aqueous
alkaline solution, see: A. Gawish, R. Mitschka, J. M. Cook, Tetrahe-
dron Lett. 1981, 211.

G. A. Molander, D. C. Shubert, J. Am. Chem. Soc. 1986, 108, 4683.
a) P. Langer, V. Kohler, Org. Lett. 2000, 1597. For cyclisations with
phthalic dialdehyde, see: b) P. Langer, U. Albrecht, Synlett 2001, 526.
a) P. Langer, V. Kohler, B. Kracke, unpublished results; see also:
b) T. H. Chan, M. A. Brook, Tetrahedron Lett. 1985, 26, 2943.

D. Seebach, V. Ehrig, Angew. Chem. 1974, 86, 446; Angew. Chem. Int.
Ed. Engl. 1974, 13, 401.

a) J. M. Ansell, A. Hassner, W. E. Burkholder, Tetrahedron Lett. 1979,
2497; b) H. Hagiwara, K. Kimura, H. Uda, J. Chem. Soc. Chem.
Commun. 1986, 860.

a) K. Krohn, H.-H. Ostermeyer, K. Tolkiehn, Chem. Ber. 1979, 112,
2640; b) C. Brisson, P. Brassard, J. Org. Chem. 1981, 46, 1810, and
refernces therein; c) D. W. Cameron, G.I. Feutrill, P. Perlmutter,
Aust. J. Chem. 1982, 35, 1469.

a) S. Danishefsky, R. K. Singh, R. B. Gammiill, J. Org. Chem. 1978, 43,
379; b) I. P. Sestelo, M. del Mar Real, A. Mourino, L. A. Sarandeses,
Tetrahedron Lett. 1999, 985, and references therein.

S. Danishefsky, D. F. Harvey, G. Quallich, B.J. Uang, J. Org. Chem.
1984, 49, 393.

P. Langer, B. Kracke, Tetrahedron Lett. 2000, 4545.

a) W. R. Roush, M. Murphy, J. Org. Chem. 1992, 57, 6622; b) M. Fink,
H. Gaier, H. Gerlach, Helv. Chim. Acta 1982, 65, 2563.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

0947-6539/01/0718-3866 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 18






CHEM|STRY§ E. Carmona, M. Paneque, P. Kalck et al.

A EURCPEAN JOURNAL

HOMOSCORPIONATES LIKE TO BE ANCHORED...

...BUT CAN BE DISENGAGED

3868 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0718-3868 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 18






FULL PAPER

Step-by-Step Uncoordination of the Pyrazolyl Rings of
Hydrotris(pyrazolyl)borate Ligands in Complexes of Rh! and Rh™

Margarita Paneque,*!*! Sabine Sirol,!*! Marianela Trujillo,*! Ernesto Carmona,*!?!
Enrique Gutiérrez-Puebla,™ M. Angeles Monge,!*! Caridad Ruiz,™ Francois Malbosc,!!
C. Serra-Le Berre,*! Philippe Kalck,*!! Michel Etienne,!! and Jean Claude Daran!!

Dedicated to Professor Rafael Uson on the occassion of his 75th birthday

Abstract: Compounds of rhodium()
and rhodium(ir) that contain ancillary
hydrotris(pyrazolyl)borate ligands (Tp’)
react with monodentate and bidentate
tertiary phosphanes in a step-wise man-
ner, with incorporation of P-donor
atoms and concomitant replacement of

at room temperature, in a process which
can be readily reversed under appropri-
ate experimental conditions. Full disen-
gagement of the Tp' ligand is feasible to
give Tp’ salts of rhodium(i) complex
cations, for example, [Rh(CO)(dppp).]-
[TpY¥+€] (5; dppp = Ph,P(CH,);PPh,),

or [Rh(dppp),][Tp™=*+“] (6). Bis(hy-
dride) derivatives of rhodium (i) exhibit
similar substitution chemistry, for in-
stance, the neutral complex [Rh(Tp)-
(H),(PMe;)] reacts at 20°C with an
excess of PMe; to give [Rh(H),-
(PMe;)s][Tp] (9b). Single-crystal X-ray

the Tp' pyrazolyl rings. Accordingly,
[Rh(x*-Tp*e)(C,H,)(PMe;)] (1b), con-
verts initially into [Rh(i>-TpM=)-
(PMe;),] (3), and then into [Rh(i!'-TpMe2)-
(PMe;);] (2) upon interaction with PMe;

N ligands -
rhodium

Introduction

The use of polydentate ligands has been of paramount
importance for the development of coordination and organo-
metallic chemistry. Even in those instances in which they seem

[a] Dr. M. Paneque, Prof. Dr. E. Carmona, Dr. S. Sirol, Dr. M. Trujillo
Instituto de Investigaciones Quimicas
Departamento de Quimica Inorgénica, Universidad de Sevilla
Consejo Superior de Investigaciones Cientificas
Av. Américo Vespucio s/n, Isla de la Cartuja
41092 Sevilla (Spain)
Fax: (+34)9544-60565
E-mail: paneque@cica.es/guzman@cica.es

[b] Dr. E. Gutiérrez-Puebla, Dr. M. A. Monge, Dr. C. Ruiz
Instituto de Ciencia de Materiales de Madrid
Consejo Superior de Investigaciones Cientificas
Campus de Cantoblanco, 28049 Madrid (Spain)

Prof. Dr. P. Kalck, Dr. F. Malbosc, Dr. C. S.-Le Berre
Laboratoire de Catalyse, Chimie Fine et Polyméres

Ecole Nationale Supérieure de Chimie de Toulouse

118 Route de Narbonne, 31077 Toulouse Cedex (France)
Fax: (+33)5-62-88-56-00

E-mail: p.kalck@ensct.fr

Prof. Dr. M. Etienne, Dr. J. C. Daran

Laboratoire de Chimie de Coordination-CNRS

205 Route de Narbonne, 31077 Toulouse Cedex 4 (France)

Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.

—_
KsH

[d

Chem. Eur. J. 2001, 7, No. 18

Keywords: coordination modes -
pyrazolylborates -

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

studies of 9b, conducted at 143 K, dem-
onstrate the absence of bonding inter-
actions between the [Rh(H),(PMe;),]*
and Tp ions, the closest Rh--+ N contact
being at 4.627 A.

to play an auxiliary role and behave as spectators, they anchor
the metal and provide a rigid coordination environment, a
property that frequently translates into enhanced thermody-
namic stability, which is often accompanied by limited
unwanted reactivity (e.g., towards O, or H,).

Variations in their coordination mode upon addition or
removal of other ligands allow the metal to keep its formal
electron count. These changes, which in the case of the
cyclopentadienyl and related ligands are designated with the
term ring-slippage,l!! usually have important consequences
both in stoichiometric and catalytic reactions. A well-known
organometallic example is the so-called “indenyl effect”,
responsible for the much higher substitution rates of
[M(CyR;)L,] compounds (CyR;=indenyl ligand), as com-
pared to their [M(C;R;)L,] analogues.?!

The hydrotris(pyrazolyl)borate ligands (Tp’) introduced by
Trofimenko in 1966,0! are versatile ligands*!l that bind
predominantly in a facial, tripodal fashion (i.e., k3>-N,N',N",
structure A), and enforce near octahedral coordination to the

N
H. N.
<N BN ,(B
Nol - Hol H QN\ -
N"\|/I\ N"‘|’1\ N-M~
K3-N,N'N“Tp'  k3-N,N’B-H-Tp' K2-N,N-Tp'
A B C
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metal.’l The non-classical, tridentate binding mode -
N,N',B—H (structure B) is also possible and has been
demonstrated recently by spectroscopy and by X-ray meth-
0ds.[’l Classical bidentate coordination, that is, k>-N,N’ (struc-
ture C) is common in 16-electron, square-planar com-
pounds;* 7 the alternative x>-N,B—H bonding mode has been
proposed by some of us in the rhodium complex [Rh(TpMe24-1)-
(CO)(PMePh,),].® The Rh—H distance in this complex is
somewhat longer than expected (2.35(3) A) and the solution
spectroscopic evidence for the Rh--«- H—B interaction is not
fully conclusive. This and the much stronger Rh-..-H—B
interaction found by Herberhold etal. in [Rh(TpMe)-
(P(C;H;);)],”! characterised by a Rh-.-H separation of
1.789(7) A, and by J(*®*Rh,H) and J("'B,H) couplings of
19.6 and 71.6 Hz, respectively, suggest that the coordination in
the TpMe+C! complex!® should be considered as intermediate
between the k*N,B—H-Tp' (structure D), and the mono-
dentate x!-N-Tp’, (structure E). Prior to this work, the latter
binding mode had only been demonstrated in some nickel
complexes of the bulky Tp™®* ligand.[" 101

(N H_/{’S | + H -
NFEQH\M/ N NS~ >M<—‘ /b
N~ PN l " |
K2-N,B-H-Tp' KL-N-Tp' 0T
D E E

Corresponding variations in M—Cp’ binding have been
known for many years."''l In a pioneer contribution, Casey
and co-workers demonstrated the interconversion of 7°-CsHs,
n'-CsH; and ionic “3°”-CsH;~ compounds in the course of the
reaction of [Re(3-CsHs)(CH;)(NO)(PMes)] with PMes, and

Abstract in Spanish: La reaccion de diversas fosfinas tercia-
rias, mono o bidentadas, con compuestos de rodio(1) y rodio(11))
transcurre a traves de varias etapas sucesivas en las que se
incorporan dtomos donadores de fosforo, en sustitucion de los
anillos de pirazol del ligando Tp'. Asi por ejemplo, en su
reaccion con PMe;, a la temperatura ambiental, el complejo
[Rh(13-Tp¥e) (C,H,) (PMe;)] (1b) se convierte inicialmente en
el [Rh(k>-TpMe)(PMe;),] (3), y con posterioridad en el [Rh(i'-
TpYe)(PMe;);] (2), en un proceso reversible que puede
invertirse si se emplean las condiciones experimentales apro-
piadas. Puede incluso llegarse a la expulsion del ligando Tp' de
la esfera de coordinacion del metal, formdndose en estos casos
sales de complejos cationicos de rodio(1) y del anion Tp' como
[Rh(CO)(dppp),][Tp™>*] (5) y [Rh(dppp),][Tp"+*“] (6)
(dppp = Ph,P(CH,);PPh,). Los complejos de rodio(il) que
contienen dos ligandos hidruro experimentan reacciones de
sustitucion andlogas a las antes mencionadas, encontrdandose
por ejemplo que la interaccion del compuesto neutro
[Rh(Tp)(H),(PMe;)] con un exceso de PMe;, a 20°C, produce
la especie [Rh(H),(PMe;)J[Tp] (9b). Los estudios de difrac-
cion de rayos X efectuados con esta sustancia a 143 K ponen de
manifiesto la inexistencia de interacciones de enlace entre el
cation [Rh(H),(PMe;),J" vy el anion Tp, encontrandose que la
distancia Rh--- N mds corta es igual a 4.627 A.
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proposed an 73-CsH; intermediate for the ° = ' exchange.!'!
In contrast, at the outset of our work, direct unequivocal
evidence for an ionic “k”-Tp’~ metal compound (structure F)
had not yet been provided, although we later learnt that the
compound [Re(O),(dmpe),][Tp] (dmpe =Me,PCH,CH,-
PMe,) had been prepared and structurally characterised by
Santos and co-workers.'3] Moreover, the isolation of the
complex salt [BiTm,][NaTp,] by addition of NaTp to the
purported “[BiTm,CL]” (Tm = hydrotris(methimazolyl)bo-
rate) had been attributed to the proficiency of Tp as a ligand
and to its unwillingness to act as a counterion.!'*] Herein we
report our results on the study of the reactivity of various
rhodium(i) and rhodium(iir) compounds bearing Tp’ ligands
toward monodentate and bidentate tertiary phosphanes. Step-
wise changes in the denticity of the Tp’ group were observed,
ranging from the common x* facial coordination to the
previously unreported “x°”-Tp’~, that is, the uncoordinated
situation. These changes take place under commonly used
reaction conditions, stressing their probable implication in the
stoichiometric and catalytic transformations undergone by
compounds of these ligands. Part of this work has been
published in preliminary form.[® 1]

Results and Discussion

Synthesis of phosphane complexes of rhodium() bearing the
tris(pyrazolyl)borate ligands TpM®: and TpMe*C': The follow-
ing monodentate or bidentate tertiary phosphanes PMe;,
PMe,Ph, PMePh, and Ph,P(CH,);PPh, (dppp) were treated
with the complexes [Rh(TpMe)(C,H,)L] (L = C,Hy, 1a; PMe;,
1b)!%l and [Rh(TpMe4)(CO),]I (1¢). The choice of the
rhodium(1) precursors was made for their simple and facile
substitution chemistry.

Treatment of [TpM>Rh(C,H,)L] (1) with an excess of PMe;
(ca. 5molequiv) generates the new complex 2 instantane-
ously, in almost quantitative yield (Scheme 1). This trans-

M e
’\N\ I PMe3 (exc.) N N /PM93
SRh—f ——— M
N 20 °C 2N
| MesP PMe;
L
la,b (L =CzH, or PMeg) 2

Scheme 1. Conversion of [Rh(TpM¢)(C,H,)L] (1a (L=C,H,) or 1b (L=
PMe,)) into 2 in the presence of an excess of PMe; (ca. 5 mol equiv).

formation is applicable to complexes of other Tp’ and
phosphane ligands. Scheme 2 shows the result of the addition
of different PR; reagents to the complex 1¢, which contains an
ancillary TpMe4A group (only the «x* isomer of 1¢ has been
represented).l'7)

Not unexpectedly, the transformations represented in
Schemes 1 and 2 proceed through the intermediacy of less-
rich phosphane-containing complexes. Thus, when 1lc is
treated with PMePh, (1 mol equiv), the monophosphane
complex [Rh(TpMe4+A)(CO)(PMePh,)] is formed.[ Similarly,
in the TpM®-PMe; reaction system (Scheme 1), a bis(phos-
phane) derivative 3 is initially formed and can be isolated if a
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N
H.~ N HJBF
—~
I(\N\ 2PR3 N N _PRs
N/Rh—CO E—— /M\
l RsP co
ocC
1c 4

(PR3 = PMeg, 4a; PMe,Ph, 4b; PMePh,, 4c)

Scheme 2. The conversion of the complex 1lc¢ containing an ancillary
TpMe24+C group (only the x*-isomer of 1¢ has been represented), into 4 by
the addition of different PR; reagents.

solution that contains 1 mol equiv of PMe; is added dropwise
to a solution of 1b. Accordingly, the overall transformation of
1a into 2 can be described as depicted in Scheme 3.

H_ N H N
i\N\éh PMes @\'\éh 7
— — B — _ —

N l CoHg N
/ MezP
la 1b
PMeg‘-CzH4
N
H A -
H-

N_JB N _PMes PMe; LN\ _PMej3
/Rh\ -~ /Rh\
MesP PMe; N PMes
2 3

Scheme 3. Stepwise conversion of la into 2 with variation in the
coordination of the TpM®: ligand from 3 to x'.

Experiments involving the complexes that participate in
this reaction system demonstrate that both the x> to k? and the
k? to k! rearrangements of the TpMe ligand are reversible
(Scheme 4). In this way, compound 3, which bears a x2-TpMe

H._ N HfN
ECN\I NEY

PMes
PMejs (exc. ~e
SR 3 (exc) SR
y l (-CoHa) MesP PMe;
€3
1b 2
>\ PMes
YN
PMe3 PMe; 1b
CoHg
A
CaHg, [I]
>// -CoHy
N
HAQ-
Q_N\Rh _-PMes
(0 = TpMe2Ir) NT PMes
3

Scheme 4. Reversibility of some TpM® ligand denticity changes.

group, reacts with C,H,, in the presence of [TpMeIr(C,H,),] as
the PMe; acceptor,l's! to regenerate the starting material
[Rh(x3-TpMe2)(C,H,)(PMe;)] (1b). In turn, addition of solu-
tions of 1b to 2 cleanly produces complex 3.

Chem. Eur. J. 2001, 7, No. 18
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Even if the tris(phosphane) species 2 is unreactive toward
additional PMe; under ambient conditions, at 120°C further
reaction takes place to give a species tentatively formulated as
[Rh(PMe;),][TpM*] on the basis of the observation of a
doublet at 6 = —19.7 ({J(Rh,P) = 146 Hz) in the 3P{'H} NMR
spectrum. These and other NMR parameters are similar to
those reported for the somewhat analogous compound
[Rh(PMe;),]CLET The compound decomposes upon workup
to give a complex mixture of species including the
[RhH,(PMe,),]* ion.') Proper characterisation has proved
unattainable thereby making this formulation uncertain.

The mono(carbonyl) derivatives 4 do not react cleanly with
the corresponding PR;, but the dicarbonyl precursor 1lc
undergoes a smooth reaction with of Ph,P(CH,);PPh,
(2 mol equiv; Scheme 5) giving first [Rh(CO)(dppp),]-

H /N
i\N\‘ 2 dppp P /P
N/Rh—co T ( /Rh\ TpMez4-Cl
| 20°C, 2h p p
ocC
1c 6
CH,Cl,
20°C
i
P. T Me,,4-Cl
p>Rh—co | *
|
.
5

Scheme 5. Dissociation of the TpMe#+¢ ligand by action of the bidentate
phosphane, dppp.

[TpMe4C] (5) and then [Rh(dppp),][TpM=*+“] (6), the latter
resulting from the slow, spontaneous dissociation of CO from
5. On a preparative scale, compound 6 is best obtained by the
direct reaction of [Rh(dppp),][Cl] with KTpMe+T (see
Experimental Section).

Solution and solid-state structural studies of compounds 2-6:
As already indicated, the compound [Rh(x>-TpMe)(PMes;),]
(3) can be produced by the very slow, dropwise addition of
solutions of PMe; to compound 1b. Since the interaction of 3
with PMe; to give 2 is very fast, even microcrystalline samples
of 3 were always contaminated with 2 and unreacted 1b and
have not been obtained in analytically pure form. Its
characterisation by spectroscopic methods is, however,
straightforward.

The proposed x2-N,N'-TpM® binding relies upon the obser-
vation of a v(B—H) infrared absorption?” at 2450 cm~! and a
UB{'H} NMR resonancel?l at § = —5.6. These data compare
well with those expected for complexes that exhibit x2-Tp’
binding?” and differ significantly from those associated with
the i structures. The latter exhibit v(B—H) around 2515 cm™!
and 6 "B{'H} at about — 9.['%]

Although the X-ray studies discussed below may be
interpreted as indicative of a weak Rh-.- H—B interaction in
compounds 4, there is no clear spectroscopic evidence in
support of such a bonding in solution. Conceivably the four
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complexes 2 and 4a—4c should have similar structures, as
supported by their similar spectroscopic properties. In the
foregoing discussion 2 will be used as a representative
example. At the outset of this work, only one family of
compounds, exemplified by the X-ray characterised [Ni(Tp®Y)-
(C¢H4-p-Me)(PMes),], had been demonstrated to contain a
k!-N-Tp’ group, but "B{'H} NMR data were not provid-
ed.%7 Despite the dearth of information available, the
observation of the !'B{'H} NMR resonance of 2 at  =—2.0
argues in favour of x!-N binding. This shift adjusts into the
trend expected for the k* — k? — k' exchange (recall that r3-
and k2-TpMe coordinations are associated with approximate 6
B{'H} ranges of —9.8 to — 8.4 and — 7.0 to —5.9, respectively
1) and, moreover, it is very close to the 6 =—1.8 value
reported for the 18-electron complex [Ru(Tp)(quin)(#°-p-
MeC4H,iPr)]? (quin = quinolin-8-olate), recently character-
ised by Kirchner and co-workers as containing a x!-Tp ligand.

All of the compounds 2 and 4 present a plethora of weak IR
absorptions associated with v(B—H). Taking 2 as the arche-
type, bands in the proximity of 2425, 2390 and 2355 cm™!
(along with other weaker absorptions) have been recorded.
These absorptions undergo insignificant variations from Nujol
mull to KBr disk or THF solutions, in the latter case in the
temperature range 20 to —85°C (four main peaks are
observed (KBr) for 4a and 4b between ca. 2440 and
2260 cm'). Nonetheless, this complexity is not uncommon/?
and may be due to different reasons,?! which include the
existence of x* and x? isomers in the crystal cell.’’) With
respect to the possibility of x?>-N,B—H binding, the lowest
energy band of 2 at 2355 cm™! indicates that an appreciable
interaction of this kind does not exist in this complex. For
comparative  purposes, the analogous band of
[Rh(TpMe)(P(C,H;);)]¥! appears at 1822 cm~! and that of
[Ru(Tp)Me(Me)(CgH )] at 1870 cm~. In both cases a
strong M---H-B interaction has been demonstrated. A
structure of type G, which actually corresponds to the solid-

N
kB/H
4

N~ N 3

state structure (vide infra) could possibly have lower v(B—H)
than one of type H. In summary, we suggest that solid-state
effects and possibly the co-crystallisation of molecules with
different TpM*> conformations (or even coordination) could
account for the multiplicity of »(B—H). As discussed below,
two kinds of crystals of 2, characterised by different cell
parameters and distribution of the pz’ rings of Tp™®, have
been obtained and examined by X-ray crystallography.

The room-temperature *'P{!H} NMR spectrum
(202.5 MHz) of 2 in [Dg]toluene consists of a doublet of
triplets centred at o -5.82 ('J(P,,Rh)=158; 2J(P,,Py)=
48Hz) and a doublet of doublets at oJ=-14.15
(1J(Py,Rh) =133 Hz), as expected for an AM,X spin system
(X =1%Rh). Lowering the temperature (— 80 °C) results in the
inequivalency of the trans PMe; groups and, consequently, in
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the observation of a strong 2/(P,,Py;) coupling of 340 Hz. The
low-temperature spectrum is in accord with a rigid asymmet-
ric structure in which the plane perpendicular to the P-Rh-P
vector (see Figure 1 below) is no longer a plane of symmetry.
This may result from restricted conformational mobility of the
Tp’ ligand in the sterically crowded coordination environ-
ment. A similar situation is found for the monocarbonyl
derivatives 4, since they all have trans, non-equivalent PR;
groups at —90°C (3J(P,,Py) =320-330 Hz) that equilibrate
at ambient temperature to give the expected doublet (0 =
—6.5; IJ(PRh) =116 Hz, data for 4a).

In agreement with the proposed ionic formulation, equiv-
alence of the three pz’ rings of compounds 5 and 6 is observed.
IR and "B NMR data (v(B—H)=2433 cm™!; 6 =—0.7, data
for 6) are inconclusive in this regard! (vide infra), but
conductivity measurements for 6 provide a value of Ay =
56 cm?Q~'mol~! (CH;CN, 20°C), similar to that obtained
for the analogous chloride, [Rh(dppp),JCIPY (Ay=
58 ecm?Q~'mol~"). This value is lower than that found for
related salts of the BPh,” ion (e.g., A =79 for [Rh(P-
(OMe),),]BPh,2), and also than expected for a 1:1 electro-
lyte in acetonitrile (A =120-160).2 Notwithstanding the
above, it cannot be considered surprising if allowance is made
of both the large size of the ions of 6 and the propensity of
Tp'~ anions to act as ligands./ 14!

Compound 5 is dynamic in solution; its room-temperature
SIP{'H} NMR spectrum consists of just one doublet. Below
—60°C a rigid structure is obtained that gives a pattern of
lines corresponding to an A,M,X spin system (X =1%Rh), so
that under these conditions a trigonal-bipyramid geometry
with an equatorial CO group (see Scheme 5) can be proposed.
Similar data have been reported for analogous cations.?”

As for 6, mass spectroscopy analyses in electrospray of its
acetonitrile solutions are consistent with the formula
[Rh(dppp),][TpMe+]. The cation is clearly observed at m/z
927.3 in positive mode, whereas the anion [TpMe#+“] appears
at m/z 399.1 in negative mode, in agreement with the expected
theoretical spectrum. The room-temperature *P{H} NMR
spectrum of 6 does not correspond to a square-planar
structure in which the four phosphorus atoms are expected
to be equivalent as previously observed for analogous
cations.”®! Two doublets of triplets associated with an
A,M,X spin system, typical of a five-coordinate trigonal-
bipyramidal geometry, are in fact observed. Such a structure
has already been observed by Pignolet et al.?s] at low temper-
ature for the solvated [Rh(dppp),][BF.] species, particularly
in acetone. In our case, taking into account 1) that CD,Cl, is a
very weakly coordinating solvent, 2) that such a solvated
species should also be observed for [Rh(dppp),][Cl] and 3)
that the conductivity measurements are lower than for a 1:1
electrolyte, we propose an ion-pair for 6. The influence of the
Tp'~ counterion in close vicinity of the rhodium() complex
cation may induce the adoption of a geometry close to a
trigonal bipyramid.

To ascertain the coordination mode of the Tp’ ligand in the
molecules of complexes 2 and 4 in the solid state, we carried
out X-ray crystallographic studies on compounds 2, 4a, and
4¢.1 Crystals of 5 and 6 suitable for this structural determi-
nation have not been isolated. Figures 1-3 show the struc-
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Figure 2. ORTEP view of molecule 4a with atom labelling scheme.
Ellipsoids are drawn at 30 % probability.

Figure 3. ORTEP view of molecule 4¢ with atom labelling scheme.
Ellipsoids are drawn at 30 % probability.

tures of of the above-mentioned complexes and the appro-
priate crystal data are summarised in Tables 1 and 2. Crystals
of 2 and 4a are monoclinic, belonging to the space groups P2,/
¢ and P2,, respectively. Compound 4 ¢ crystallise in the space
group P1. Leaving aside for the time being the question of the

Chem. Eur. J. 2001, 7, No. 18
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purported Rh--- H-B interaction, as the values of the selected
bond angles and lengths included in the respective part of
Table 3 indicate, the coordination sphere of the Rh center is
best described in the three cases as a somewhat distorted
square-planar geometry. In compounds 4 the two phosphanes
are mutually trans and direct the CO group to the coordina-
tion site trans to the Tp'-N atom. In 2, this site is occupied by
the third PMe;, which forms angles very close to the ideal 90°
value with the other two PMe; groups.

As already discussed, there is no spectroscopic evidence
indicative of the existence in solution of a Rh -« H-B bonding
interaction. In the solid state, two structural parameters may
be used to discriminate in favour or against this possibility:
the Rh:--H separation and the length of the B—H bond,
allegedly involved in such an interaction. Rh--< H distances in
2, 4a, and 4c¢ are 2.59(4), 2.41(2) and 2.35(3) A, respectively.
The B—H hydrogen is located for each complex in a position
that would correspond to the apex of a hypothetical square
pyramid, and while this consideration could be taken in
support of some Rh-:--H—B bonding, the long Rh-:--H
distances indicate that if this interaction exists it must be
very weak. Comparison with M- H distances in complexes
that exhibit strong M .-« H-B interactions points toward that
conclusion too. Thus, in the complex [Rh(x*-N,B—H-
TpMe){P(C,Hy);}] the two independent molecules that exist
in the unit cell® have Rh-.-H distances of 1.789(7) and
1.899(7) A, whereas in Ru! complexes featuring &3
N,N',B—H-Tp’ binding[! the Ru---H-B separations span the
range 1.77-1.96 A.

Application of the second aforementioned criterium,
namely the lengthening of the B—H bond, reinforces these
arguments. B—H distances in 2 and 4a (1.13(2) A) and in 4¢
(1.17(3) A) are characteristic of normal bonds between these
atoms (in AlI(BH,); the terminal and bridging B—H bonds
have lengths of 1.196 and 1.283 A, respectively?”). Addition-
ally, in the above-mentioned Rh”! and Rul® complexes, which
display strong M .-« H-B interactions, the B—H bond length is
in the interval 1.20—-1.30 A.

Before closing this section it should be mentioned that with
the aim of clarifying the reasons of the complexity of the
v(B—H) infrared region of compounds 2 and 4, crystals from
different crops of compound 2 were studied by X-ray
methods. A second kind of crystal of this complex (2’ from
now on) was found to belong to the space group Pbcn in the
orthorhombic system and was characterised by different cell
parameters. However, the main bond lengths and angles are
very similar to those of 2; the principal difference between the
molecules 2 and 2’ is the slightly different conformation of the
pz’ rings (see Supporting Information for more details).

Complexes of rhodium(i): The changes in the Tp’ ligand
denticity described in the preceeding sections for the com-
plexes of rhodium() can be extended to compounds of
rhodium(in). For example, treatment of the peroxo derivative
[Rh(3-TpM=)(0,)(PMe,) ] with an excess of PMe; at 50°C,
allows the incorporation of a second molecule of phosphane,
with concomitant dissociation of one of the pyrazolyl rings
and formation of complex 7 (Scheme 6). In accord with the
proposed x* to k* TpMe coordination change, v(B—H) and 0
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Table 1. Crystal data and structure refinement for compounds 2, 7, 8 and 9b.
2 7 8 9b
formula C,,H,4BN¢P;Rh C,H,BN:O,P,Rh C, H;,BNgP,Rh C,;H,;sBN¢P,Rh
M, 628.32 584.25 554.27 622.25
T [K] 148(2) 148(2) 293(2) 143(2)
2 [A] 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic monoclinic triclinic
space group P2,/c P2, P2,/c Pl
a[A] 12.5927(9) 9.2876(14) 9.497(4) 9.4968(13)
b [A] 12.3861(9) 11.034(2) 11.290(5) 9.7223(13)
c[A] 20.773(2) 13.621(2) 25.984(10) 9.8279(13)
a [ 90 90 90 60.891(2)
A 93.6140(10) 93.320(3) 91.81(2) 85.285(2)
v [°] 90 90 90 80.050(2)
V[A%] 3233.6(4) 1393.5(4) 2785(2) 780.9(2)
V4 4 2 4 4
Pearea [Mgm3] 1.291 1.392 1.324 1.323
u [mm™1] 0.699 0.756 0.747 0.772
F(000) 1320 608 1164 326
crystal size [mm] 0.2x0.35x%x0.35 0.10 x 0.10 x 0.2 0.4x0.6x1.0 0.08 x 0.1 x 0.14
0 range [°] 2.55-26.52 2.73-26.59 1.57-23.30 3.00-26.40
limiting indices —13<h<13 —-9<h<11 —-10<h<10 —11<h<10
-9<k<15 —-9<k<15 —12<k<11 —12<k<7
—-5<1<25 —-5<1<25 —23<1<28 —-12<I<12
reflections collected 9001 4071 10547 3680
independent reflections 5245 (R;,=0.0223) 3233 (R;,, =0.0424) 3985 (R, =0.0550) 3210 (R;, =0.0261)
absorption correction none SADABS none SADABS
refinement method full-matrix least-squares on F?
data/restraints/parameters 5245/0/335 3233/1/310 3985/0/304 3210/3/322
goodness-of-fit on F? 0.967 0.986 1.026 0.750

final R indices [I>20(])]
R indices (all data)
largest diff peak/hole [e A-3]

R1=0.0329, wR2=0.0733
R1=0.0510, wR2 =0.0807
0.435/ —0.644

R1=0.0525, wR2=0.0853
R1=0.0840, wR2 =0.0959
0.406/ — 0.481

R1=0.0532, wR2=0.1246
R1=0.0802, wR2=0.1352
1.925/—0.463

R1=0.0417, wR2=0.0925
R1=0.0522, wR2=0.0998
0.439/ - 0.571

Table 2. Crystal data and structure refinement for compound 4a.

Table 3. Selected bond lengths [A] and angles [°] for compounds 2, 4a and 4c.

formula

M,

shape (colour)

size [mm]

crystal system
space group

aA]

b [A]

c[A]

B

V [A?]

V4

F(000)

Pealed [ng73]

# (Mog,,) [em™]

26 range [°]
reflections collected
unique reflections
merging factor R(int)
reflections observed [I>20(1)]
R

Rw

(A/O)max

APrind DPrmax

Flack parameter
goodness-of-fit
parameters

C,,H;,BC;N,OP,Rh
683.60 g

box (yellow)
0.56 x 0.56 x 0.28
monoclinic
P2,
10.7035(16)
12.3711(13)
13.2127(19)
113.81(2)
1600.7(3) A3

2

698

1.418

9.092
53<20<519
12340

6028

0.0273

5898

0.0273

0.0310

0.081
—0.69/1.95
0.00(2)

0.978

331

2 4a 4c

Rh—P1 2.3209(8) Rh1-P1 2.3122(7) Rh1-P1 2.3273(8)
Rh—P2 2.3057(8) Rh1-P2 2.3117(7) Rh1-P1 2.3317(8)
Rh—P3 2.2206(9) Rh1—C1 1.805(3) Rh1—C1 1.802(4)
Rh—N12 2.116(2) Rh1-NI1 2.117(2) Rh1-NI1 2.105(3)
Rh—H1 2.59(4) Rh1-Hl1 2.41(2) Rh1-H1 2.35(3)
B1-H1 1.14(4) B1-H1 1.13(2) B1-H1 1.17(3)

01-C1 1.157(3) 0O1-C1 1.150(5)
P1-Rh-P2  171.65(3) P1-Rh1-P2 176.09(2) P1-Rh1-P2 167.54(3)
P1-Rh-N12  86.14(6) P1-Rh1-N1  91.40(5) P1-Rh1-N1  89.97(7)
P2-Rh-N12  86.89(6) P2-Rh1-N1  90.76(5) P2-Rh1-N1  90.21(7)
P1-Rh-P3 92.78(3) P1-Rh1-C1  88.79(8) P1-Rh1-C1  89.93(11)
P2-Rh-P3 93.69(3) P2-Rh1-C1  88.74(8) P2-Rh1-C1  89.46(11)
N12-Rh-P3 174.16(7) N1-Rh1-C1 174.39(11) N1-Rh1-C1 178.01(14)

Rh1-C1-O1 179.1(3) Rh1-C1-O1 178.7(4)

H. CN H. . PMe;
iN\\ /O PM83 iN\I /o
N/Rh\o/ - N/Rh\o/
| 50 °C I
PMe3 PMe3
7

Scheme 6. Formation of complex 7 by treatment of the peroxo derivative
[Rh(i3-TpMe2)(0O,)(PMe;)] with an excess of PMe; at 50°C.

"B{'H} vary from 2520 cm~' and 6=-9.1 in the mono-
phosphane complex!'® to 2475 cm~! and 6 = — 6.4 in the new
species 7. A second, lower energy IR band is observed at

3874
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2405 cm~!. This band appears also in the spectrum of the

0947-6539/01/0718-3874 $ 17.50+.50/0

analogous bis(hydride) compound 8, discussed below, but at
present we can offer no reasonable explanation for its
existence.
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Reaction of the known complex [Rh(x*-Tp™e)(H),-
(PMe5) ]l with PMe; under analogous conditions produces
the bis(phosphane) derivative 8 (Scheme 7). As for 7, only the
stereoisomer that has trans PMe; ligands is formed.

") RN
N H PMe; N H
Rh< —_— Rh<C
NT | H socc S H
PMej3 PMej;
8

Scheme 7. Conversion of the known complex [Rh(i*-TpM=)(H),(PMe;)]
into the bis(phosphane) derivative 8 in the presence of PMe;.

Complexes 7 and 8 were readily characterised by NMR
spectroscopy (see Experimental Section). The 'H NMR
spectrum of 8 shows a high-field quartet at = — 17.22 caused
by the two equivalent hydrides that have accidentally equal
coupling to the two 3P and the '“Rh nuclei (20.8 Hz). The
hydride ligands are also responsible for the two IR bands
appearing at 2070 and 2045 cm~!, whereas a higher energy
absorption at 2485 cm~! (accompanied, as indicated above, by
a second one at 2400 cm™!) suggests x2-Tp™® coordination. In
agreement with this proposal, the 'B{'H} resonance appears
at 0 =-6.0.

As Figures 4 and 5 show, the k>-TpM® coordination in 7 and
8 persists in the solid state. Structural parameters have normal
values and compare well with those obtained for related

Figure 4. Molecular structure of compound 7.

compounds. However, in light of the earlier discussion
dedicated to the rhodium(l) derivatives, it is worth pointing
out that: 1) the B—H bond lengths of 7 and 8 are 1.04(9) and
1.06(5) A, respectively, and 2) the two Rh—H functionalities of
8 have identical bond lengths of 1.53(9) and 1.57(7) A,
evidently much shorter than the Rh--- H-B separations found
in 2, 4a, and 4¢ (see Tables 3 and 4).

No further changes with time are observed in the reaction
system that leads to 7, but the hydride 8 can be forced to
coordinate two additional molecules of PMe; to form
ultimately the known [Rh(H),(PMe;),]* ion,"”) postulated to
exist in these solutions as the salt of the Tp™*~ ion
(Scheme 8). The "B{!H} NMR spectrum of the reaction
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Table 4. Selected bond lengths [A] and angles [°] for compounds 7, 8 and 9b.

7 8 9b
Rh1-O1 1.9995(6) Rh—HI1 1.60(6) Rh1-HI 1.57(7)
Rh1-02 2.012(7) Rh-H2 1.60(7) Rh1-H2 1.5309)
Rh1-N12 2.100(7) Rh-NI2 2.182(5) Rh1-P2 2362(2)
Rh2-N22 2.118(7) Rh-N22 2.198(5) Rh1-P3 2.358(2)
Rh1-P1 2.329(3) Rh-P1 2.296(2) Rhl—P4 2310(2)
Rh1-P2 2330(3) Rh-P2 2.276(2) Rh1-P5 2.296(2)
01-02 1.466(8) B-H(B) 1.06(5)

B-H(B) 1.04(9)

O1-Rh1-02  429(2) HI-Rh-H2  733)  HI-Rh1-H2 74(4)
N12-Rh1-N22 913(3)  NI2-Rh-N22 91.3(2) P4-Rh1-P5 154.72(7)
PI-Rh1-P2  17401(12) PI1-Rh-P2  167.93(6) P2-Rh1-P3  98.70(7)

Figure 5. Molecular structure of compound 8.

HAE((N\ |l3|\/|e3 ITMeg *

Nl _H PMeg(exc) MegP | _H

N~ RT~h 50 °C Mesp | | TPV
PMes PMes
8 9a

Scheme 8. Conversion of the hydride 8 into the known cation 9a
([Rh(H),(PMe;),]*) by forcing the coordination of two additional mole-
cules of PMe;.

mixture consists of a signal at about 0 =—2.0, whilst the
v(B—H) absorption appears at 2430 cm . As already noted™!
the v(B—H) and 6 "B{'H} criterial*2!l appear to be mean-
ingless for the uncomplexed Tp’ anions. As for the
[Rh(H),(PMe;),]* counterion, its NMR properties are coin-
cident with those already reported.l'”) Moreover, they match
exactly those corresponding to the species that forms when
[Rh(PMe;),]CIM is treated with KTpMe2,

Despite the fact that 9a seems to form in high yields, our
efforts to obtain analytically pure samples of this compound
proved fruitless. Nevertheless, the bis(hydride) complex of the
unsubstituted Tp ligand, [Rh(Tp)(H),(PMe,)], reacts at room
temperature with an excess of PMe; to produce 9b
(Scheme 9), with no observable intermediates. In contrast to
9a, crystalline samples of 9b of analytical purity can be
obtained by crystallisation from THF at —20°C. Besides
resonances due to [Rh(H),(PMes),]", solutions of 9b in
[Dg]acetone display three 'H signals at 6 =736 (d), 7.28 (d)
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HeZ N PMe; 7+
Nl _H PMes(exc) |Mep | _H
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Scheme 9. Conversion of the bis(hydride) complex of the unsubstituted Tp
ligand, [TpRh(H),(PMe;)] into 9b.

and 5.92 (dd), each corresponding to 3H (3J(H,H) =2.0 Hz)
assigned to the pyrazolyl protons, along with a broad quartet
at 0 =4.97, attributed to the BH proton (1/(H,B) =114 Hz). In
the IR spectrum v(B—H) appears at 2475 cm™~! and it is, once
more, of no significance with regard to the v(B—H) coordi-
nation rule. Figure 6 shows the result of a single-crystal X-ray

Figure 6. Molecular structure of compound 9b.

study carried out at 143 K. As can be seen, there is no bonding
interaction between [Rh(H),(PMe;),]* and Tp~; the closest
Rh-:-N contact is to one of the N atoms of the Tp ligand of
another asymmetric unit (4.627 A). Compound 9b is the first
structurally authenticated example of a metal salt of a
hydrotris(pyrazolyl)borate anion.

In summary, the intensive research developed by many
research groups around the world in recent years on the chem-
istry of M—Tp’ compounds, the main results of which are
collected in a monograph and several review articles, has
provided evidence that this extremely versatile ligand family
can exhibit a rich variety of coordination modes. In mono-
nuclear compounds of simple TpR ligands that do not contain
agosticP® or metallatedB" 32 groups, these modes rank from the
tridentate x> to the uncoordinated “k°”. Four donor functions,
the three N atoms in the 2-pyrazolyl positions plus the B—H
bond, compete for a maximum of three coordination sites of
the metal, giving rise to two different modes of tridentate
binding (structures A and B), two of bidentate (C and D) and
one monodentate (E). Additionally, as reported in this con-
tribution, full disengagement is also feasible (formulation F).

The work herein discussed, and the independent research of
Santos and co-workers,'**! demonstrate unequivocally that
these variations can occur as a consequence of the chemical
action of common, widely used phosphane reagents under
ordinary reaction conditions (1 atm, 20—100°C). It is there-
fore evident that these coordination changes can have
important consequences in the stoichiometric and the cata-
lytic reactions promoted by the M—Tp’ compounds.

3876 ——
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Experimental Section

All preparations and manipulations were carried out under oxygen-free
nitrogen or argon following conventional Schlenk techniques. Solvents
were rigorously dried and degassed before use. The light petroleum used
had a b.p. of 40-60°C. The complexes [Rh(Tp)(C,H,),],** [Rh(TpMe)-
(GH,),] ) [Rh(Tp<2)(C;Hy)] 1 [Rh(Tp<2)(C;H,)(PMe;)] 4 [Rh(Tp™)-
(02)(PMex)] 191 [Rh(TpMe+1)(CO),| 1 [Rh(TpMe:)(H),(PMey)] 1o
[Rh(H),(PMe;),]CL" [Rh(PMe;),]CL™ [Rh(dppp),]CLP* and the salts
KHB(pz); (KTp),B* KHB(3,5-Me,-pz); (KTpM*:)P*l and KHB(3,5-Me,-4-
Cl-pz); (KTpMe4)7l were prepared according to literature procedures.
Compound [Rh(Tp)(H),(PMe;)] was prepared following the procedure
described for the analogous TpM® derivative in ref. [16a]. Microanalyses
were by the Microanalytical Services of the Instituto de Investigaciones
Quimicas (Sevilla) and the Ecole Nationale Supérieure de Chimie de
Toulouse. In a series of analogous compounds, only some of them were
analysed. Infrared spectra were recorded on Perkin-—Elmer model 1710
and Bruker Vector22 spectrometers; NMR spectra were recored on
Bruker AC250, AMX300 and DRX 400 spectrometers. The 'H and *C{'H}
resonances of the solvent were used as the internal standard, but the
chemical shifts are reported with respect to TMS. *'P and "B NMR shifts
were referenced to external 85 % H;PO, and BF; - OEt,, respectively. Mass
spectra were obtained by the Mass Spectrometry Service of the Université
Paul Sabatier (Toulouse) with a Perkin—Elmer Sciex API1365 —MS/MS
spectrometer. Conductivity measurements were done on a Philips GM 4249
conductimeter.

[Rh(x'-TpM)(PMej;);] (2): Although this compound can be prepared by
the same procedure starting from either [Rh(TpMe)(C,H,),],
[Rh(TpMe:)(C,H,)(PMe;)] or the butadiene [Rh(TpMe2)(C,Hy)], the prep-
aration reported here uses the latter precursor, because it provides cleaner
results. A solution of [Rh(TpMe)(C,H¢)] (0.20 g, 0.44 mmol) in THF
(15 mL) at room temperature was treated with a solution of PMe; in THF
(22 mL, 1M, 2.2 mmol). After stirring for 2 h at room temperature, the
reaction was analysed by *'P NMR spectroscopy; this indicated the
quantitative formation of 2. The volatiles were removed in vacuo and the
residue was dissolved in petroleum ether (20 mL). After filtration and
concentration, the solution was cooled to —20°C and yellow crystals of 2
were obtained (0.117 g, 0.19 mmol, 42%). '"H NMR (300 MHz, [Dg]ben-
zene, 25°C): 6=15.93, 5.85 (brs, 2:1, 3H; CH,,,), 2.40, 2.36, 2.28, 2.18 (brs,
2:1:1:2, 18H; 6Me,,), 0.96 (m, 27H; PMe;); “C{'H} NMR (75.5 MHz,
[Dg]benzene, 25°C): d =148.1, 146.6, 145.3, 143.6 (1:2:1:2; Cq,,), 106.3,
104.6 (1:2; CH,,), 214 (d, J(CP)=27Hz; PMe;), 177 (pseudot,
J(CP),,, =13 Hz; 2trans-PMe;), 15.1, 14.1, 12.7, 11.5 (1:2:1:2; Me,,);
SIP{'H} NMR (121.5 MHz, [Dg]benzene, 25°C): 6 =—5.8 (dt, J(P,Rh) =
158 Hz, 2J(PP)=48 Hz), —14.1 (dd, 'J(PRh) =133 Hz); "B{'H} NMR
(96 MHz, [D¢]benzene, 25°C): 6 = —2.0; IR (Nujol): 7 =2425, 2390, 2355,
2335 cm™! (sh) (B—H); elemental analysis caled (%) for C,;H,BNP;Rh
(628.33): C 45.9, H 79, N 13.4; found: C 45.7, H 7.8, N 13.7.

[Rh(i*-Tp™*)(PMe),] (3):

Route A: A solution of [Rh(TpMe)(C,H,)(PMes)] (0.25 g, 0.5 mmol) in
THF (20 mL) at room temperature was stirred vigorously, and a solution of
PMe; in THF (0.45 mL, 1M, 0.45 mmol) was added dropwise. After stirring
for 40 minutes at room temperature, the volatiles were removed in vacuo
and NMR analyses revealed the presence of species 3 with 80—-90 % purity.

Route B: A solution of complex [{Rh(u-Cl)(C,H,),},] (0.058 g, 0.15 mmol)
in THF (10 mL) was treated with a solution of PMe; in THF (0.6 mL, 1M,
0.6 mmol). After stirring for 2 h at room temperature, a solution of KTpMe
(0.101 g, 0.3 mmol) in THF (6 mL) was added. After stirring for a further
1.5h at room temperature, the solution was filtred through celite, the
volatiles were removed in vacuo and the residue analysed by NMR
spectroscopy. It contained compound 3 in about 70 % purity. Attempts to
purify or crystallise the compound failed. 'H NMR (300 MHz, [D¢]benzene,
25°C): 6=5.96,5.59 (brs, 1:2,3H; CH,,), 2.37,2.31,2.30, 2.12 (brs, 1:2:2:1,
18H; Me,,), 0.99 (brpseudot, J(H,P),,,=4.0 Hz, 18H; PMe,); "*C{'H}
NMR (75.5 MHz, [Dg]benzene, 25°C): 6=152.4, 148.0, 146.0, 149.3
(1:2:2:1; Cq,,), 105.5, 104.8 (1:2; CH,,), 19.5 (pseudot, J(C,P),,, =14 Hz;
PMe;), 16.5, 14.4, 13.5, 13.0 (2:1:2:1; Me,,); *'P{'H} NMR (121.5 MHz,
[Dg]benzene, 25°C) 6=-2.4 (d, J(PRh)=171Hz); "B{H} NMR
(96 MHz, [Dg]benzene, 25°C): 6 = —5.6; IR (Nujol): 7=2452 cm~! (B—H).
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[Rh(x!-TpMe:+C) (CO)(PR;),] (PR;=PMe;, 4a; PMe,Ph, 4b; PMePh,,
4c):

Compound 4a: Pure PMe; (0.121 mL) was added to a solution of
[Rh(TpMe+)(CO),] (0.34 g, 0.61 mmol) in pentane (30 mL) at 0°C. The
reaction was instantaneous and a new »(CO) band was observed at
1974 cm™' by IR spectroscopy. After filtration, yellow crystals were
obtained from the filtrate at room temperature (0.37 g, 0.54 mmol, 90 % ).
'"HNMR (250 MHz, [D,]dichloromethane, 25°C): 6 =2.16 (brs, 9H; Me,,),
1.82 (s, 9H; Me,,), 1.19 (pseudot, J(H.P),,, = 3.2 Hz, 18H; 2trans-PMe;);
'H NMR (400 MHz, [D,]dichloromethane, —50°C): 6 =2.24, 2.09, 1.80,
1.69 (s, 1:2:2:1, 18H; Me,,), 113 (brs, 18H; PMe;); *P{'H} NMR
(162 MHz, [D,]dichloromethane, 25°C): 6 = —6.5 (d, J(P,Rh) =116 Hz);
3IP{'H} NMR (162 MHz, [D;]toluene, —90°C): 6 = —2.62 (ABX system,
2J(P,,Py) =330.7 Hz, 'J(P,,Rh) = 114.3 Hz, 'J(P5,Rh) = 116.4 Hz); 'B{'H]}
NMR (128 MHz, [D,]dichloromethane, 25°C): 6=0.27; '®Rh NMR
(12.64 MHz, [D,]dichloromethane, 25°C): d = —312 (2 lines, A,X system);
IR (KBr): #=2390—2145 (B—H) (4 main peaks at 2390, 2354, 2304, 2259),
1963 cm™! (CO).

Compound 4b: Pure PMe,Ph (0.054 mL, 0.38 mmol) was added to a
solution of [Rh(TpMe:4)(CO),] (0.10 g, 0.19 mmol) in pentane (30 mL) at
0°C. The reaction was instantaneous and a new ¥(CO) band at 1982 cm™!
was observed by IR spectroscopy. After filtration, the volatiles were
removed under vacuo and the residue washed with cold heptane (0.07 g,
0.11 mmol, 60 %). '"H NMR (200 MHz, [D¢]benzene, 25°C): d =7.45-7.03
(m, 10H; PPh), 2.09, 1.23 (s, 18H; Me,,), 1.07 (brs, 12H; PMe,); *'P{'H}
NMR (81 MHz, [D¢]benzene, 25°C):  =1.13 (d, 'J(PRh) =120.4 Hz); IR
(KBr): #=2394-2300 (v br) (B—H), 1978 cm~! (CO).

Compound 4 c: Pure PMePh, (0.34 mL, 1.82 mmol) was added to a solution
of [Rh(TpMe4C1)(CO),] (0.51 g, 0.90 mmol) in pentane (30 mL) at room
temperature. After stirring for 15 min, the solution was cooled at 0°C for
5 min, then filtered. From the filtrate, orange-yellow crystals were obtained
at 0°C (0.55 g, 0.59 mmol, 66 %). 'H NMR (400 MHz, [D;]toluene, 25°C):
0=179-72 (m, 20H; PPh,), 2.12, 2.38 (vbr, 18H; Me,,), 1.82 (brs, 6H;
PMe); 'H NMR (400 MHz, [D,]dichloromethane, —40°C): 6 =7.69-7.33
(m, 20H; PPh,), 2.13, 1.95, 1.84, 1.43 (s, 2:1:1:2, 18 H; Me,,), 1.50 (brs, 6 H;
PMe); BC{'H} NMR (100 MHz, [D,]dichloromethane, —40°C): § =190.9
(dt, 'J(C,Rh) =69.0 Hz, 2J(P,C) =16.4 Hz; CO), 144.4, 143.9, 143.1, 139.6,
1079, 106.4 (1:2:1:2:1:2; Cq,,), 135.1 (pseudot, J(C,P),,, =23 Hz, Cq
(PPh,)), 134.1 (pseudot, J(C,P),,,=2.3 Hz, Cq (PPh,)), 132.4 (pseudot,
J(CP),,,=6.6 Hz), 131.2 (pseudot, J(C,P),,,= 6.0 Hz), 130.0, 129.4, 128.1
(pseudot, J(C,P),,, =4.6 Hz), 127.9 (pseudot, J(C,P),,, =4.5) (CH (PPh,)),
12.6,11.0,9.8,8.5 (1:2:1:2; Me,,), 11.3 (pseudot, J(C,P)app = 14 Hz; 2 trans-
PMe);3'P{!H} NMR (162 MHz, [D,]dichloromethane, —40°C): 6 =19.5 (d,
1J(P,Rh) =125.6 Hz); 3P{'H} NMR (162 MHz, [D,]dichloromethane,
25°C): 6=19.1 (d, J(PRh) =127.9 Hz); *'P{'H} NMR (162 MHz, [Dg]tol-
uene, —90°C): 0=24.7 (ABX system, J(Rh,P)=128Hz, 2J(PP)=
320 Hz); "B{'H} NMR (128 MHz, [D,]dichloromethane, 25°C): 6 =0.37,
13Rh NMR (12.62 MHz, [D,]dichloromethane, —40°C): 6 =344 (d,
1J(P,Rh) =208 Hz); IR (KBr): #=2443-2196 (B—H) (4 main peaks at
2443, 2406, 2364, 2340), 1978 cm~! (CO); elemental analysis calcd (%) for
C,H;sBNGOP,CL;Rh (931.9): C 54.1, H 4.9, N 9.0; found: C 53.9, H 5.0, N
8.9.

[Rh(CO)(dppp),1[TpMe+] (5): A solid sample of dppp (0.25 g, 0.6 mmol)
was added to a solution of [Rh(TpMe#®)(CO),] (0.17 g, 0.3 mmol) in
dichloromethane (20 mL). After stirring at room temperature for 15 min-
utes, a new ¥(CO) band at 1948 cm™! was observed by IR spectroscopy. The
solvent was removed in vacuo and the residue washed with diethyl ether to
yield compound 5 in almost quantitative yield. Attempts to recrystallise the
compound failed, since this derivative slowly loses CO in solution to yield
compound 6. 'H NMR (400 MHz, [D,]dichloromethane, 25°C): 6 =737
(m, 40H; Ph), 2.12 (s, 9H; Me,,), 1.88 (s, 9H; Me,,), the methylene groups
were not located; *'P{'H} NMR (162 MHz, [D,]dichloromethane, 25°C):
0=104 (d, J(P,Rh)=132 Hz); *P{'H} NMR (162 MHz, [D,]dichloro-
methane, —90°C): 6 =3.0 (dt, 'J(P,Rh) =126 Hz, 2J(P,P) =46 Hz); 15.80
(dt, J(PRh)=139Hz); 'H NMR (400 MHz, [D,]dichloromethane,
—90°C): 6=8.19-6.05 (m, 40H; Ph), 2.06 (s, 9H; Me,,), 1.75 (s, 9H;
Me,,); "B{'H} NMR (128 MHz, [D,]dichloromethane, 25°C): 6 = —0.7; IR
(KBr): #=2429 (br) (B—H), 1942 cm~! (CO).

[Rh(dppp),]l[TpMe*C] (6): A solid sample of KTpMe+d (0.27 g,
0.62 mmol) was added to a solution of [Rh(dppp),]Cl (0.60 g, 0.62 mmol)
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in dichloromethane (10 mL). The mixture was stirred for 2 h at room
temperature. After filtration, the solvent was removed under vacuum and
the residue washed with diethyl ether. The yield was quantitative.
[Rh(dppp),][TpM#€]  could also be obtained by keeping
[Rh(CO)(dppp),][TpMe*“] in solution for a few days with periodical
removal of CO under vacuum. 'H NMR (400 MHz, [D,]dichloro-
methane, 25°C): 0=785-6.95 (m, 40H; Ph), 2.58 (brpseudot,
J(H,P),,, =143 Hz, 4H; PCHaHbCHcHACHeH/P,,,,), 2.38-2.19 (m,
4H; P,CHaHbCHcHd), 2.16 (s, 9H; Me,,), 1.92 (s, 9H; Me,,), 1.58
(brquintet, J(HH)=11.9Hz, 2H, PCH,CHcHdCH,), 0.57 (brtq,
J(HH)=143, 2.4Hz, 2H; CHeHfP,,,); C{'H} NMR (100.6 MHz,
[D;]dichloromethane, 25°C): 6 =143.0 (Cq,,), 139.9 (Cq,,), 134.5-128.2
(Cq, CH PPh,), 106.0 (Cq—Cl pz), 28.8 (filled in d, 'J(P,C) =289 Hz,
'J(C,H) =130.5 Hz; P.,CH, dppp), 20.0 (pseudot, J(P.C),,,=14.4 Hz,
1J(C,H)=130.3 Hz; CH,P,,,, dppp), 18.9 (*/(C,H)=131.3 Hz; PCH,CH,
dppp), 11.9 (Me,,), 10.2 (Me,,); *'P{'H} NMR (162 MHz, [D;]dichloro-
methane, 25°C): 6=-728 (dt, 'J(PRh)=84.7Hz, 2J(P,P)=30Hz;
Punsax ), 20.08 (dt, J(P,Rh)=122.7 Hz; P..,); "B{'H} NMR (128 MHz,
[D,]dichloromethane, 25°C): 6 =—0.7; 'Rh NMR (12.66 MHz, [D,]di-
chloromethane, 25°C): 6 =1225.1 (6 main lines, similar to the simulation of
an A,M,X system); IR (KBr): #=2430cm™' (br) (B—H); MS (pos. ES,
NCMe): m/z (%): 927.3 (100) [Rh(dppp),]"; MS (neg. ES, NCMe): m/z
(%): 399.1 (100) [TpM=4+A]~, 401.1 (99); elemental analysis calcd (%) for
CgH7;BN¢P,CL;Rh - CH,CL,: C 59.5, H 5.2, N 5.9; found: C 58.8, H 5.1, N
5.6.

[Rh(x2-Tp¥)(0,)(PMe;),] (7): An excess of PMe; (0.3 mL, 3 mmol) was
added to a solution of [Rh(Tp™¢)(O,)(PMe;)] (0.05 g, 0.09 mmol) in THF
(5 mL). After stirring for 5 h at 50 °C, the solution was taken to dryness, and
the residue extracted with a 1:1 mixture of petroleum ether/diethyl ether.
Compound 7 was obtained as orange crystals upon cooling to —20°C.
Yield: 70%; '"H NMR (300 MHz, [D4]benzene, 25°C): =5.76 (s, 3H, 3
CH,,), 2.41,2.31,2.18,2.02 (s, 2:1:2:1, 18H; 6 Me,,), 1.28 (d, 9H, 2J(H,P) =
6.8 Hz; PMe;), 0.58 (d, 9H, %J(H,P)=6.5Hz; PMes); “C{'H} NMR
(100 MHz, [D¢]benzene, 25°C): 6 = 152.4, 1477, 147.5, 141.7 (2:2:1:1; Cq,),
107.9, 1045 (2:1; CH,,), 15.5, 13.7, 13.6, 12.3 (2:2:1:1; Me,,), 10.7 (dd,
1J(C,P) =17, 2J(C,Rh) =10 Hz; PMe;), 9.9 (dd, J(C,P)=19, 2/(C,Rh) =
9 Hz; PMe,); 3'P{'"H} NMR (162 MHz, [D¢]benzene, 25°C): AB part of
an ABX spin system centered at 6 =—4.0 (J(A,Rh) =96 Hz, J(B,Rh) =
99 Hz); J(A,B) could not be computed from the spectrum because the
smallest signals of the AB spin system were not located; "B{'"H} NMR
(96 MHz, [Dg]benzene, 25°C): 6 =—6.4; IR (Nujol): #=2477, 2405 cm™!
(B—H); elemental analysis caled (%) for C,;H,,BN4O,P,Rh (584.25): C
432, H 6.8, N 14.4; found: C 43.3, H 6.6, N 14.5.

[Rh(x2-Tp¥) (H),(PMe;),] (8): An excess of PMe; was added (0.1 mL,
1 mmol) to a solution of [Rh(Tp™e)(H),(PMe;)] (0.05 g, 0.10 mmol) in
THF (10 mL). The mixture was heated at 50 °C for 2 h, after which time the
solvent was evaporated and the residue extracted with Et,0 (15 mL).
Concentration and cooling to —20°C yielded yellow crystals of compound
8 (005g, 90%). Since the precursor of compound 8,
[Rh(TpMe:)(H),(PMe;)], is obtained from [Rh(TpM=)(C,H,)(PMe;)], which
is highly sensitive to oxygen,!'? a small impurity of the peroxo derivative 7
is very often present when 8 is prepared, hence analytically pure samples of
8 were not obtained. '"H NMR (400 MHz, [D¢]benzene, 25°C): 6 =5.84,
5.74 (s,2:1,3H; CH,,), 2.41,2.32,2.15,1.73 (s,2:2:1:1, 18 H; CHj,,), 1.13 (d,
2J(H,P) =5.5 Hz, 9H; PMej), 0.55 (d, 2J(H,P) = 4.8 Hz, 9H; PMe;), — 17.22
(q, V(H,Rh) =2/(H,P) =20.8 Hz, 2H; Rh,H); C{'H} NMR (100 MHz,
[Dg]benzene, 25°C): 6=151.0, 150.0, 146.0, 141.4 (2:2:1:1; Cq,,), 1070,
105.6 (2:1; CH,,), 19.3 (dd, 'J(C,P) =19 Hz, *J(C,P) =12 Hz; PMe;), 18.0
(dd, 'J(C,P) =17 Hz, 3J(C,P) =11 Hz; PMe;), 17.0, 14.3, 14.0, 11.3 (2:2:1:1;
CHs,,); *'P{'"H} NMR (162 MHz, [Dg]benzene, 25°C): AB part of an ABX
spin system centered at 6 =—4.0 (J(A,Rh)=J(B,Rh) =107 Hz); J(A,B)
could not be computed from the spectrum because the smallest signals of
the AB spin system were not located; 'B{'H} NMR (96 MHz, [D¢]benzene,
25°C): 0=-6.0; IR (Nujol): 7=2484, 2400 (B—H), 2068, 2045 cm™!
(Rh—H).

[RR(H)(PMey) I[Tp"*] (9a):

Route A: PMe; (1mL, 10mmol) was added to a solution of
[Rh(TpMe)(H),(PMe;)] (0.05 g, 0.1 mmol) in THF (10 mL). The mixture
was heated at 50 °C for 8 h. The solvent was evaporated under vacuum and
the residue, analysed by 3'P{'"H} NMR spectroscopy, contained 9a in almost
quantitative yield.
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Route B: This compound was alternatively obtained by the addition of the
stoichiometric amount of KTpM® to a solution in acetone of
[Rh(H),(PMe;),]Cl; after stirring for 2 h, the mixture was filtered through
Celite and the solvent removed under vacuum to yield compound 9a in
almost quantitative yield (NMR). All attempts to purify this compound by
crystallisation proved unsuccessful. 'H NMR (300 MHz, [Dg]acetone,
25°C): 6=5.42 (s, 3H; 3 CH,,), 2.01, 2.00 (s, 1:1, 18H; 6 CH,,,), 1.58
(pseudot, J(H,P),,,=2.3Hz, 18H; 2trans-PMe;), 152 (pseudod,
J(HP),,,=70Hz, 18H; 2cis-PMe;), —10.58 (dtd, Z2/(H,P)=136.6,
20.2 Hz, 'J(Rh,H) = 15.0 Hz, 2H; Rh—H); *C{'H} NMR (75 MHz, [Dj]ace-
tone, 25°C): 6=1454, 142 9 (1:1; Cqy,), 103.6 (CH,,), 25.4 (pseudot,
J(C=P),,, = 18 Hz, trans-PMe;), 22.0 (filled in d, J(C—P),,, =25 Hz, 2 cis-
PMe;), 14.6, 14.1 (1:1, Me,,); *'P{'H} NMR (121.5 MHz, [Dg]benzene,
25°C): 6=-23.4 (brdt, 'J(P,Rh)=85Hz, %J(PP)=27Hz), —13.0 (dt,
J(P,Rh) =96 Hz); "B{'H} NMR (96 MHz, [D4]benzene, 25°C): 6 = —2.0;
IR (Nujol): 7=2448 (B—H), 1956 cm~' (Rh—H).

[Rh(H),(PMe;),][Tp] (9b): A solution of PMe; in THF (0.6 mL, 1m,
0.6 mmol) was added to a solution of [Rh(Tp)(H),(PMe;)] (0.03 g,
0.07 mmol) in THF (2 mL). After stirring at 50 °C for 30 min, the solvent
was stripped off, the residue extracted with THF (5 mL) and the resulting
solution concentrated and cooled to —20°C to yield colourless crystals of
compound 9b. '"H NMR (300 MHz, [Dg]acetone, 25°C): 6 =736, 7.28, 5.92
(d, d, t, *J(H,H) =2.0 Hz, each 3H; 9CH,,), 4.97 (q, 'J(B,H)=113.6 Hz,
1H; BH(Tp)), 1.60 (pseudot, J(H,P),,, =3.2 Hz, 18 H; 2trans-PMe;), 1.53
(d, 2J(H,P)=70Hz, 18H; 2cis-PMe;), —10.57 (dtd, %J(H,P)=136.6,
20.2Hz, J(H,Rh)=15.0Hz, 2H; 2Rh—-H); "“C{'H} NMR (75 MHz,
[Dglacetone, 25°C): 6=138.7, 1334, 102.6 (CHpz), 25.3 (pseudot,
J(C,P)pp, =17, Hz; 2trans-PMe;), 21.9 (filled in d, J(C,P),,, =27 Hz; 2cis-
PMe;); 3'P{'H} NMR (121.5 MHz, [Dg]acetone, 25°C): d=—13.0 (dt,
1J(PRh) =96 Hz, 2J(P,P) =27 Hz), —23.9 (dt, 'J(P,Rh) =87 Hz, *J(P,P) =
27 Hz); "B{'H} NMR (96 MHz, [D¢]acetone, 25°C): 6 = —1.2. IR (Nujol):
7=2474 (B—H), 1955cm~! (Rh—H); elemental analysis calcd (%) for
C, HiBNGP,Rh: C 40.5, H 7.7, N, 13.5; found: C 40.2, H 7.5, N 13.6.

Crystal structure determinations of compounds 2, 4a, 7, 8 and 9b: Detailed
information about the crystal structure determinations of compounds 2, 4a,
7, 8 and 9b is given as Supporting Information. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-132889 (2), CCDC-154691 (2'),
CCDC-156684 (4a), CCDC-186/1279 (4¢), CCDC-154693 (7), CCDC-
154692 (8) and CCDC-132888 (9b). 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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Site Distribution in Resin Beads as Determined by

Confocal Raman Spectroscopy**
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Abstract: Scanning confocal Raman
spectroscopy was used to study the
distribution of reactive sites within a
resin bead used for solid-phase synthe-
sis. The distribution of NH, groups in
aminomethylated polystyrene resin
(APS) was determined by doping with
varying amounts of 4-cyanobenzoic acid.

) ] synthesis
The extent of loading was determined by

Introduction

The way in which organic chemistry is being performed is
being dramatically influenced by developments in solid-phase
supported chemistry.l'*4 Routes based on the use of scav-
engers and immobilised reagents are enhancing the impact of
traditional solid-phase approaches.I'®l Pivotal to this effort is
the solid support itself and the way in which this influences the
efficiency of the desired chemical transformations. However,
new solid-phase chemistries cannot simply be taken from
existing solution literature without modification, in part due
to the additional complexities of the solid support itself, for
example changes in media polarity, solvation, steric con-
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both elemental analysis and ninhydrin
assays. The spatial distribution of the
coupled 4-cyanobenzamide within the
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bead was determined to an in-plane
resolution of 1 um and depth resolution
of about 4 um, using the strong Raman
CN stretching vibrational transition at
2230 cm~". Dry and swollen beads were
studied and the distribution was found
to be essentially uniform throughout the

solid-phase )
bead in all cases.

straints within the bead or changes in the partitioning of
compounds between the different environments. Therefore,
any investigation that provides a detailed understanding and
picture of the properties of common solid-phase synthetic
supports is of interest. Although many physical characteristics
of those polymeric supports have been published,” many
important questions remain unanswered, in particular in
relation to the distribution and relative accessibility of
reactive functionalities within a given bead type.!

As early as 1980 autoradiography provided evidence for the
homogeneous distribution of the functionalities throughout
polystyrene (PS) resin beads (1% cross-linked with divinyl-
benzene (DVB)), as did scanning secondary ion mass
spectrometry some years later.’)] However, a recent paper
was at odds with these conclusions. Using conventional
fluorescent labelling and optical detection techniques)[® a
dramatic variation in site distribution was observed across
conventional gel based PS and TentaGel (TG)M resin beads.
The same technique was used recently for the investigation of
so-called Rasta-resin, a uniform site-distribution was found.[8!

Results and Discussion

Extracting the site distributions from fluorescence experi-
ments on fluorophore loaded beads is not straightforward
because of problems associated with quenching and re-
absorption of the fluorescence.’! The small volume of a
typical 100 um diameter bead with a loading of 400 pmoles
per bead gives a fluorophore concentration within the bead
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that approaches 300mMm. Given the high absorption cross-
section of a typical dye, this concentration in the bead would
lead to absorption of about 99% per micron and the bead
becomes “optically thick”. This results in significant absorp-
tion of the incident excitation light as it travels through the
bead and the radiation does not uniformly excite all sites.
Similarly such high loadings result in significant absorption
and re-absorption of the fluorescence and therefore cause an
apparent nonlinear response of fluorescence intensity with
bead loading. Furthermore, at these concentrations of the
fluorophore, even in solution, quenching would be expected.
In addition interactions between closely spaced fluorophore
molecules can lead to spectral shifts and broadening of the
transitions.

We therefore decided to clarify the situation, and obtain
greater detail on the distribution and reactivity of sites within
the resin bead using high resolution confocal Raman micros-
copy; a non-fluorescent method.'> ! In conventional con-
focal microscopy a pin-hole is used in both the downward and
return optical path to restrict both the lateral extent of the image
and the depth of focus. This enables true three-dimensional
images to be recorded slice by slice through the sample.

The most commonly used gel-type resins in solid-phase
synthesis are the commercially available low-cross-linked PS
supports (1-2% DVB, typical loading 1.2 mmolg~') and
TentaGel (TG, typical loading 0.23 mmolg™") resin. These
beads only become gel-like and synthetically useful after
swelling in an appropriate solvent and therefore the studies
were undertaken with both dry and swollen beads. The
distribution of NH, groups in aminomethylated polystyrene
resins (APS) was therefore determined by doping the resins
with varying amounts of 4-cyanobenzoic acid. The extent of
loading was determined by both elemental analysis and
ninhydrin assay.'?l The cyano group has a strong Raman
transition at 2230 cm~! which is easily resolved amongst the
Raman spectrum of the bead polymer. The Raman spectra of
the beads were collected with a Renishaw Raman imaging
microscope 2000 system. The spectra from the whole bead
were collected using the continuous extended grating mode
(x20 objective, 20s exposure, three accumulations,
1800 groovesmm~', grating with a 20 um slit giving a spectral
resolution of ~0.1 cm™).

Aminomethylated polystyrene resin beads (loading
1.23 mmolg~') were loaded with varying amounts of 4-cya-
nobenzoic acid, obtained by
quenching the coupling reac-
tion after different reaction
times as described in the Ex-

Table 1. Loading of the APS beads with 4-cyanobenzoic acid after
different reaction times determined by ninhydrin assay and elemental
analysis.

Reaction time [min] Loading
0.5 29%
1 43%
2 56 %
4 66 %
6 75 %
8 80%

20 88%

30 86 %

40 91%

50 95%

term stability of the bead was investigated by leaving the
bead under the laser for two hours and spectra taken every
12 minutes. There was no significant change in the intensity of
the 1001 cm~! polymer peak over this time indicating that
there are no significant heating effects during the scans. The
distribution of the CN species within the dry beads was
initially analysed by scanning the beads along a line through
the mid-plane of the bead in 1 pm steps and recording a
Raman spectrum at each point. Figure 1 shows the intensity of
the Raman signal at 2230 cm~! when plotted as a function of
position through the bead with a loading of 29%. An
approximately linear relationship was observed between the
CN Raman peak intensity and the loading (determined from
the ninhydrin test) between 30—95 % loading.

Figure 1 clearly shows the sharp increase in relative
intensity as soon as the edge of the bead is reached, while
the intensity within the bead stays constant. The intensity near
the edges of the bead was similar to that in the centre, in
contrast to that implied by the observations of McAlpine
et al.’l This holds true for all the samples analysed.

Figure 2a) shows a map of a slice through the equatorial
region of the bead. The different intensities of the 2230 cm™!
band are assigned to different shades of grey. Figure 2d)
shows an example of a CN peak in the Raman spectrum and
Figures 2b) and 2 ¢ show slices through the map in the x and y
directions as indicated by the lines over the area map
(Figure 2a)). Although only two examples are shown (Fig-
ures 2 3), all other spectra obtained from the differently

1B00- o

perimental Section. Table 1 E ., ot v fid :
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by duplicate quantitative nin-  § k- - E |
hydrin tests!’?l and elemental i S LY | |
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tion time. 00 _-I !
The isolated CN Raman line an i ] 1 s
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distribution of the material
through the bead. The long-
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Figure 1. Raman intensity of the 2230 cm~' CN band of a dry 29% loaded APS bead along a horizontal scan
through the equatorial plane of the bead.
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Figure 2. Raman intensity map of the 2230 cm~!CN band of a 95 % loaded APS bead swollen in dioxane. The white light image of the bead is superimposed
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Figure 3. Raman intensity map of the 2230 cm~! CN and of a dry 95% loaded APS bead through the equatorial plane of the bead.

loaded beads (Table 1) showed the same features with respect
to site distribution.

Similar experiments were carried out on dry beads.
Examples of the resulting spectra are shown in Figure 3.
Again there was no evidence for an unequal site distribution
across the bead. The measurements were repeated on a
variety of resin samples at different loadings, but all gave
essentially the same results.

3882
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In summary, we have shown by the use of confocal Raman
spectroscopy that the distribution of functional sites in
aminomethylated polystyrene is uniform throughout the
entire bead volume. We observed no “clusters” or segregation
of the reactive sites. The use of the Raman technique (as
opposed to a fluorescent technique) removes many of the
possible ambiguities in the determination of the spatial
distribution of the reactive sites. Furthermore our investiga-

0947-6539/01/0718-3882 § 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 18





Resin Beads

3880-3883

tion of dry and swollen beads is more relevant to the practical
applications of these beads in solid-phase synthesis. Currently
we are undertaking further studies on different bead materials
including TentaGel, PEGA and controlled pore glass by
confocal Raman and fluorescence microscopy.

Experimental Section

Aminomethylated polystyrene (NovaBiochem, 200400 mesh, 1% cross-
linked, 0.04 g) was placed in a filter funnel and swollen for 15 min in
dioxane (9.3 mL). A solution of 4-cyanobenzoic acid (0.023 g, 0.156 mmol)
and 1,3-diisopropylcarbodiimide (0.199 g, 0.156 mmol) in dioxane (0.7 mL)
was prepared and added to the suspension of the resin. The reactions were
quenched at different reaction times and thoroughly washed with the
solvent. The resin was subsequently washed with CH,Cl,, MeOH and Et,0
and finally dried in vacuo.

The resin beads were placed into the cavity of a microscopic slide, swollen
in dioxane and covered with a 0.1 mm thick glass plate, which was fixed
along the edges with three layers of parafilm, in order to prevent
evaporation of the solvent during the measurement (~12 h). An area of
148 um x 148 pm in the xy plane through the equator of the bead was
scanned in 2 um steps (giving a total of 5476 data points). Due to the
confocal depth resolution this corresponds to approximately a 3 um slice
through the bead. For the dry beads an area 70 pm x 70 um was scanned in
1 pm steps (4900 data points).

In the mapping experiments a 50 x objective was usually used, the slit set
to 10 um on the spectrograph entrance assembly and the CCD area set to a
four pixel height, in contrast to a 20 pm slit width and a 20 pixel height for a
non-confocal experiment. A silicon flat was used to determine the thickness
of the confocal optical section. The measured depth profile gave a FWHM
resolution of 3 pm. This results in a three-dimensional resolution of
typically greater than about 1 um x 1 pm x 3 um as the bead samples have a
lower refractive index than the Si flat. For a line map the spectra were
collected with between 2300 cm™' and 900 cm™! to allow both the peak of
interest (2230 cm ') and the reference polymer peak (1001 cm™) to be
observed. The area maps were recorded with a static scan with a range of
453 cm™! (with the 1800 groove grating) centred at the peak of interest. The
area to be mapped is drawn in software. The bead was focused manually on
the bead centre and not with the auto-focus facility. The bi-directional
scanning mode was used to avoid any jumps in the objective that may have
caused the bead to move. For long scans (8 h plus)“cosmic ray removal”
was turned on to remove large sporadic noise peaks disturbing the data.

The spectra of the loaded beads were analysed using the GRAMS curve
fitting application and the maps were created using the mapping program
supplied with WiRE (Windows-based Raman environment) program from
Renishaw.
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Spatially Resolved Single Bead Analysis: Homogeneity, Diffusion, and
Adsorption in Cross-Linked Polystyrene™*
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Abstract: Spatially resolved single bead
analysis in the micrometer range was
employed as a tool for evaluating homo-
geneity, diffusion, and adsorption in
solid-phase supported reactions. Fluo-
rescence microscopy (confocal and non-
confocal) as well as IR microscopy were
used to detect both the distribution of
products and the formation of product
gradients in representative reactions.
For the first time, the optical slices of

styrene beads deliver realistic represen-
tations of the distribution of
fluorophores, and confirmed—in con-
trast to a recent report—the homoge-
neity of functional site distribution in
polystyrene beads. Moreover, the pat-
tern of product formation obtained from
an acylation reaction as well as from an
alkylation reaction were employed as
probes to study the impact of bead size,
diffusion, and adsorption on the reaction

progress. A simulation of the diffusion
process was conducted and compared
with the experimental results. Diffusion-
al control was found neither in the case
of the alkylation nor in the case of the
acylation reaction under investigation.
As a consequence, the reaction progress
was not a function of the bead sizes as
proposed in the literature. Interestingly,
in the case of rhodamine acylation with
substoichiometric amounts an adsorp-

whole beads obtained by confocal fluo-
rescence microscopy were compared
with the fluorescence images of micro-
tome-sliced beads. The experiments re-
vealed that only physical slices of poly-

Introduction

The advantages of multi-step solid-phase synthesis, such as
simple isolation of intermediates by filtration, complete
transformations by using high excess of reagents, and the
feasibility of automated parallel and combinatorial synthesis,
are evident.[: 2 However, as the understanding of solid-phase
supported chemistry is still poor, decisions for a synthetic
protocol development often rely rather on experience and
routine than on scientifically validated knowledge.B-¢!
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tion-controlled reaction was found. This
result highlights the significance of ad-
sorptive effects in solid-phase supported
chemistry.

Solid supports are characterized by the chemical and
physical structure of the polymer. The structural parameters
specifically determine each polymer—solvent—reagent sys-
tem including swelling, polymer mobility, diffusion, and
adsorption properties as well as the kinetics of solid-phase
supported reactions. Single bead analysis and kinetic mon-
itoring of solid-phase reactions were intensified during recent
years.”-1% There are classical examples employing autoradiog-
raphy to assess the quality of resin beads with elevated
resolution.!'" 12l However, this method has not been used to
monitor reaction progress and is hardly generally applicable,
due to the necessity of radioactive labelling. Thus, spatially
and time-resolved single bead analysis using more accessible,
optical microscopic techniques will enhance the knowledge on
solid-phase reactions significantly. It will thus provide new
opportunities for reaction monitoring and additional infor-
mation for the rational design of improved resins for synthesis
and other solid-phase applications.!'> 4]

Results and Discussion

In this article we demonstrate the concept of spatially
resolved single bead analysis employing fluorescence micros-
copy as well as IR microscopy. Three-dimensional represen-
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tations of resin beads can be obtained by methods of optical
slicing.™> %l In confocal microscopy a picture is generated by
detecting the fluorescence light emitted from points of the
object that are sequentially addressed by scanning a focussed
laser beam of the excitation wavelength. Because of rejection
of out-of-focus fluorescence by a delimiting aperture (pin-
hole) in front of the detector optical slices of an object are
obtained. Physical slicing followed by optical analysis is an
alternative to optical slicing. It can be employed to collect
information on the slices of a bead independently of the
optical imaging characteristics of a microscope technique.
With IR microscopy, on the contrary, it is possible to obtain
spectra from whole resin beads in the transmission mode. All
three approaches to spatial resolution in resin beads were
pursued and compared.

Homogeneity of the functional site distribution: The homo-
geneity of the functional site distribution is a highly relevant
parameter of resin beads in order to assure high loading and
equal reactivity of all sites together with optimal site
separation. Beads of cross-linked divinylbenzene (1 % )-poly-
styrene (1 mmolg~!, 200-400 mesh), which were amino-
methylated subsequently to the polymerization step, were
loaded with 5,6-carboxy-tetramethyl-rhodamine (CTMR)
activated using tetramethyl-O-(benzotriazol-1-yl)-uronium
tetrafluoroborate (TBTU) as the condensing agent. Swollen
as well as non-swollen polymer beads were inspected with a
confocal fluorescence microscope.l'”l Rhodamine-coupled

Abstract in German: Rdaumlich aufgeloste Analytik von
einzelnen Harzkugeln im Mikrometerbereich wurde durch-
gefiihrt, um die Homogenitdt, Diffusion und Adsorption von
Festphasen-unterstiitzten Reaktionen zu untersuchen. Sowohl
konfokale und nicht-konfokale Fluoreszenzmikroskopie als
auch IR-Mikroskopie wurden benutzt, um die Produktvertei-
lung und die Gradientenbildung in reprisentativen Beispielre-
aktionen nachzuweisen. Erstmals wurden optische Schnitte von
ganzen Harzkugeln, die durch konfokale Fluoreszenzmikro-
skopie erhalten wurden, mit den Fluoreszenzbildern von
Mikrotomschnitten verglichen. Die Experimente zeigten, dass
nur die physikalischen Schnitte von Harzkugeln realistische
Abbildungen der Produktverteilung lieferten und bestditigten —
im Widerspruch zu einem kiirzlich erschienenen Artikel—die
homogene Verteilung der Reaktionszentren in Polystyrolku-
geln. Dariiber hinaus wurden die Muster der Produktbildung,
die bei einer Acylierung bzw. bei einer Alkylierung erhalten
wurden, als Sonde fiir den Einfluss von Kugelgrofie, Diffusion
und Adsorption auf den Reaktionsfortschritt eingesetzt. Eine
Simulierung des Diffusionsvorganges wurde durchgefiihrt und
mit den experimentellen Ergebnissen verglichen. Diffusions-
kontrolle wurde dabei weder im Falle der untersuchten
Alkylierung noch der Acylierung gefunden. Folglich war der
Reaktionsfortschritt keine Funktion der Kugelgrofle wie dies in
der klassischen Literatur gefordert wird. Interessanterweise
wurde bei der Acylierung mit Rhodamin mit substéchiometri-
schen Mengen ein Adsorptions-kontrollierter Reaktionsverlauf
gefunden. Dieses Ergebnis unterstreicht die Bedeutung ad-
sorptiver Effekte in der Festphasen-unterstiitzten Chemie.

Chem. Eur. J. 2001, 7, No. 18
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beads showed intense fluorescence at the surface, however,
no fluorescence was detected at the interior of the optical
slices (Figure 1a,b). Recently, very similar images were

Figure 1. a), b) Typical beads of aminomethyl 1%-divinylbenzene-poly-
styrene (200—400 mesh, 1 mmolg™') acylated with CTMR (1 equiv) and
inspected with confocal fluorescence microscopy; a) one optical slice, b) a
three-dimensional reconstruction from several slices. ¢, d) Microtome cuts
of CTMR-labelled resin beads. Reconstruction of several optical slices
displays a physical bead slice of 5 um thickness and 150 pum in diameter.

obtained by an analogous method of optical slicing and led the
authors to the conclusion of unevenly distributed functional
sites in the polymer bead.'®?] As these findings are in
contradiction to common assumptions in solid-supported
chemistry they deserved further critical examination.

Employing Lambert—Beer’s law the radial light intensity
I(r) in resin beads was calculated [Eq. (1)].?¥ Beads loaded
with 1 mmolg! of CTMR and a swelling of 5 mLg! give a
concentration ¢ of 0.2M. With a molar extinction coefficient
(¢) of 10°M~'cm™' the light intensity inside the bead I(r) is
reduced after 1 um to 1072 of the initial intensity (/) and after
10 um to 10-%. Consequently, the dark interior observed by
optical slicing of whole beads can be explained by the
absorption of light.

1(r)
A(r)=—log1—=scr; I(r)=1,-10"¢¢r )

0

Optical properties of the beads such as refraction, scattering,
or fluorescence quenching might also influence the detection
of fluorescence from their interior. To confirm our assump-
tion, the same resin loaded with CTMR as visualized in
Figure 1a using optical slicing was subjected to microtome-
slicing. The accuracy of the slicing as well as the thickness and
diameter of the slices could be determined by confocal
microscopy (Figure 1c,d). Slices of 5 um thickness were
placed on microscope slides and inspected with confocal and
non-confocal fluorescence microscopy. Resin slices loaded
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with 1 equiv of CTMR emitted fluorescence homogeneously
from the entire sliced plane, from the outer rim as well as from
the inner core (Figure 2a).
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Figure 2. Intensity profiles of physical resin slices as recorded with the
epifluorescence microsocope. Beads were coupled with various amounts of
activated CMTR or with an activated mixture of CMTR and benzoic acid
as competitor: a) 1 equiv CMTR; b) 0.02 equiv CMTR, 0.98 equiv benzoic
acid; ¢) 0.1 equiv; d)0.05equiv; ¢)0.025equiv; f) 0.01 equiv;
g) 0.005 equiv; h) 0.001 equiv CMTR.

Fluorescence quenching can be reduced by loading resin
beads with low concentrations of CTMR. Homogeneous
fluorescence was also observed when 0.02 equiv CTMR were
activated together with 0.98 equiv benzoic acid or N-protect-
ed leucine as non-fluorescent competitors (Figures 2b and 3).

Figure 3. Confocal microscopy of two bead slices (60 um in diameter)
coupled with CTMR (0.02 equiv) and benzoic acid (0.98 equiv) as non-
fluorescent competitor. Two side views along the depicted cross-sections
are displayed clearly showing the homogeneous distribution of fluoro-
phores throughout the slide.
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Diffusional control of the reaction progress—The impact of
the bead size: Having demonstrated the homogeneity of
functional site distribution and reaction profile in rhodamine
acylation, FT-IR microscopy was employed to spatially
resolve the reaction progress on beads of various sizes. In
the classical literature on solid-phase chemistry, an inverse
correlation between bead radius and the rate constant of a
reaction, which includes the formation of product gradients as
well, was postulated."”] As this requirement is based on the
diffusion characteristics of spheric reaction spaces it is valid
only for reactions under diffusion control. FT-IR microscopy
is suited especially for elucidating the impact of bead sizes as
well as the formation of product gradients as it allows the
sequential recording of the spectra of many beads and their
diameters in one experiment. The generation of microtome
slices is not necessary. As a typical alkylation reaction, the
addition of sodium phenoxide to chloromethyl polystyrene
was investigated.') A mixture of chloromethyl polystyrene
beads with diameters between 40 and 220 pm was treated with
1 equiv sodium 4-nitrophenolate (0.04M) at 35°C in DMF.
The IR spectra of 50 beads were recorded at various reaction
times (Figure 4 a) and the reaction progress was quantified by
the ratio of the integrated nitro band at 1342 cm™! and the
polystyrene band at 1452 cm™! (Figure 4b). The minor differ-
ences detected in the reaction progress did not support a
diffusion-controlled reaction. Several larger beads were
scanned with the IR microscope as well (Figure 4c). Homo-
geneous product formation across the diameter was observed.
From these results we can conclude that the alkylation
reaction under investigation is not diffusion-controlled on
polystyrene beads, that is the reaction rate inside the beads is
slow relative to the diffusion rate.

Adsorptive control in substoichiometric acylations: We finally
succeeded in generating distinct product gradients in resin
beads by coupling substoichiometric amounts of CTMR
without competing acids (Figure 2, c—h). As mentioned
above, spatial product gradients in beads possessing a
homogeneous distribution of functional sites are expected in
the case of a diffusion-controlled reaction. Therefore, we
investigated rhodamine-diffusion out of resin beads by direct
measurements. Polystyrene beads were saturated with a
solution of tetramethyl rhodamine methyl ester perchlorate.
The supernatant dye solution was removed by filtration.
Rhodamine diffusing out of the beads was washed away by a
constant flow of DMF and quantified spectrophotometrically
(Figure 5). The average of repeated efflux experiments was
fitted using a reported algorithm describing the diffusion out
of spheric volumes [Eq. (2)].2

6.1 Di*x*t
na()=1-=Y —exp (7 ) 0]

2
TS r

During the first 40 s the experiment followed the diffusion
model very well; the best fit was obtained for a diffusion
coefficient of 10 x 10-2m?s~! (Figure 5). Diffusion coeffi-
cients inside beads were determined for small solvent
molecules by pulsed field gradient spin-echo (PGSE)
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Figure 4. The progress of an alkylation reaction was studied for polystyr-
ene beads of various sizes by FT-IR microscopy (top). Reaction progress at
three reaction times was determined as the ratio of the 1342 cm™! band
(nitro group) and the 1452 cm™' band (polymer) (middle). FT-IR micro-
scopy was employed as well for the investigation of homogeneity in large

beads (bottom).
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Figure 5. Averaged diffusion of rhodamine out of saturated resin beads
(0.065M). The experimental data are simulated by a diffusion algorithm for
D=9, 10, and 11 x 1002 m?s~". [See Eq.(2) and Supporting Informa-
tion].

NMRP! and magnetization transfer (MT) NMR? and were
two orders of magnitudes faster than the one of tetramethyl
rhodamine measured in our experiments. The half-life of bulk
diffusion was below 10 s, significantly less than the half-lives
of typical acylation reactions at low concentrations.”] Thus,
the observed product gradients were not formed by diffusion
control. However, in contradiction to the diffusion model,
significantly prolonged washing (>30 min) was required in
order to remove the last 2% of rhodamine. The observed
effect can be explained as rhodamine adsorption inside the
resin beads. Strictly speaking the concept of adsorption is
specific for solid —1liquid interfaces, not for swelling polymers.
However, the effect observed resembles adsorption in several
respects. The removal of rhodamine by prolonged washing
indicates reversibility. Secondly, the amount of rhodamine
adsorbed inside the resin beads is a function of the initial dye
concentration. Consequently, the product gradients observed
were formed as a result of the adsorption of reactants inside
the polymer. To our knowledge, these experiments constitute
the first direct measurements of adsorptive effects inside
swelling polymer beads. It should be emphasized, that
adsorptive effects are of considerable practical relevance to
solid-phase supported chemistry as they not only influence the
reaction progress but determine the efficiency of washing
procedures that can be crucial for efficient automatization of
synthetic protocols.

Conclusion

In summary, single bead analysis by confocal and non-
confocal fluorescence microscopy as well as by FT-IR micros-
copy demonstrates that the employed standard polystyrene
beads are homogeneously functionalized. In two representa-
tive solid-phase reactions, an acylation and a nucleophilic
substitution reaction, the spatially resolved reaction progress
was examined as a function of the bead size and the
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equivalents of reactants. Our results indicate that both solid-
phase reactions were not diffusion-controlled under the
conditions reported and that the bead size had no significant
impact on the reaction progress. The spatial distribution of
products inside polymer beads could be monitored with
fluorescence as well as with IR microscopy. Product gradients
were generated by employing sub-stoichiometric amounts of
reactants and are formed as a result of the adsorption of
reactants to the polymer as indicated by prolonged washing
experiments.

Furthermore, the results indicate that physical slicing of the
beads is necessary to generate realistic representations of the
distribution of fluorescent dyes inside a polystyrene bead by
fluorescence microscopy.

Experimental Section

General procedures: Aminomethyl divinylbenzene (1 % )-polystyrene was
obtained from Rapp Polymere, Tiibingen, Germany, chloromethyl divinyl-
benzene (1% )-polystyrene was obtained from Nova Biochem AG,
Laufelingen, Switzerland. DMF was purchased in HPLC grade. All
reactions were carried out in plastic syringes equipped with Teflon filters.

Acylation reactions: Aminomethyl polystyrene (10 mg, 200-400 mesh,
1.00 mmol g~! loading) was treated with 5,6-carboxy-tetramethylrhodamine
(CTMR) (1, 0.1, 0.05, 0.025, 0.01, 0.005, or 0.001 equiv), tetramethyl-O-
(benzotriazol-1-yl)-uronium tetrafluoroborate (TBTU), and N-diisopropyl-
ethyl amine (Hiinigs Base) (both equimolar with respect to CTMR) in
DMF (1 mL). Alternatively, a mixture of CTMR (0.02 equiv) with benzoic
acid (0.98 equiv) or N-protected leucine (0.98 equiv) as non-fluorescent
competitor was activated as described and employed. After 20 h the resins
were washed with DMF (10 x ) and with THF, CH,Cl,, and methanol (5 x )
and were dried in vacuo for 16 h.

Alkylation reactions: Chloromethyl polystyrene resins with various bead
sizes (33 mg of 70—90 mesh with 1.26 mmolg™' loading, 33 mg of 100—
200 mesh with 1.20 mmolg~! loading, and 33 mg of 200-400 mesh with
1.20 mmol g~! loading) were combined in one syringe. A solution of sodium
4-nitrophenolate (0.04M, 1 equiv) in DMF was added to the resin mixture
and the reaction mixture was allowed to react at 35°C. After 2 h, 4 h, and
6 h, respectively, a small fraction was removed from the mixture and
washed with DMF (10 x ) and water, DMF, THF, CH,Cl,, and methanol
(each 5 x ). The resin fractions were dried in vacuo. A few beads of each
sample were placed on a prefabricated KBr pellet and carefully pressed
into the pellet employing a metal piston. This procedure assured to obtain
IR spectra of improved quality.

Microtome slicing: A rectangular mould was placed on a microscope slide.
A few millimeters of molten paraffin were added. CTMR-labelled beads
were distributed evenly on the paraffin surface and the mould was filled
with paraffin. After cooling the mould was removed. Slices of 5um
thickness were obtained employing a Leica microtome and placed on
microscope slides. The paraffin was removed by subsequent treatment with
toluene (3 x, 10 min), isopropanol (2 x, 5 min), 96 % isopropanol (2 x,
5 min) and 70 % isopropanol (5 min).

Confocal fluorescence microscopy: Confocal fluorescence microscopy was
conducted employing a Zeiss LSM 510 laser scanning microscope. Excita-
tion at 543 nm was effected using a He/Ne laser. Swollen as well as non-
swollen beads were examined. For the measurements of the swollen beads a
drop of DMF or water was added to the beads on the microscope slide and a
cover slip was placed on top. The measurements of the non-swollen beads
were carried out without covering of the slide.

Fluorescence microscopy: Fluorescence microscopy (non-confocal) was
conducted with an Axiovert 100 M epifluorescence microscope. Excitation
of the fluorescence was effected by an Osram HBO 50 mercury lamp.
Pictures were recorded with a PCO Sensicam Super VGA camera. For all
measurements a 40 x 0.75 objective was used. With the epifluorescence
microscope only non-swollen beads were examined.
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IR microscopy: All spectra were recorded on a BIO-RAD FTS-135
spectrometer coupled with a UMA 500 IR microscope, using a SPC-3200
data station. The microscope is equipped with a liquid nitrogen cooled
mercury/cadmium/telluride (MCT) detector. In the view mode (visible
light) the total magnification is 150 x , which enabled the location and size
determination of individual beads. IR spectra were recorded in the
transmission mode. Data were collected with a resolution of 4 cm~'. 100
scans for the beads and 25 scans for the background measurements were
averaged. All spectra were analyzed by integrating the typical band of
polystyrene at 1452 cm~! and the nitro band at 1342 cm~". The ratio of these
two bands were correlated with the diameter of the bead and the reaction
time. For each sample 50 spectra were analyzed. The results are plotted in
Figure 4.

Diffusion studies: Chloromethyl polystyrene beads (6 mg, 200400 mesh)
were exposed to a solution of tetramethylrhodamine methyl ester
perchlorate in DMF (0.065m, 100 uL) for 20 h. The supernatant dye
solution was removed by filtration. The beads were washed in a continuous
flow of DMF (0.5 mL min~') by employing a syringe pump. The eluent
solution was collected in intervals (10s) and the eluted rhodamine was
quantified spectrophotometrically. The molar extinction coefficient at
559 nm (110933M~'cm™!') was determined by a six-point calibration. The
diffusion was simulated for various diffusion coefficients (D =9, 10, and
11 x 1072 m?s~') employing a diffusion algorithm for spherical volumes
[ref. [20], p. 91, Equation (6.20)]. For the calculation a visual basic program
was used; calculations were conducted for an average bead radius of 40 um
observed for beads swollen in DMF (Figure 5). Good agreement of the
simulation with the experimental data was only observed for the first 40 s of
the experiment. The best fit was found for a diffusion coefficient of 10 x
10~ m?s~!. Contrary to the diffusion equation, washing for >30 min was
required to restore almost colorless beads. After 70s the simulated
diffusion is already completed, whereas a significant amount of rhodamine
(1.7 mmol g!) remained adsorbed inside the beads.
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Sulfoxides as Stereochemical Controllers in Intermolecular Heck Reactions

Nuria Diaz Buezo, Juan Carlos de la Rosa, Julian Priego, Inés Alonso, and

Juan Carlos Carretero*!?!

Abstract: The study of a variety of substituted sulfoxides as chiral auxiliaries in
intermolecular Heck reactions of sulfinyldihydrofurans and sulfinylcyclopentenes
with different iodoarenes is reported. In the presence of [Pd(OAc),]/Ag,CO; and a

bidentate phosphine ligand, synthetically useful yields and asymmetric inductions
were obtained. By far the best diastereoselectivities were obtained by the use of the
palladium-coordinating o-(N,N-dimethylamino)phenylsulfinyl group. By final re-

Keywords: asymmetric synthesis -
cyclopentenes - dihydrofurans -
Heck reaction - sulfoxides

moval of the chiral auxiliary, these sulfoxide-stereocontrolled asymmetric Heck
processes were applied to the enantioselective synthesis of 1-aryl-substituted and 1,3-

diaryl-substituted dihydrofurans and cyclopentenes.

Introduction

Since its discovery in the late 1960s, the palladium-catalyzed
arylation and alkenylation of olefins (the Heck reaction) has
become one of the most versatile and widely used metal-
catalyzed method for C—C bond formation.!! Among other
factors, the high versatility of this reaction relies on the
availability of the starting substrates (usually alkenes and
organic halides or triflates), its broad substrate generality, and
its high functional group compatibility. Currently, a very
important challenge to provide even more improvements in
the synthetic usefulness of this reaction is the development of
highly efficient asymmetric versions.”) Most precedents of
asymmetric Heck reactions have been performed with the use
of catalytic amounts of enantiopure chiral ligands, specially
bidentate ligands, such as BINAP or (phosphinoaryl)oxazo-
lines.12 3]

Despite the inherent conceptual and practical appeal of an
approach based on chiral catalysts, it is surprising that the
alternative stoichiometric chiral auxiliary approach, presum-
ably less substrate-dependent, has been seldom considered.!
In this field, we reasoned that the amply demonstrated
capability of the sulfinyl group to act as an efficient stereo-
chemical controller in key traditional C—C bond-forming
reactions,’! such as Michael additions and Diels— Alder
cycloadditions, could also be extended to transition metal

[a] Prof. J. C. Carretero, N. Diaz Buezo, J. C. de la Rosa, J. Priego
1. Alonso
Departamento de Quimica Orgéanica
Facultad de Ciencias, Universidad Auténoma de Madrid
28049 Madrid (Spain)
Fax: (+34) 913973966
E-mail: juancarlos.carretero@uam.es
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mediated reactions.’l Herein we report in detail on appropri-
ately substituted sulfoxides that act as efficient chiral auxil-
iaries in intermolecular asymmetric Heck reactions of cyclic
alkenes.”)

Results and Discussion

Synthesis and Heck reactions of sulfinyldihydrofurans and
sulfinylcyclopentenes: To explore the reactivity of cyclic a.f3-
unsaturated sulfoxides in Heck reactions we undertook the
synthesis of a variety of racemic sulfinyldihydrofurans and
sulfinylcyclopentenes that have very different substituents at
the sulfur atom in terms of steric size, electronic character,
and potential palladium-coordinating properties (Scheme 1).
The arylsulfinyl dihydrofurans 1-4 were readily prepared in
two steps from 2,3-dihydrofuran by sulfenylation with the
corresponding aryl methyl sulfoxide under Pummerer reac-
tion conditions!® and further oxidation of the thioether (meta-
chloroperoxybenzoic acid (MCPBA)). To test a bulky alkyl
sulfoxide, the fert-butylsulfinyl dihydrofuran 5 was synthe-
sized from a-bromo-y-butyrolactone by initial nucleophilic
substitution with sodium tert-butyl thiolate, reduction of the
lactone to the hemiacetal moiety with diisobutylaluminum
hydride (DIBAL-H), and formal dehydration (Scheme 1).
Concerning the cyclopentene series, the p-tolylsulfinyl and
tert-butylsulfinyl cyclopentenes 6 and 7 were readily prepared
by direct sulfinylation of cyclopentenyllithium with methyl p-
tolylsulfinate or rert-butyl thiosulfinate,” respectively. Finally,
the potentially palladium-coordinating aminophenylsulfinyl
cyclopentene 8 was prepared in two steps by sulfenylation of
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Scheme 1. Synthesis of racemic sulfinyldihydrofurans and cyclopentenes
1-8. a)1) ArSOMe, (CF;CO),0, CH,Cl,, —78°C, 2) Et;N, —78°C;
b) MCPBA, CH,Cl,, —78°C; c) NaSrBu, DMF, RT; d) DIBAL-H, THF,
—78°C; e) Ac,0, Et;N, DMAP, CH,Cl,, 0°C; f) PhSeH, BF;-Et,0,
CH,Cl,, 0°C; g) 1) nBuLi, THF, —78°C; 2) rBuSOStBu or pTolSOOMe,
THF, —78°C; h) 1) nBuLi, THF, —78°C; 2) Ar-S-S-Ar, THF, —78°C.
DMAP = 4-dimethylaminopyridine.

cyclopentenyl-lithium with the corresponding disulfide and
subsequent oxidation with MCPBA.

With the a,f-unsaturated sulfoxides 1-8 in hand, we
studied their Heck reactions with excess iodobenzene.l]
After extensive experimentation, we found that while com-
plex mixtures of sulfinylated and nonsulfinylated compounds
were obtained in the presence of common bases, such as Et;N,
diisopropylethylamine (DIPEA), proton sponge, or K,CO; in

Abstract in Spanish: Se ha abordado el estudio de una amplia
variedad de sulfoxidos como auxiliares quirales en reacciones
de Heck intermoleculares de sulfinildihidrofuranos y sulfinil-
ciclopentenos con yodoarenos. Elevados rendimientos e in-
ducciones asimetricas apreciables se obtuvieron utilizando
[Pd(OAc),] como catalizador, Ag,CO; como base y una
fosfina bidentada como ligando. Con gran diferencia, las
mejores diastereoselectividades se obtuvieron utilizando un
sulfoxido con capacidad para coordinarse con el dtomo de
paladio: el grupo o-(N,N-dimetilamino)fenilsulfinilo. Tras
eliminacion final del auxiliar quiral, estas reacciones de Heck
asimetricas controladas por el grupo sulfinilo se han aplicado a
la sintesis enantioselectiva de dihidrofuranos y ciclopentenos
1-aril y 1,3-diarilsustituidos.
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DMF at 100°C, a clean reaction was observed with the use of
Ag,CO; as the base. As a second and less determinant factor,
bidentate phosphine ligands, such as 1,3-bis(diphenylphos-
phanyl)propane (dppp) or 1,1"-bis(diphenylphosphanyl)ferro-
cene (dppf), tended to be somewhat more efficient than
monodentate ligands (PPh;, P(oTol);, or AsPh;). Typical
optimized experimental conditions were: PhI (3 equiv),
[Pd(OACc),] (10 mol %), dppp (10 mol %), Ag,CO; (2 equiv)
in DMF at 100°C (Table 1).

Table 1. Heck reaction of a,3-unsaturated sulfoxides 1-8 with iodoben-
zene.l?)

o (o] o
A 4 4
S~p Ph — S\”:R e
3" wowr Ot OO
« [Pd(OAG);] s oh
dppp, DMF
1-8 100 °C A B
Sulfoxide X R Product A:B ratiol”  Yield[% ]
1 O Ph 9 77:23 68
2 O  2,4Me,CH, 10 78:22 80
3 O 0-(MeO)CH, 11 75:25 47
4 0 o-(Me,;N)CH, 12 6:94 80
5 o Bu - —ld -
6 CH, pTol 13 60:40 62
7 CH, Bu - —lal -
8 CH, o-(Me,N)CH, 14 8:92 76

[a] Reaction conditions: Phl (3 equiv), [Pd(OAc),] (10 mol%), dppp
(10 mol%), Ag,CO; (200 mol%), DMF, 100°C. [b] Determined by
'"H NMR spectroscopy on the crude mixture. [c] In purified products after
flash chromatography. [d] Complex mixture of products.

Under these conditions, except for the tert-butylsulfinyl
derivatives 5 and 7 which proved to be much less reactive and
afforded complex mixtures of products after long reaction
times, the rest of the substrates led to the corresponding Heck
products in reasonable to good yields (47 -80 % ). Taking into
account the usually scant reactivity of trisubstituted alkenes in
intermolecular Heck reactions,!'] note the efficiency of these
sulfinylated cycloalkenes as well as the absence of products
resulting in a final isomerization of the double bond.'”
However, the most interesting outcome of these reactions is
the dependence of the stereoselectivity on the substitution at
the sulfoxide. The reaction of the aryl sulfoxides 1-3 and 6
was uniformly and moderately stereoselective in favor of the
A isomer, regardless of the steric bulk of the sulfoxide. On the
contrary, the Heck reaction of the sulfoxides that contain a o-
(N,N-dimethylamino)phenyl group (4 and 8) occurred with
much higher stereoselectivity and, outstandingly, with oppo-
site stereocontrol (the B isomer was the major product).

To investigate the scope of the Heck arylations of optimal
sulfoxides 4 and 8, both electron-poor and electron-rich
iodoarenes were studied (entries 1-9, Table 2). The reaction
is quite general and affords the corresponding Heck products
(12-21) in moderate to good isolated yields (45-86%).
Interestingly, these reactions led predominantly to the B
isomer, with observed A:B ratios ranging from 25:75 to 6:94.
The only exception to this general trend was the behavior of
the ortho-substituted iodoarene (entry9, Table2), which
afforded an equimolecular mixture of A and B isomers.
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Table 2. Heck reaction of aminosulfoxides 4 and 8 with iodoarenes.[?!

NMe2 NMez

e 1D 1D
LS NS e FS\ FS
dppp DMF
100 °C B

Entry Sulfoxide X  Ar

Product A:B ratiol” Yield[% ]

1 4 O Ph 12 6:94 80
2 8 CH, Ph 14 8:92 76
3 4 O  p-(MeO)CiH, 15 14:86 55
4 8 CH, p-(MeO)CH, 16 25:75 77
5 4 O  p-(NO,)CH, 17 6:94 64
6 8 CH, p-(NO,)C,H, 18 12:88 83
7 4 O p-(COMe)CH, 19 7:93 45
8 4 O  3-Me-4-MeO-C,H, 20 15:85 86
9 4 O 24-(MeO),CH, 21 50:50 47

[a] Reaction conditions as indicated in Table 1. [b] Determined by 'H NMR
spectroscopy on the crude mixture. [c] In purified products after flash

chromatography.

The configurational assignment of stereoisomers A and B
was first established by NMR studies (and later confirmed by
chemical correlations). In particular, the chemical shifts of H2
and H4 were found to be excellent diagnostic criteria (Fig-
ure 1). Thus, H4 appears to be significantly more deshielded
in isomers A than in isomers B (00H4(A — B) =0.1-0.5 ppm,
CDCl,;), whereas the opposite behavior is observed for H2
(060H2(A —B) =0.1-0.5 ppm, CDCl;). These important spec-
troscopic effects might be explained on the basis of the highly
deshielding effect induced by the sulfinylic oxygen on its
hydrogen in 1,3-parallel relationship:[*] H4 in isomers A and
H2 in isomers B in their presumed most stable conformations
around the C—S bond, thus avoiding important 1,3-parallel
interactions between substituents at sulfur and at C2 (Fig-
ure 1).

deshiolded ™\ ? shielded .
H ‘:R H \S';
N — < N— \O
’: jzf\""’H’/_\ \Ar
X“Wr  shielded X72N
A B \-ﬁeshielded

Figure 1. '"H NMR criteria for the stereochemical assignment of A and B
isomers. O00H4(A —-B)=0.1-0.5ppm, CDCl;; 06H2(A-B)=0.1-
0.5 ppm, CDCl;.

As a mechanistic hypothesis, we speculate that the opposite
stereochemical behavior of the o-(dimethylamino)phenyl
sulfoxides 4 and 8, compared to the rest of aryl sulfoxides,
could be caused by the ability of the nitrogen to chelate the
palladium atom in the key m-alkenyl palladium complex, to
give in this case a chelation-controlled reaction'*! instead of a
sterically controlled process (Scheme 2). Thus, after oxidative
addition, the coordination of the intermediate cationic
arylpalladium species [ArPdL,|* with the double bond of
vinyl sulfoxides 1-3 and 6 would preferably occur from the
least hindered face,™”] namely that opposite the R group, to
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Scheme 2. Mechanistic hypothesis for the stereoselectivity of the Heck
reaction.

give complex C. Further insertion on the upper face of the
double bond and f-hydrogen elimination would explain the
formation of A as the major isomer. On the other hand, in the
case of the sulfoxides 4 and 8, the plausible coordination of
[ArPdL,]* to the dimethylamino moiety would lead to the
amino complex D', which would intramolecularly direct the
insertion of the aryl group on the bottom face of the double
bond to afford the isomer B after the final A-hydrogen
elimination step. In agreement with this proposal, the
pronounced drop of B stereoselectivity observed in the
reaction with the bulky ortho-substituted iodoarene (entry 9,
Table 2), compared to meta- and para-substituted substrates
(entries 1-8), could be caused by the greater difficulty to
attain the required sterically congested m-complex D (see
Scheme 2) with palladium —nitrogen coordination.

Once it had been demonstrated that the o-(dimethylami-
no)phenylsulfinyl group can act as an efficient stereochemical
controller in intermolecular diastereoselective Heck reac-
tions, and taking into account that the Heck products are new
examples of «,f-unsaturated sulfoxides, we envisaged the
possibility of the use of these compounds as substrates for a
second Heck reaction. Thus, the dihydrofurans 12B and 15B
and the cyclopentenes 14 (A:B =8:92) and 16 (A:B =20:80)
were treated with different iodoarenes (Ar’l) under quite
similar ~ palladium-catalyzed  conditions  ([Pd(OAc),]
(10 mol %), dppp or dppf (10 mol %), Ag,CO; (200 mol % ),
DMF, 100°C), although longer reaction times were employed
(usually 20-24 h instead of 1-6 h) (Table 3).

Outstandingly, a single 1,3-diarylated stereoisomer F was
detected and isolated in all cases (products 22-29, 50 -84 %
yield after chromatographic purification). In full agreement
with these results, when the palladium-catalyzed reaction of 4
and 8 with excess iodobenzene was monitored by thin-layer
chromatography until disappearance of the corresponding
monosubstituted Heck products 12 and 14, the 1,3-diphenyl-
substituted dihydrofuran 22 and cyclopentene 25 were
isolated in 55 % and 81 % yield, respectively, as single isomers
(Scheme 3). The stereochemical assignment of the products F
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Table 3. Second Heck reaction with iodoarenes.

MeoN
Me:N o AP (—Pd¥_p 2 MeN™ Y
S IPa(OAL)] | x> Ar? S
CSomam TN T O
« gt AgCOs Ar O/ ‘-,,/’.. X Ar'
DMF, 100 °C
E F
Entry Sulfoxide X  Ar! Ar? Product Yield[% ]
1l 12B (@] Ph Ph 22 83
2 12B O Ph p-(MeO)C,H, 23 69
3¢ 12B O Ph p-(NO,)CH, 24 84141
4 14Bl! CH, Ph Ph 25 75
5 14B¢  CH, Ph p-(MeO)C,H, 26 80
6 15B O  p-(MeO)CH, Ph 27 78
7 15B O  p-(MeO)CH, p-(MeO)C,H, 28 70
8 16 B! CH, p-(MeO)C,H, Ph 29 50

[a] Reaction conditions as indicated in Table 1. [b] In pure product after flash

chromatography. [c] Reaction carried out in the presence of dppf instead of

dppp. [d] Conversion yield. [e] Sulfoxide 14 was used as a 8:92 mixture of A +
B isomers. [f] Sulfoxide 16 was used as a 20:80 mixture of A + B isomers.

Ar ., A‘I' .
1 Phl (excess) Ph s‘i
S\ EN
Fg 0 [Pd(OAC),] \ o)
X dppp, AgzCOs3 x~ "Ph
DMF, 100 °C

4,X=0 22, X=0,55%
8, X = CH, 25, X = CH,, 81%

Ar = O-(MegN)CeH4

Scheme 3. Double Heck reaction of a,f-unsaturated sulfoxides 4 and 8.

could not be unambiguously established by NMR methods,
but was rigorously proved by X-ray diffraction!'” in the case of
dihydrofuran 24 and cyclopentene 25. This excellent diaster-
eoselectivity could again be explained invoking a chelation
control exerted by the o-(dimethylamino)phenylsulfinyl
group (intermediate E), which in this case could be reinforced
by the steric effects associated with aryl substitution at the
initially formed stereogenic carbon. In agreement with the
critical importance of the Pd—N coordination in the stereo-
chemical control of the Heck reaction of o-(dimethylamino)-
phenylsulfoxides, the Heck reaction of the phenylsulfinyl
dihydrofuran 9B with iodobenzene occurred with poor
stereoselectivity to afford a 2:1 mixture of the corresponding
1,3-diphenyl-substituted diastereomers.

Application in asymmetric synthesis: To apply these highly
diastereoselective sulfur-mediated Heck reactions in asym-
metric synthesis, three issues had to be addressed: 1) the
synthesis of the starting sulfoxides 4 and 8 in enantiomerically
pure form, 2) the confirmation that the Heck reactions take
place without previous racemization at the sulfur center, and
3) the final elimination of the chiral auxiliary.

As the most direct potential approach to the enantioselec-
tive synthesis of dihydrofuran 4, we studied first the asym-
metric oxidation of its thioether precursor (Scheme 4).
Unfortunately, both the treatment with [Ti(OiPr),)/(R,R)-
diethyl tartrate ((R,R)-DET)/cumene hydroperoxide under
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Kagan’s conditions!'¥! for enantioselective oxidation of sul-
fides and the oxidation with Davis’ chiral oxaziridine["!
afforded (§)-4 with low or moderate optical purity (enantio-
meric excess (ee) =26 % and 62 %, respectively, measured by
'"H NMR in the presence of [Pr(hfc);] (hfc = 3-(heptafluoro-
propylhydroxymethylene)-p-camphorate).

a) [Ti(OPN)4], (R,A)-DET o
Ph(Me),COOH | IR
Ar CH2C|2, Hzo, -20°C

o) orb) cl O
c (S)-4
& N'V"'sozph

Ar= O-(MegN)CsH4 a) ee = 26%

b) ee = 62%

CH.Cly, RT

Scheme 4. Attempts of enantioselective synthesis of 4 by asymmetric
oxidation.

As a second alternative, we undertook the enantioselective
synthesis of 4 and 8 with enantiomerically pure sulfur
compounds as starting materials. Different synthetic ap-
proaches were developed for the preparation of (R)-4 and
(R)-8 (Scheme 5). In the case of (R)-4 the synthesis starts with
the readily available (S)-o0-(N,N-dimethylamino)phenyl meth-
yl sulfoxide®[(S)-30]. Its deprotonation with lithium diiso-
propylamide (LDA; Et,O, —78°C) and further reaction with
ethylene oxide afforded the y-hydroxysulfoxide (S)-31
(72%). Subsequent treatment with LDA (2 equiv, THF,
—78°C) and addition of ethyl formate gave the hemiacetal
32 as a mixture of stereoisomers at C2 and C3 (80 % yield).

AN vy " Ph
S
Me™ Ar
30 O\S/O
1)LDA | 2) & VA
Etz0 . 33
-78°C 72% e
N9 O— ? | Et0,-78°C
HO. S L 61%
~ N ~Ar
31 o
1) LDA | 2) HCOEL Me, Ph
THF 80%
.78 °C o 0 OH
~
f A S
r .
B o =
SN
34
OH
?2 MIBr | THE, RT
MsCl ( X 85%
EtsN
CH,Cly © 0
77% g‘\Ar f
. s
™~ ~ar
\
0
(R-4 Ar = 0-(Me,N)CgH, (R)-8
ee = 96% ee =z 96.6%

Scheme 5. Synthesis of enantiopure (R)-4 and (R)-8.

0947-6539/01/0718-3893 $ 17.50+.50/0 3893





FULL PAPER

J. C. Carretero et al.

Finally, dehydration of 32 with MsCl/Et;N gave the required
dihydrofuran (R)-4 in 77 % yield and with very high optical
purity (ee > 96 %, 'H NMR, [Pr(hfc);]).

On the other hand, the enantiopure sulfinylcyclopentene
(R)-8 was readily prepared in two steps by application of
Kagan’s procedure for the synthesis of enantiopure sulfoxides
based on two successive sulfur-nucleophilic substitutions from
the commercially available sulfite 33.2! The reaction of
enantiopure 33 with o-(N,N-dimethylamino)phenyllithium
(generated in situ by treatment of the corresponding iodide
with nBuLi) in diethyl ether at — 78 °C, gave the sulfinate 34 as
the major product (61 % yield). Unexpectedly, the reaction of
34 with cyclopentenyllithium afforded (R)-8 with an enantio-
meric excess of 88 % ; this indicates that a certain racemization
at sulfur had occurred. Interestingly, this loss of optical purity
was completely suppressed when the reaction was performed
with the Grignard reagent of 1-bromocyclopentene (THF,
RT), which led to the required cyclopentenylsulfoxide (R)-8
in high yield (85%) and enantiomeric purity (ee=96.6%,
HPLC, Chiralcel OD column).

The application of (R)-4 and (R)-8 to the enantioselective
synthesis of aryl- and 1,3-diaryl-substituted dihydrofurans and
cyclopentenes is shown in Scheme 6 and Scheme 7, respec-
tively.

Phi Ar\
[Pd(OAC),] S—>0
dppp — Zn act. —
(Ry-4 : NH,CI, THF -
Ag2C03 o "/Ph 4, ) ”Ph
DMF, 100 °C 51%
77% (2S, SR)-12B (R)-35
ee> 96%
Phi Pd(OAc),
Ag2C03 83%
YR
Phy  N\ao Ph
Raney Ni
\ _—
o” Ph EtOH o Ph
90%
(3R, SR)-22 (28, 4R)-36
ee>96%

Ar = O—(MEZN)C5H4

Scheme 6. Synthesis of dihydrofuran (R)-35 and tetrahydrofuran (2S4R)-
36.

Heck reaction of (R)-4 with iodobenzene under the
optimized reaction conditions and further chromatographic
purification afforded (25,SR)-12B (77 % yield; note: in the
nomenclature used in this paper the nonitalic S in the
stereochemical descriptor indicates the sulfur atom). Its
desulfinylation with activated powdered zinci?? yielded the
known (R)-2-phenyl-2,5-dihydrofuran ((R)-35, ee>96%),
whose optical rotation was identical to that previously
reported.l'?! It is worth noting that this chemical correlation
proves the stereochemical assignments previously established
by NMR and also demonstrates that sulfoxide (R)-4 is
configurationally stable under the experimental conditions
of the Heck reaction. On the other hand, the second Heck
reaction of (25,SR)-12B with iodobenzene yielded (3R,SR)-22
(83 %), which was transformed in one-step into enantiopure
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Phl ? _
[Pd(OAC)Q] SA‘\\’ 1) MCPBA
~,
dppp 'Ar CHgC|2
(R-8 —— -
AngOa Ph 2) [Pd(acac)2] Ph
DMF, 100 °C
76% 14 AB =8:92 PrigBr (5)-37
THF, -25 °C ee = 90%
55%
T
Double Heck  Ph, S [Pd(acac)s] Ph,
reaction y Ay
r PrMgBr
Phi Ph
[Pd(OAG),] THF, RT Ph
Ag,CO 7%
92C0;4 (3R, SR)-25 (5)-38
81% ee = 94%

Ar= O-(MegN)CGH4
Scheme 7. Synthesis of cyclopentenes (S)-37 and (5)-38.

(2S,4R)-2 4-diphenyltetrahydrofuran®! ((2S,4R)-36, 90%,
ee>96%, 'H NMR, [Pr(hfc);]) by direct hydrogenation and
C-S cleavage with Raney-Ni (EtOH, RT).

In a similar way, by controlling the progress of the Heck
reaction of (R)-8 with iodobenzene, either the monosubsti-
tuted Heck product 14 (A:B = 8:92) or the disubstituted Heck
product 25 were isolated in very high optical purities (ee =
97% for 25, HPLC, ChiralcelOD column). After some
experimentation,* we found that in these cases the most
suitable method for the cleavage of the chiral auxiliary was
the palladium-catalyzed reductive desulfurization in the
presence of a bulky Grignard reagent?®! ([Pd(acac),]
(5 mol %), iPrMgBr (300 mol %), THF). Thus, oxidation of
sulfoxides 14 to the corresponding sulfone (MCPBA) and
desulfonylation with [Pd(acac),]/iPrMgBr gave (S)-3-phenyl-
cyclopentenel?¢1 [(S)-37] (55 % yield, ee =90 %, GC Cyclosilb
column). Under quite similar palladium-catalyzed reductive
conditions (3R,SR)-25 afforded (S)-1,3-diphenylcyclopentene
[(S)-38] (77%, ee=94%, HPLC, Chiralpak AS column)
(Scheme 7).

Conclusions

We have shown that the sulfinyl group is able to act as a
stereochemical controller in intermolecular Heck arylations
and double Heck arylations of sulfinyl cycloalkenes. High
reactivities and synthetically useful diastereoselectivities were
achieved by the use of the potentially palladium chelating o-
(N,N-dimethylamino)phenylsulfinyl group. Interestingly, the
procedure based on the use of this unprecedented type of
palladium-coordinating aryl-substituted sulfoxide seems to be
very general with respect to both the alkene (cyclopentene or
dihydrofuran) and the substitution at the iodoarene. More-
over, as the enantiomerically pure sulfinylcycloalkenes 4 and
8 are readily available, and suitable methods for the final
removal of the sulfoxide have been developed, this overall
chiral auxiliary-based procedure constitutes an alternative to
the use of chiral bidentate ligands in asymmetric Heck
reactions.
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Experimental Section

Melting points are uncorrected; 'H NMR were acquired at 200 or
300 MHz, “C NMR were acquired at 50 or 75 MHz (indicated in each
case). Chemical shifts (0) are reported in ppm relative to CDCl; (7.26 and
77.0 ppm). Mass spectra (MS) and high resolution mass spectra (HRMS)
were determined at an ionizing voltage of 70 eV. Reactions were usually
carried out under a dry argon atmosphere in anhydrous solvents. THF and
diethyl ether were distilled from sodium benzophenone under argon.
CH,Cl, and ethyl formate were distilled from P,Os. Flash column
chromatography was performed on silica gel (Merck-60, 230-400 mesh).

Synthesis of (+)-4-arylsulfinyl-2,3-dihydrofurans 1-4: Trifluoroacetic
anhydride (9.9 mL, 70 mmol) was added to a solution of methyl aryl
sulfoxide (14.0 g, 76 mmol) in dry CH,Cl, (120 mL) at —78°C, and the
solution was stirred for 15 min. 2,3-Dihydrofuran (5.3 g, 70 mmol) was
added to this mixture and the reaction was stirred at —78°C for 15 min.
Triethylamine (35 mL) was added at the same temperature, the mixture
was slowly warmed to room temperature and stirred for 24 h. The reaction
mixture was poured into water, the organic layer was separated, and the
aqueous layer was extracted with CH,Cl, (2 x 100 mL). The combined
organic layers were dried (Na,SO,) and the solvent was evaporated. The
residue was purified by flash chromatography (ethyl acetate/hexane 1:20)
to afford the corresponding sulfenyldihydrofuran (10.9 g, 65%).

A solution of MCPBA (23 mmol) in CH,Cl, was added dropwise to a
cooled solution (—78°C) of the sulfenyldihydrofuran (5.0 g, 23 mmol) in
CH,CIl, (75 mL). The reaction was monitored by TLC until the starting
sulfide had disappeared. A saturated solution of Na,SO; (10 mL), followed
by a saturated solution of NaHCO; (30 mL) were added. The organic layer
was separated and the aqueous layer was extracted with CH,Cl, (2 x
100 mL). The combined organic layers were dried (Na,SO,) and the
solvent was evaporated. The residue was purified by flash chromatography.

4-(Phenylsulfinyl)-2.3-dihydrofuran (1): Yield 69%; m.p. 57-58°C;
'"H NMR (200 MHz, CDCl;): 6 =761-7.39 (m, 5H), 709 (t, J=1.6 Hz,
1H), 4.60-4.36 (m, 2H), 2.94 (dddd, J=14.0, 9.7, 8.1, 2.1 Hz, 1H), 2.20
(dddd, J=14.0, 10.7, 9.1, 1.6 Hz, 1H); C NMR (50 MHz, CDCL,): 6 =
153.2, 141.6, 128.8, 127.6, 122.9, 117.9, 71.1, 23.1; MS (EI): m/z (%): 194
([M*],8),178 (5), 146 (100), 117 (44), 77 (33); elemental analysis calcd (%)
for C,;H,,0,S: C 61.83, H 5.19, S 16.50; found: C 61.67, H 4.98, S 16.42.

4-[ (2,4-Dimethyl)phenylsulfinyl]-2,3-dihydrofuran (2): Yield 40%; m.p.
51-52°C;'H NMR (200 MHz, CDCL,): 6 =7.82 (d,J = 8.0 Hz, 1 H), 722 (d,
J=80Hz, 1H), 700 (s, 1H), 7.00 (t, J= 1.7 Hz, 1H), 4.58-4.36 (m, 2H),
2.93 (dddd, J=14.0, 11.1, 7.5, 1.7 Hz, 1H), 2.36 (s, 3H), 2.26 (s, 3H), 2.15
(dddd, J=14.0, 11.0, 9.1, 1.8 Hz, 1H); 3C NMR (50 MHz, CDCL,): 6 =
153.2,141.7,137.1, 134.2, 131.6, 1274, 124.3, 118.0, 72.5, 24.9, 21.1, 17.9; MS
(EI): mlz (%): 222 ([M*], 10), 205 (13), 174 (100), 105 (29), 91 (35), 77 (33):
elemental analysis calcd (% ) for C,,H;,0,S: C 64.84, H 6.35, S 14.42; found:
C64.22, H 6.21, S 14.45.

4-(2-Methoxyphenylsulfinyl)-2,3-dihydrofuran (3): Yield 44 %; m.p. 121—
123°C; 'H NMR (200 MHz, CDCl;): 6 =7.84 (dd, /=78, 1.8 Hz, 1H), 741
(dt, J=8.1, 2.5 Hz, 1H), 715 (dt, J=15, 0.9 Hz, 1H), 7.00 (t, J=1.7 Hz,
1H), 6.90 (dd, /=84, 0.8 Hz, 1H), 4.5-4.38 (m, 2H), 3.83 (s, 3H), 2.91
(dddd, J=15.6,12.3,7.7,1.7 Hz, 1H), 2.20 (dddd, J=15.7,11.3, 9.6, 1.7 Hz,
1H); ®C NMR (50 MHz, CDCL): 6 =155.2, 152.6, 131.8, 129.6, 125.5,
121.0,117.9,110.7,72.2, 55.6, 24.9; MS (EI): m/z (%): 224 ([M*], 6), 208 (8),
176 (100), 147 (11), 108 (11), 77 (21); elemental analysis calcd (%) for
C;;H,05S: C 5891, H 5.39, S 14.29; found: C 58.43, H 5.12, S 14.34.

4-[2-(N,N-dimethylamino)phenylsulfinyl]-2,3-dihydrofuran  (4):  Yield
60%; '"H NMR (200 MHz, CDCl;): 6 =791 (dd, /=78, 1.8 Hz, 1H), 741
(dt, J=76, 1.7 Hz, 1H), 725 (dt, /=73, 1.4 Hz, 1H), 7.13 (dd, J=8.0,
1.3 Hz, 1H), 7.00 (t, J=1.9 Hz, 1H), 4.55-4.33 (m, 2H), 2.86 (dddd, /=
13.9, 11.0, 75, 2.0 Hz, 1H), 2.69 (s, 6H), 2.10 (dddd, J=13.9, 11.1, 9.4,
2.0 Hz, 1H); *C NMR (50 MHz, CDCl;): 6 =152.7, 151.01, 136.3, 131.4,
125.6, 123.9, 120.0, 118.3, 72.2, 44.7,25.2; MS (EI): m/z (%): 237 ([M*], 9),
220 (95), 150 (100), 136 (36), 91 (40), 77 (39); HRMS (EI): m/z caled for
C,H,5sNO,S: 237.0828; found: 237.0823; elemental analysis calcd (%) for
C,HsNO,S: C60.73, H 6.37,N 5.90, S 13.51; found: C 60.29, H 6.60, N 5.85,
S 13.85.

Synthesis of 4-(tert-butylsulfinyl)-2,3-dihydrofuran (5)
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3-(tert-Butylsulfenyl)-4,5-dihydro-2-furanone: «a-Bromo-y-butyrolactone
(1.0 g, 6.06 mmol) was added to a solution of sodium ters-butyltiolate
(747 mg, 6.70 mmol) in DMF (15 mL) at room temperature. The mixture
was stirred at room temperature for 12 h. The mixture was diluted with
Et,0 (30 mL) and washed with H,O (2 x 20 mL). The organic layer was
dried (MgSO,) and evaporated. The residue was purified by flash
chromatography (ethyl acetate/hexane 1:1) to afford the sulfenylfuranone
(537 mg, 51%). 'H NMR (200 MHz, CDCl;): 6 =4.30 (m, 2H), 3.55 (dd,
J=84, 6.0 Hz, 1H), 2.70 (m, 1H), 2.22 (m, 1H), 1.41 (s, 9H); 3C NMR
(75 MHz, CDCly): 6 =176.4, 66.4, 44.4, 38.7, 32.4, 31.0.

3-(tert-Butylsulfinyl)-4,5-dihydro-2-furanone: Oxidation of the previously
obtained sulfenylfuranone (500 mg, 2.87 mmol) with MCPBA as described
for the synthesis of sulfoxides 1- 4 afforded the corresponding sulfinylfur-
anone (544 mg, 99%). M.p. 82-83°C; 'H NMR (200 MHz, CDCl;): 6 =
4.44 (t,J=70Hz, 2H), 3.61 (dd, /=102, 5.9 Hz, 1H), 3.00 (m, 1H), 2.36
(m, 1H), 1.35 (s, 9H); C NMR (75 MHz, CDCl;): 6 =174.4, 68.1, 55.7,
53.2,23.0,19.3; MS (EI): m/z (%): 134 ([M*+ —rBu], 25), 86 (33), 57 (1Bu,
100); elemental analysis calcd (%) for CgH,,05S: C 50.50, H 7.42, S 16.85;
found: C 50.84, H 7.38, S 17.34.

4-(tert-Butylsulfinyl)-2,3-dihydrofuran (5): DIBAL-H in hexane (1M,
3.4 mL, 3.4 mmol) was added to a solution of the previously obtained
sulfinylfuranone (430 mg, 2.26 mmol) in THF (6 mL) at —78°C under an
Ar atmosphere. After the mixture had been stirred for 1 h, HCI was added
(10%, 10 mL). The organic layer was separated and the aqueous layer was
extracted with EtOAc (2 x 15mL). The combined organic layers were
dried (Na,SO,) and the solvent was evaporated to afford the corresponding
mixture of hemiacetals (347 mg, 80 % ).

Ac,0 (340 pL, 3.60 mmol), Et;N (750 pL, 5.4 mmol), and 4-(N,N-dimethyl-
amino)pyridine (catalytic amount) were added to a solution of these
hemiacetals (347 mg, 80 % ) in dry CH,Cl, (10 mL) at 0°C. The mixture was
stirred at room temperature for 1 h. NH,Cl (15 mL) was added, the organic
layer was separated, and the aqueous layer was extracted with CH,Cl, (2 x
10 mL). The combined organic layers were dried (Na,SO,) and the solvent
evaporated to afford a mixture of acetates (359 mg, 85%).

Benzeneselenol (262 pL, 2.13 mmol) was added to a solution of these
acetates (359 mg, 1.53 mmol) in dry CH,Cl, (15 mL) cooled at —78°C
under an Ar atmosphere. The mixture was stirred at 0°C for 16 h. NaOH
(1M, 10 mL) was added, the organic layer was separated, and the aqueous
layer was extracted with CH,Cl, (2 x 10 mL). The combined organic layers
were dried (Na,SO,), and the solvent was evaporated to afford a mixture of
selenides.

A solution of MCPBA (1.50 mmol) in CH,Cl, was added to a solution of
this mixture of selenides in CH,Cl, (10 mL) at —78°C. After 1 h, solutions
of saturated Na,SO; (10 mL) and saturated NaHCO; (20 mL) were added.
The organic layer was separated and the aqueous layer was extracted with
CH,CI, (2 x 20 mL). The combined organic layers were dried (Na,SO,) and
the solvent was evaporated. The residue was purified by flash chromatog-
raphy (AcOEt) to afford 5 (115 mg, 40% from the acetates). 'H NMR
(200 MHz, CDCL): 6=6.86 (t, /=18 Hz, 1H), 4.58 (dt, /=8.2, 1.7 Hz,
2H), 3.08 (dddd, / =14.0, 10.2, 8.6, 1.7 Hz, 1H), 2.84 (dddd, /=14.2, 11.0,
9.1,2.0 Hz, 1H), 1.28 (s, 9H).

1-(p-Tolylsulfinyl)cyclopentene (6): nBuLi (2.5M, 1.42 mL, 3.40 mmol) was
added to a solution of 1-bromocyclopentene (0.50 g, 3.40 mmol) in THF
(10 mL) at —78°C. After the mixture had been stirred for 1.5 h at —78°C, a
solution of methyl p-toluenesulfinate (0.91 g, 3.09 mmol) in THF (10 mL)
was added and the reaction mixture was kept at —78 °C for 1 h and was then
poured into water. The organic layer was separated and the aqueous layer
was extracted with ethyl acetate (2 x 10 mL). The combined organic layers
were dried (Na,SO,) and the solvent was evaporated. The residue was
purified by flash chromatography (ethyl acetate/hexane 1:1) to afford 6
(0.46 g, 72%). '"H NMR (300 MHz, CDCl,): =744 and 725 (AA'BB’
system, m, 4H), 6.51 (s, 1H), 2.47 (m, 2H), 2.37(s, 3H), 2.08 (m, 2H), 1.91
(m, 2H); *C NMR (75 MHz, CDCLy): 6 =147.7, 141.0, 139.3, 137.8, 129.7,
124.5,32.8,279,22.9, 21.3; MS (EI): m/z (%): 206 ([M*], 31), 190 (14), 157
(39), 143 (100), 123 (75), 84 (56), 65 (47).

1-(tert-Butylsulfinyl)cyclopentene (7): nBuLi (2.5M, 1.42 mL, 3.40 mmol)
was added to a solution of 1-bromocyclopentene (0.50 g, 3.40 mmol) in
THF (10 mL) at —78°C. After the mixture had been stirred for 1.5 h at
—78°C, a solution of (&)-tert-butyl-tert-butanethiosulfinate (0.44 g,
3.09 mmol) in THF (10 mL) was added, and the reaction was kept at
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—78°C for 1 h. The reaction mixture was poured into water. The organic
layer was separated, and the aqueous layer was extracted with ethyl acetate
(2 x 10 mL). The combined organic layers were dried (Na,SO,) and the
solvent was evaporated. The residue was purified by flash chromatography
(ethyl acetate/hexane 1:1) to afford 7 (0.26 g, 67 %). '"H NMR (300 MHz,
CDClL): 6=6.33 (m, 1H), 2.52 (m, 4H), 2.01(m, 2H), 120 (s, 9H);
BCNMR (75 MHz, CDCly): d =144.4,139.2, 55.3, 32.6, 31.6, 23.9, 23.4; MS
(EX): miz (%): 172 ([M*], 0.6), 116 (97), 86 (49), 84 (75), 67 (100), 57 (65).

1-[2-(N,N-Dimethylamino)phenylsulfinyl]cyclopentene (8): nBuLi (2.5M,
5.7mL, 14.22 mmol) was added to a solution of 1-bromocyclopentene
(2.41 g, 16.41 mmol) in THF (120 mL) at —78°C. After the mixture had
been stirred for 1.5h at —78°C, a solution of 2-(N,N-dimethylamino)-
phenyl disulfide (3.37 g, 10.94 mmol) in THF (220 mL) was added and the
reaction was kept at —78°C for 1 h. The reaction mixture was poured into
water. The organic layer was separated and the aqueous layer was extracted
with CH,Cl, (2x100mL). The combined organic layers were dried
(Na,SO,) and the solvent was evaporated. Oxidation of the resulting
sulfenyl cyclopentene with MCPBA, as described for the synthesis of
sulfoxide 7, afforded 8 (1.75 g, 68 % ). M.p. 52-53°C; '"H NMR (200 MHz,
CDCl,): 6 =785 (dd, J=1.6,7.5 Hz, 1H), 740 (dt, J=1.6, 7.5 Hz, 1H), 7.23
(dt,J=1.1,753 Hz, 1H), 711 (dd, J = 1.1, 7.0 Hz, 1 H), 6.47 (m, 1 H), 2.69 (s,
6H), 2.45 (m, 3H), 1.98 (m, 3H); ¥C NMR (75 MHz, CDCl;): 6 =151.6,
146.9, 137.2, 131.4 (2C), 125.6, 124.2, 120.0, 44.9, 32.9, 28.4, 23.1; elemental
analysis caled (%) for C;;H;NOS: C 66.34, H 7.28, N 5.95, S 13.63; found: C
66.43, H 7.05, N 5.71, S 13.49.

General procedure for the Heck reactions of sulfinyldihydrofurans and
cyclopentenes with iodoarenes: In a two-necked round-bottom flask were
sequentially added at room temperature the corresponding a.3-unsatu-
rated sulfoxide (2.2 mmol), iodoarene (6.6 mmol), silver carbonate
(4.4 mmol), palladium acetate (0.22 mmol), dppp (or dppf) (0.22 mmol),
and dry DMF (50 mL). The reaction mixture was degassed and stirred
vigorously at 100 °C under argon. The reaction was monitored by TLC until
the starting sulfoxide had disappeared (2—-48 h). The mixture was then
cooled to room temperature, diluted with diethyl ether (50 mL), and
washed with water (2 x 30 mL). The organic layer was dried (MgSO,) and
evaporated. The residue was analyzed by 'H NMR spectroscopy to
determine the A:B ratio and was purified by flash chromatography (the
eluents and yields are indicated below for each case).

2-Phenyl-3-(phenylsulfinyl)-2,5-dihydrofuran (9): Eluent: ethyl acetate/
hexane (1:1). Yield 68 %.

Isomer A (2R*SR*): M.p. 79-80°C; 'H NMR (200 MHz, CDCL): 6 =
751-713 (m, 10H), 6.87 (q, / =1.8 Hz, 1 H), 5.27 (ddd, J =5.8, 3.9, 2.0 Hz,
1H), 5.06 (ddd, J=14.3, 5.9, 1.8 Hz, 1 H), 4.85 (ddd, J=14.3, 4.0, 1.8 Hz,
1H); 3C NMR: (75 MHz): 6 = 1479, 141.2, 138.5, 131.7, 130.9, 129.2, 128.8,
128.5, 1273, 125.1, 86.0, 75.5; elemental analysis calcd (%) for C;sH,,0,S: C
71.11, H 5.18, S 11.85; found: C 70.92, H 5.37, S 11.88

Isomer B (25*SR*): 'H NMR (200 MHz, CDCl;)(significant signals): 6 =
6.54 (q, /=19 Hz, 1H), 5.80 (ddd, J=5.9, 4.3, 2.1 Hz, 1H); *C NMR
(50 MHz, CDCl;): 6 =1475, 141.6, 138.5, 132.6, 131.1, 128.7, 128.4, 128.2,
1270, 124.8, 86.3, 74.8; MS (EI): m/z: 270 ([M*], 2), 253 (100), 144 (31), 125
(9), 115 (77), 105 (29), 91 (27), 77 (35).

3-(2,4-Dimethylphenylsulfinyl)-2-phenyl-2,5-dihydrofuran (10): Eluent:
ethyl acetate/hexane (1:4). Yield 80 %.

Isomer A (2R*SR*): "H NMR (200 MHz, CDCL,): 6 =751 (d, J=8.1 Hz,
1H), 735-7.05 (m, 6H), 6.97 (brs, 1 H), 6.89 (q, /= 1.9 Hz, 1 H), 5.21 (ddd,
J7=58,3.9,1.9 Hz, 1 H), 5.04 (ddd, J = 14.1, 5.6, 1.7 Hz, 1 H), 4.89 (ddd, J =
14.1,3.8, 1.7 Hz, 1 H), 2.37 (s, 3H), 2.10 (s, 3H).

Isomer B (25*SR*): '"H NMR (200 MHz, CDCl,) (significant signals): 6 =
6.30 (q,/ =18 Hz,1H),5.82 (ddd,/=5.9,3.9,1.7 Hz, 1 H). Mixture A + B;
MS (EI): m/z (%): 298 ([M*], 11), 281 (97), 154 (17), 144 (32), 137 (43), 105
(100), 91 (78), 77 (68); HRMS (EI): m/z calcd for C;gH;30,S: 298.1027;
found: 298.1029.

3-(2-Methoxyphenylsulfinyl)-2-phenyl-2,5-dihydrofuran (11): Eluent: ethyl
acetate/hexane (1:2). Yield 47 %.

Isomer A (2R*SR*): '"H NMR (200 MHz, CDCL): 6=757 (dd, J=8.1,
1.6 Hz, 1H), 736 (dt, J=8.6, 1.6 Hz, 1H), 730-7.13 (m, SH), 701 (dt, J =
76,0.9 Hz, 1H), 6.84 (q,J = 1.7 Hz, 1 H), 6.80 (dd, J =71,0.7 Hz, 1 H), 5.65
(ddd, J=55, 3.4, 1.8 Hz, 1H), 497 (ddd, J=14.4, 5.8, 1.7 Hz, 1H), 4.81
(ddd, 7 =142, 3.4, 1.8 Hz, 1H), 3.71 (s, 3H); ®C NMR (75 MHz, CDCL):
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0=155.6, 1472, 139.4, 132.5, 131.8, 129.5, 128.5, 128.4, 1271, 125.4, 121.7,
110.6, 86.0, 75.0, 55.4.

Isomer B (25*SR*): '"H NMR (200 MHz, CDCl;)(significant signals): 6 =
7.62 (dd, J=9.5, 1.7 Hz, 1H), 6.67 (dd, J=8.5, 0.7 Hz, 1H), 6.56 (q, /=
1.7 Hz, 1H), 5.78 (ddd, J=5.8, 3.9, 2.0 Hz, 1H), 3.69 (s, 3H); '*C NMR
(50 MHz, CDCl;) (significant signals): 6 =148.0, 138.8, 133.2, 127.4, 125.9,
121.4,110.5, 86.7; MS(EI) (m/z): 300 ([M*],7), 283 (96), 252 (31), 144 (35),
115 (100), 91 (32), 77 (74); HRMS (EI): m/z calcd for C;;H;4,05S: 300.0820;
found: 300.0821.

3-[2-(N,N-Dimethylamino)phenylsulfinyl]-2-phenyl-2,5-dihydrofuran (12):
Eluent: ethyl acetate/hexane (1:2). Yield 80 %.

Isomer B (2S*,SR*): '"H NMR (200 MHz, CDCl;): 6 =770 (dd, J =738,
1.7 Hz, 1H), 740 (dt, J =76, 1.6 Hz, 1 H), 730-7.13 (m, 6 H), 7.03 (dd, J =
79,1.1 Hz, 1H), 6.30 (q,J = 2.0 Hz, 1 H), 5.76 (ddd, J =5.9,4.3,2.1 Hz, 1 H),
4.92 (ddd, J=14.5, 5.4, 1.6 Hz, 1H), 4.77 (ddd, J=14.5, 5.4, 1.6 Hz, 1H),
2.56 (s, 6H); *C NMR (75 MHz, CDCL;): 6 =151.3, 146.4, 138.9, 135.2,
132.7,131.9, 128.3, 128.1, 1272, 126.2, 123.8, 119.6, 86.7, 74.6, 44.4; MS (EI):
miz (%): 313 ([M*], 4), 296 (79), 190 (47), 150 (100), 120 (21), 91 (51), 77
(53); elemental analysis calcd (%) for C;sH;(NO,S: C 68.98, H 6.11, N 4.47,
S 10.23; found: C 68.97, H 6.34, N 4.33, S 10.68. (25,SR)-12B (obtained from
(R)-4): [a]¥ =—162.5 (¢ =1.0, CHCL;) (ee > 96 %, determined by '"H NMR,
(R)-2,2,2-trifluoro-1-(9-antryl)ethanol).

Isomer A (2R*SR*): 'H NMR (200 MHz, CDClL;): 6 =769 (dd, J=38.1,
1.6 Hz, 1H), 7.38 (dt, /=175, 1.8 Hz, 1H), 7.33-7.18 (m, SH), 7.12 (dt, /=
75,1.1 Hz, 1H), 705 (dd, /=8.1,1.1 Hz, 1 H), 6.82 (q, /= 1.6 Hz, 1 H), 5.57
(ddd, /=5.9, 3.8, 2.1 Hz, 1H), 4.95 (ddd, /=14.0, 5.4, 1.6 Hz, 1H), 4.80
(ddd, J=14.0, 3.2, 1.6 Hz, 1H), 2.57 (s, 6H); 3C NMR (75 MHz, CDCl;):
0=151.6, 148.2, 139.3, 136.2, 132.2, 131.5, 128.6, 128.4, 127.2, 125.7, 124.3,
119.6, 86.3, 75.0, 44.9; elemental analysis calcd (%) for C;sH;(NO,S: C
68.98, H 6.11, N 4.47, S 10.23; found: C 68.79, H 6.06, N 4.38, S 9.96.

2-(p-Tolylsulfinyl)-3-phenyl-1-cyclopentene (13): Eluent: ethyl acetate/
hexane (2:1). Yield 62 %.

Isomer A (3R*SR*): 'H NMR (300 MHz, CDCL,): 6 =7.32-7.12 (m, 6H),
707-6.99 (m, 3H), 730~7.13 (m, SH), 6.79 (m, 1H), 348 (m, 1H)2.87-
244 (m, 3H), 2.38 (s, 3H), 2.09-1.84 (m, 2H); 3C NMR (75 MHz,
CDCl)(mixture A + B): 6 =151.1, 150.8, 142.5, 142.4, 141.8, 139.3, 138.3,
138.0, 135.6, 135.3, 129.8, 129.5, 128.6, 128.3, 127.6, 1274, 126.7, 126.4, 125.4,
1252, 50.1, 50.0, 36.0, 25.2, 31.7, 31.5, 21.4, 21.3; MS (EI): m/z (%): 282
([M*], 54), 266 (71), 234 (76), 141 (88), 128 (95), 115 (100), 91 (94), 65 (53).

Isomer B (35* SR*): '"H NMR (300 MHz, CDCl,) (significant signals): 6 =
6.38 (m, 1H), 4.03 (m, 1H).
2-[2-(N,N-Dimethylamino)phenylsulfinyl]-3-phenyl-1-cyclopent (14):
Eluent: ethyl acetate/CH,CI, (1:8). Yield 76 %.

Isomer B (3R*SR*): 'H NMR (200 MHz, CDCL,): 6 =772 (dd, J=1.6,
8.0 Hz, 1H), 737 (dt,J =1.6,7.53 Hz, 1H), 7.00-7.25 (m, 7H), 6.10 (m, 1 H),
4.09 (m, 1H), 2.36-2.72 (m, 9H), 1.98 (m, 1H); *C NMR (75 MHz,
CDCly): 6 =151.5, 150.0, 142.8, 137.9, 136.3, 131.5, 128.1, 127.5, 127.1, 126 .4,
123.7, 119.3, 50.2, 44.5, 35.3, 31.4; MS (EI): m/z (%): 311 ([M*], 9), 294
(100), 176 (17), 152 (43), 143 (34), 120 (17), 91 (41), 77 (25); HRMS (EI):
miz caled for CgH, NOS: 311.1343; found: 311.1341. (3R,SR)-14B (de =
84 %) (obtained from (R)-8): [a]y =+143.3 (c=1, CHCL,).

Isomer A (3S*SR*): 'H NMR (200 MHz, CDCI;) (significant signal): 6 =
6.81 (m, 1H); ¥C NMR (75 MHz, CDCly): 6 =152.2, 150.7, 143.0, 137.2,
136.2, 131.7,128.2, 1275, 127.1, 125.9, 123.5, 119.0, 49.7, 44.7, 35.8, 31.4.
3-[2-(N,N-dimethylamino)phenylsulfinyl]-2-(4-methoxyphenyl)-2 5-dihy-
drofuran (15): Eluent: ethyl acetate/hexane (2:3). Yield 55%.

Isomer B (25*SR*): 'H NMR (200 MHz, CDCl,): 6 =768 (dd, J=77,
1.6 Hz, 1H), 739 (dt, /=76, 1.6 Hz, 1H), 721-7.02 (m, 5H), 6.80 (d, /=
8.6 Hz, 1H), 6.31 (q, J=1.7 Hz, 1H), 5.67 (ddd, J=59, 4.1, 2.0 Hz, 1 H),
4.87 (ddd, T=14.6, 5.8, 1.7 Hz, 1H), 470 (ddd, J=14.6, 4.1, 1.9 Hz, 1H),
3.79 (s, 3H), 2.60 (s, 6H); *C NMR (50 MHz, CDCL,): 6 =159.7, 151.4,
146.3, 135.4, 133.1, 131.9, 131.1, 128.8, 126.4, 123.9, 119.6, 113.5, 86.4, 74.4,
55.2,44.6; MS (EI): miz (%): 343 ([M*],7),326 (94), 190 (44), 176 (18), 150
(100), 120 (9), 107 (7), 91 (34).

Isomer A (2R*,SR*): '"H NMR (200 MHz, CDCl;) significant signals: d =
6.80 (q, /=18 Hz, 1H), 5.55 (ddd, J=5.6, 3.6, 1.9 Hz, 1H), 3.79 (s, 3H),
2.56 (s, 6H); ®C NMR (75 MHz, CDCly): 6 =159.7, 151.6, 148.1, 136.1,
132.0, 131.4, 128.5, 128.4, 127.3, 125.6, 124.1, 119.5, 113.6, 85.8, 55.2, 44.9.
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2-[2-(N,N-dimethylamino)phenylsulfinyl]-3-(4-methoxyphenyl)-1-cyclo-
pentene (16): Eluent: ethyl acetate/CH,Cl, (1:8). Yield 77 %.

Isomer B (3R*SR*): 'H NMR (200 MHz): 6 =7.73 (dd, J=1.6, 8.1 Hz,
1H), 740 (dt, J= 1.6, 8.1 Hz, 1H), 7.18 (dt, J=1.6, 8.1 Hz, 1 H), 7.08 -7.00
(m,3H),6.80-6.72 (m,2H), 6.07 (q,J =2.15 Hz, 1 H), 4.05 (m, 1 H), 3.79 (s,
3H), 2.62 (s, 6H), 2.35-2.60 (m, 3H), 1.90 (m, 1H); *C NMR (75 MHz):
0=1582, 151.5, 150.2, 137.8, 136.5, 135.0, 131.5, 128.6, 126.6, 123.9, 119.4,
113.6,55.2,49.6, 44.7,35.4,31.4; MS (EI): m/z (%): 341 ([M~], 8), 324 (83),
176 (20), 152 (81), 150 (100), 120 (15), 91 (38), 77 (27); HRMS (EI): m/z
calcd for C,0H;NO,S: 341.1449; found: 341.1458.

Isomer A (35*,SR*): '"H NMR (200 MHz, CDCl;) (significant signal): 6 =
6.47 (m, 1H); BC NMR (75 MHz, CDCLy): 6 =151.4, 146.7, 138.5, 137.9,
132.2, 129.3, 126.4, 125.0, 124.6, 120.7, 119.9, 114.5, 55.9, 45.6, 33.6, 29.2,
23.9.

3-[2-(V,N-dimethylamino)phenylsulfinyl]-2-(4-nitrophenyl)-2,5-dihydro-
furan (17): Eluent: ethyl acetate/hexane (1:2). Yield 64 %.

Isomer B (25*SR*): M.p. 120-121°C; 'H NMR (200 MHz, CDCl;): 6 =
8.13 (d, J=8.8Hz, 2H), 7.62 (dd, /=77, 1.6 Hz, 1H), 743 (dt, /=176,
1.6 Hz, 1H), 7.30 (d, J=8.9 Hz, 2H), 7.19 (dt, /=76, 1.1 Hz, 1 H), 7.10 (dd,
J=28.0,0.9 Hz, 1H), 6.55 (q, /=19 Hz, 1H), 5.67 (ddd, J=5.8, 3.8, 1.8 Hz,
1H), 4.98 (ddd, J=14.9, 5.9, 1.6 Hz, 1H), 4.82 (ddd, J=14.8, 3.9, 1.7 Hz,
1H),2.61 (s,6 H); BCNMR (75 MHz, CDCL;): 6 = 151.4,147.8,146.4,145.4,
135.0,134.5,132.3,128.2,126.4,124.1,123.4,119.8, 85.6, 75.2, 44.7; MS (EI):
miz (%): 358 ([M*], 4), 341 (100), 190 (48), 150 (97), 120 (22), 91 (43);
elemental analysis caled (%) for C;sH;xN,O,S: C 60.32, H 5.06, N 7.82, S
8.95; found: C 60.15, H 5.03, N 7.62, S 8.98.

2-[2-(N,N-dimethylamino)phenylsulfinyl]-3-(4-nitrophenyl)-1-cyclopen-
tene (18): Eluent: ethyl acetate/CH,Cl, (1:8). Yield 83 %.

Isomer B (3R*,SR*): '"H NMR (200 MHz, CDCl;): 6 =8.06 (m, 2H), 7.62
(dd, J=1.6, 7.5 Hz, 1H), 740 (dt, J = 1.6, 7.5 Hz, 1 H), 724—7.12 (m, 3H),
7.04 (dd, J = 1.6, 7.5 Hz, 1 H), 6.48 (q, J = 2.1 Hz, 1H), 3.97 (m, 1 H), 2.63 (s,
6H), 2.72-2.48 (m, 3H), 1.88 (m, 1H); ®C NMR (75 MHz, CDCL,)
(mixture A + B): 0 =151.4, 151.2, 151.0, 150.8, 148.1, 146.5, 140.7, 139.1,
135.7, 131.7,131.6, 128.3, 127.8, 127.6, 126.0, 125.4, 123.8, 123.7, 123.3, 123.1,
119.5, 119.2, 49.8, 44.6, 44.5, 35.2, 35.0, 31.6, 31.5; MS (EI): m/z (%): 356
([M*],3), 340 (41), 339 (96), 176 (23), 152 (24), 150 (100), 91 (40), 77 (73);
HRMS (EI): m/z caled for C,oH,N,0,S: 356.1210; found: 356.1194.

Isomer A (35*,SR*): '"H NMR (200 MHz, CDCl,) (significant signal): d =
6.70 (m, 1H).

3-[2-(V,N-dimethylamino)phenylsulfinyl]-2-(4-methoxycarbonylphenyl)-
2,5-dihydrofuran (19): Eluent: ethyl acetate/hexane (1:1). Yield 45%.

Isomer B (25*SR*): 'H NMR (200 MHz, CDCl;): 6 =795 (d, J=8.2 Hz,
2H), 7.66 (dd, J="7.8, 1.7 Hz, 1 H), 740 (dt, /=176, 1.7 Hz, 1H), 7.25 (d, J =
8.3 Hz,2H), 717 (dt,/=175,1.1 Hz, 1H), 702 (dd, /=77, 1.1 Hz, 1 H), 6.35
(q, /=18 Hz, 1H), 5.75 (ddd, J=5.9, 3.8, 1.6 Hz, 1 H), 4.94 (ddd, J = 14.6,
5.9, 1.7 Hz, 1H), 4.79 (ddd, J =14.6, 4.0, 1.8 Hz, 1H), 3.91 (s, 3H), 2.55 (s,
6H); *CNMR (75 MHz, CDCl,): 6 = 174.7,151.4,146.3,144.2,135.3,133.3,
132.2,130.1, 129.5, 127.3, 126.4, 124.0, 119.7, 86.3, 75.0, 52.1, 44.6; MS (EI):
mlz (%): 371 ([M*], 2), 354 (49), 203 (6), 190 (31), 150 (100), 136 (30), 120
(17), 91 (26); HRMS (EI): m/z calcd for C,H,;NO,S: 371.1191; found:
371.1185; elemental analysis calcd (% ) for C,, H;NO,S: C 64.67, H 5.70, N
3.77, S 8.63; found: C 64.34, H 6.04, N 3.75, S 8.25.

Isomer A (2R*SR*): "H NMR (200 MHz, CDCl,) (significant signals): 6 =
6.82 (q, /=18 Hz, 1H), 5.65 (ddd, J=5.6, 3.4, 1.9 Hz, 1H), 3.91 (s, 3H),
2.60 (s, 6H).

3-[2-(NV,N-dimethylamino)phenylsulfinyl]-2-(4-methoxy-3-methylphenyl)-
2,5-dihydrofuran (20): Eluent: ethyl acetate/hexane (1:3). Yield 86 %.

Isomer B (25*SR*): M.p. 80-83°C; '"H NMR (200 MHz, CDCL): 6 =7.71
(dd, /=738, 1.7Hz, 1H), 738 (dt, /=76, 1.7 Hz, 1H), 720 (dt, J=175,
0.9 Hz, 1H), 7.04-6.98 (m, 2H), 6.87 (d, /=2.0Hz, 1H), 6.71 (d, /=
8.3 Hz, 1H), 6.30 (q, /=18 Hz, 1H), 5.68 (ddd, J=5.8, 4.1, 2.0 Hz, 1H),
4.88 (ddd, J=14.5, 5.8, 1.7 Hz, 1H), 4.72 (ddd, J =14.6, 4.1, 1.8 Hz, 1H),
3.81 (s, 3H), 2.61 (s, 6H), 2.14 (s, 3H); *C NMR (50 MHz, CDCL,): 6 =
157.8,151.5, 146.4, 135.4, 132.7,131.9, 130.4, 129.7, 126.4, 126.2, 123.8, 119.5,
109.3, 86.5,74.2,55.2,44.6,16.2; MS (EI): m/z (%): 357 ([M*], 5), 340 (56),
190 (34), 150 (100), 91 (39), 77 (27); elemental analysis calcd (%) for
CyH;NO;S: C 6720, H 6.49,N 3.92, S 8.97; found: C 67.19, H 6.67, N 3.60, S
8.80.
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Isomer A (2R*SR*): '"H NMR (200 MHz, CDCL;): 6 =7.66 (dd, J =77,
1.6 Hz, 1H), 7.36 (dt, /=176, 1.6 Hz, 1H), 7.10 (dt, J=7.6, 1.2 Hz, 1H),
7.10-7.00 (m, 2H), 6.92 (d,/=2.1 Hz, 1H), 6.80 (q,J = 1.7 Hz, 1 H), 6.72 (d,
J=83Hz, 1H),5.53 (ddd, J =5.6,3.4, 1.8 Hz, 1H), 4.93 (ddd, J=14.3, 5.8,
1.8,1H),4.75 (ddd, J =14.2,3.6, 1.7 Hz, 1 H), 3.80 (s, 3H), 2.60 (s, 6 H), 2.15
(s, 3H); 3C NMR (50 MHz, CDCLy): 6 =158.0, 151.7, 148.1, 136.3, 132.0,
131.3, 130.9, 129.5, 126.6, 125.9, 125.7, 124.1, 119.5, 109.6, 86.0, 74.7, 55.3,
44.9, 16.2; HRMS (EI): m/z caled for Cy,H,;NOsS: 357.1399; found:
357.1392.
3-[2-(NV,N-dimethylamino)phenylsulfinyl]-2-(2,4-dimethoxyphenyl)-2,5-di-
hydrofuran (21): Eluent: ethyl acetate/hexane (2:3). Yield 47 %.

Isomer B (25*SR*): '"H NMR (200 MHz, CDCl;): 0 =7.65 (dd, J =738,
1.7 Hz, 1H), 735 (dt, J =76, 1.6 Hz, 1H), 7.11 (dt, J=7.5, 1.1 Hz, 1 H), 7.04
(d, /=82 Hz, 1H), 701 (dd, J=8.1, 1.0 Hz, 1H), 6.37 (m, 2H), 6.10 (ddd,
J=538,3.8,1.9 Hz, 1H), 4.81 (ddd, J=14.5, 5.7, 1.7 Hz, 1 H), 4.71 (ddd, J =
14.4, 3.8, 1.8 Hz, 1H), 3.80 (s, 3H) 3.70 (s, 3H), 2.61 (s, 6H); 3C NMR
(75 MHz, CDCly):  =161.0, 158.3, 151.5, 145.8, 135.6, 133.8, 131.7, 129.6,
126.3,123.8, 119.6, 104.0, 98.2, 80.7, 74.1, 55.3, 55.2, 44.7; MS (EI): m/z (% ):
373 ([M+], 4), 356 (58), 205 (40), 190 (36), 165 (49), 150 (100), 136 (22), 120
(19), 91 (31), 77 (25); HRMS (EI): m/z caled for C,)H,sNO,S: 373.1348;
found: 373.1351.

Isomer A (2R*SR*): '"H NMR (200 MHz, CDCl;): 6 =7.71 (dd, /=179,
1.6 Hz, 1H), 7.37 (d, /=75, 1.7 Hz, 1H), 722 (d, J=8.2 Hz, 1H), 7.13 (dt,
J=16,1.1 Hz, 1H), 7.04 (dt, J=8.0, 1.0 Hz, 1H), 6.80 (q, /=19 Hz, 1H),
6.45 (dd, /=8.4,2.4 Hz, 1H), 6.38 (d, J=2.4 Hz, 1H), 591 (ddd, J=5.5,
3.3,2.1 Hz,1H),4.85 (ddd,J=14.0,7.5,1.7 Hz, 1H), 4.72 (ddd, J = 14.0, 3.3,
1.6 Hz, 1H), 3.81 (s, 3H), 3.71 (s, 3H), 2.50 (s, 6H); *C NMR (75 MHz,
CDClLy): 0 =160.9, 158.2, 151.4, 146.7, 136.1, 131.7, 130.1, 129.3, 125.1, 124.3,
119.7, 119.4, 103.7, 98.2, 80.4, 74.2, 55.1, 55.0, 44.4; HRMS (EI): m/z calcd
for C,)H,;NO,S: 373.1348; found: 373.1341.

(3R* SR*)-4-[2-(N,N-dimethylamino)phenylsulfinyl]-3,5-diphenyl-2,3-di-
hydrofuran (22): Eluent: ethyl acetate/hexane (1:4). Yield 83 %; m.p. 112—
113°C; '"H NMR (200 MHz, CDCl;):  =8.04 (m, 2H), 7.61 (dd, /=78,
1.9 Hz, 1H), 756 -7.47 (m, 3H), 742 (dd, J =75, 1.9 Hz, 1H), 7.32-7.06 (m,
7H),4.61 (dd,J=10.2,9.1 Hz, 1H), 4.30 (dd, J=9.1, 6.2 Hz, 1H), 3.61 (dd,
J=10.3, 6.2 Hz, 1H), 2.50 (s, 6H); 3*C NMR (75 MHz, CDCl;): 6 =165.1,
150.6, 142.1, 136.5, 131.1, 130.6, 129.0, 128.6, 128.3, 127.6, 127.0, 126.5, 123.3,
119.5,114.5,78.9,49.4, 44.4; MS (EI): m/z (%): 389 ([M*], 11), 372 (65), 152
(73), 120 (12), 77 (61); elemental analysis calcd (%) for C,,H,3NO,S: C
74.01, H 5.96, N 3.60, S 8.22; found: C 73.74, H 5.88, N 3.28, S 8.49. (3R,SR)-
22 (obtained from (2S,SR)-12B): [a]} = — 118 (¢ = 1.0, CHCL,).
(BR*,SR*)-4-[2-(N,N-dimethylamino) phenylsulfinyl]-3-(4-methoxyphenyl)-
5-phenyl-2,3-dihydrofuran (23): Eluent: ethyl acetate/hexane (1:4). Yield
69%; 'H NMR (200 MHz, CDCl;): 6=8.01 (m, 2H), 758 (dd, /=175,
1.6 Hz, 1H), 7.53-745 (m, 3H), 741 (dd, /=75, 1.6 Hz, 1H), 715 (t, /=
7.5 Hz,2H), 705 (d, J=8.6 Hz, 2H), 6.80 (d, / =8.6 Hz, 2H), 4.58 (dd, J =
10.3, 8.9 Hz, 1H), 4.26 (dd, J=9.1, 6.4 Hz, 1H), 3.79 (s, 3H), 3.56 (dd, / =
10.2, 6.3 Hz, 1H), 2.48 (s, 6H); C NMR (75 MHz, CDCl;): 6 =165.0,
158.6, 150.6, 136.5, 134.2, 131.1, 130.6, 129.1, 128.6, 128.3,126.6, 123.3,119.5,
114.6, 113.7, 79.0, 55.1, 48.8, 44.2.

(3R* SR*)-4-[2-(N,N-dimethylamino)phenylsulfinyl]-3-(4-nitrophenyl)-5-
phenyl-2,3-dihydrofuran (24): Eluent: ethyl acetate/hexane (1:4). Yield
46% (84% in converted yield); m.p. 119-121°C; 'H NMR (200 MHz,
CDCly): 0=8.12 (d, J=8.1 Hz, 2H), 8.04-7.99 (m, 2H), 7.58 (dt, J=7.6,
1.7 Hz, 1H), 758-749 (m, 3H), 745 (dt, J=75, 1.6 Hz, 1H), 728 (d, /=
8.6 Hz,2H), 717 (t,J =7.4 Hz,2H), 4.64 (dd, J =9.6,9.4 Hz, 1 H), 4.28 (dd,
J=9.3,5.6Hz, 1H), 3.71 (dd, J=10.2, 5.7 Hz, 1 H), 2.47 (s, 6 H); *C NMR
(50 MHz, CDCl;): 6 =165.3, 150.7, 149.8, 146.9, 136.3, 131.4, 131.0, 128.5,
128.3, 126.1, 123.6, 123.4, 119.8, 114.0, 78.0, 49.0, 44.1; MS (EI): m/z (%):
434 ([M~], 8), 417 (66), 150 (62), 120 (15), 105 (100), 77 (63); elemental
analysis calcd (%) for C,,H,,N,0,S: C 66.34, H 5.10, N 6.45, S 7.38; found:
C 66.03, H 4.90, N 6.24, S 7.00.

Crystal structure data for C,,H,,N,0,S [(3R*,SR*)-24]: Crystal size 0.15 x
0.50 x 0.30 mm, monoclinic, space group C2/c, a =35.163(3), b =6.7788(5),
c=222052) A, p=124.160(5)°, V=43798(6)A3, Z=8, puu=
1318 Mgm=3, u=1590mm~!, 26,,=114.26°, Cug, radiation, A=
1.54178 A, 20/lw scans, T=296 K, absorption correction: none, 2942
reflections collected, 2459 independent. Refinement on F? for 2942
reflections and 283 parameters gave R1=0.0521 and wR2=0.1384 for
I>20(I)u Residual electron density —0.268 < Ap<0.259e¢ A3, S, O, N,
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and C atoms were refined with anisotropic thermal displacements
parameters and the H atoms with isotropic parameters. The structure was
solved and refined with SHELX-97.1¢]

(3R *,SR*)-2-[2-(N,N-Dimethylamino)phenylsulfinyl]-1,3-diphenyl-1-cy-
clopentene (25): Eluent: ethyl acetate/hexane (1:6). Yield 75 %; m.p. 160—
161 °C; 'H NMR (200 MHz, CDCl,): 6 =7.78 (dd, J=8.1 Hz, 2H), 7.52—
735 (m, 5H), 7.27-715 (m, 4H), 7.12-6.98 (m, 3H), 3.47 (m, 1H), 2.95 (m,
2H),2.47 (s,6H), 2.32 (m, 1H), 1.83 (m, 1H); *C NMR (75 MHz, CDCL):
0 =155.7, 150.8, 143.7, 140.1, 136.7, 135.4, 131.0, 128.7, 128.4, 128.3, 1279,
127.7,126.7,126.3, 123.5, 119.3, 52.3, 44.2, 36.5, 34.7; MS (EI): m/z (% ): 387
([M+], 6), 370 (100), 266 (6), 233 (17), 217 (39), 150 (62), 120 (10), 91 (55),
77 (23); elemental analysis calcd (%) for C,sH,sNOS: C 7749, H 6.51, N
3.62, S 8.26; found: C 77.24, H 6.47, N 3.23, S 7.89. (3R,SR)-25 (obtained
from (R)-8): [a]y =+204.2 (¢c=1.0, CHCl;); HPLC: ee =97.7% (Chir-
alcelOD column; hexane/2-propanol 90:10; 0.5 mLmin~!, 220 nm;
(3R,SR)-25 =10.3 min, (35,SS)-25=6.9 min).

Crystal structure data for C,sH,sNOS [(3R,SR)-25]: Crystal size 0.17 x
0.25 x 0.25 mm, monoclinic, space group P2, a=8.431(2), b =14.141(3),
c=8867(2) A, p=10219Q2)°, V=10333(4)A% Z=2, paw=
1.245Mgm=3, u=1492mm!, 26,,=11428°, Cug, radiation, 1=
1.54178 A, 20/w scans, T=296K, absorption correction: none, 1595
reflections collected, 1583 independent. Refinement on F? for 1595
reflections and 254 parameters gave R1=0.0328 and wR2=0.1055 for
I>20(I)u. Absolute structure parameter (Flack)=0.01(2). Residual
electron density —0.185 < Ap < 0.273 eA3, S, O, N and C atoms were
refined with anisotropic thermal displacements parameters and the H
atoms with isotropic parameters. The structure was solved and refined with
SHELX-97.l

(3R*,SR*)-2-[2-(N,N-dimethylamino) phenylsulfinyl]-3-(4-methoxyphenyl)-
1-phenyl-1-cyclopentene (26): Eluent: ethyl acetate/hexane (1:4). Yield
80%; '"H NMR (200 MHz, CDCl;): 6 =7.81-7.70 (m, 2H), 7.52—-7.35 (m,
5H),7.09 (m,2H), 6.93 (m,2H), 6.77 (m, 2H), 3.79 (s, 3H), 3.42 (tq, / = 2.1,
5.4 Hz, 1H), 2.92 (tq,J=2.1, 6.5 Hz, 2H), 2.44 (s, 6H), 2.26 (m, 1H), 1.78
(m, 1H); BC NMR (75 MHz, CDCl;): 6 =158.0, 155.5, 150.7, 140.0, 136.5,
135.7, 135.3, 130.9, 128.6, 128.2 (2C), 128.1, 126.7, 123.4, 119.3, 113.2, 55.0,
51.4,44.1,36.3,34.7; MS (EI): m/z (%): 417 ([M*], 33), 400 (100), 263 (26),
247 (78), 152 (34), 150 (72), 121 (29), 91 (48), 77(29) ; HRMS (EI): m/z calcd
for C,xH,;NO,S: 417.1751; found: 417.1762.

(3R* SR*)-4-[2-(N,N-dimethylamino)phenylsulfinyl]-5-(4-methoxyphenyl)-
3-phenyl-2 3-dihydrofuran (27): Eluent: ethyl acetate/hexane (1:2). Yield
78%; 'H NMR (200 MHz, CDCl,): 6 =799 (d, J=8.9 Hz, 2H), 7.60 (dd,
J=82,18 Hz,1H), 741 (dt,J =76, 1.7 Hz, 1 H), 7.31 - 7.06 (m, 7H), 7.00 (d,
J=9.0Hz, 2H), 4.57 (dd, J=10.1, 9.1 Hz, 1H), 4.28 (dd, J=9.0, 5.9 Hz,
1H), 3.88 (s, 3H), 3.57 (dd, J=10.2, 5.9 Hz, 1H), 2.51 (s, 6H); *C NMR
(75 MHz, CDCl,): 6 =165.1, 161.5, 150.6, 142.4, 136.5, 131.1, 130.3, 128.3,
1276, 127.0, 126.6, 123.3, 121.5, 119.5, 113.7, 112.9, 78.7, 55.3, 49.5, 44.2.

(3R* SR*)-4-[2-(N,N-dimethylamino)phenylsulfinyl]-3,5-bis-(4-methoxy-
phenyl)-2,3-dihydrofuran (28): Eluent: ethyl acetate/hexane (1:4). Yield
70%; '"H NMR (200 MHz, CDCl;): 6 =799 (d, J=9.0 Hz, 2H), 7.60 (dd,
J=19, 1.8 Hz, 1H), 740 (dt, /=176, 1.7 Hz, 1H), 717 (t, /=76 Hz, 2H),
700 (d, J=8.8 Hz, 2H), 6.99 (d, J=8.6 Hz, 2H), 6.79 (d, J=8.7 Hz, 2H),
4.54 (dd, J=10.2,9.1 Hz, 1H), 423 (dd, J=9.1, 6.0 Hz, 1 H), 3.89 (s, 3H),
3.78 (s, 3H), 3.53 (dd, /=10.1, 6.1 Hz, 1H), 2.51 (s, 6H); *C NMR
(75 MHz, CDCL,): 6 =164.9, 161.4, 158.5, 150.6, 136.6, 134.5, 131.0, 130.3,
128.6, 126.7, 123.2, 121.6, 119.5, 113.7, 113.0, 78.8, 55.3, 55.1, 48.8, 44.2.
(3R* SR*)-2-[2-(N,N-dimethylamino)phenylsulfinyl]-1-(4-methoxyphenyl)-
3-phenyl-1-cyclopentene (29): Eluent: ethyl acetate/hexane (1:4). Yield
50%; 'H NMR (200 MHz, CDCly): 6 =7.78-7.72 (m, 2H), 7.46-7.33 (m,
2H), 727-714 (m, 3H), 712-7.05 (m, 2H), 6.95-7.04 (m, 4H), 3.88 (s,
3H),3.45 (tq,/=1.1,5.4 Hz, 1H),2.92 (tc,/ = 1.6, 6.5 Hz,2H), 2.48 (s, 6 H),
2.26 (m, 1H), 1.79 (m, 1H); C NMR (75 MHz, CDCl,;): 6 =160.0, 155.2,
150.7, 143.8, 138.4, 136.6, 130.9, 129.8, 127.8, 127.6, 126.7, 126.4, 126.2, 123.4,
119.3, 113.5, 55.2, 52.2, 44.2, 36.3, 34.5; MS (EI): m/z (%): 417 ([M*], 22),
400 (100), 263 (33), 247 (76), 152 (33), 150 (83), 121 (26), 91 (49), 77(27);
HRMS (EI): m/z caled for C,sH»NO,S: 417.1762; found: 417.1744.
(S)-2-(V,N-dimethylamino)phenyl methyl sulfoxide [(S)-30]: 1,2:5,6-Di-O-
isopropylidene-a-D-glucofuranosyl(—)-(S)-methanesulfinate*"! (293 ¢,
9.1 mmol) in toluene (30 mL) was added to a solution of o-(Me,N)CsH,-
Mgl (27.3 mmol, 3 equiv) in diethyl ether (30 mL) at 0°C. The mixture was
stirred for 1 h at 0°C. Saturated NH,CI (100 mL) was added, the organic

3898

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

layer was separated, and the aqueous layer was extracted with CH,Cl, (2 x
50 mL). The combined organic layers were dried (Na,SO,) and the solvent
was evaporated. The residue was purified by flash chromatography (ethyl
acetate/hexane 1:1) to afford (5)-30 (1.28 g, 77%). [a]® =—250.3 (c=1,
CHCl;) (ee>96%, 'H NMR, (R)-2,2,2-trifluoro-1-(9-antryl)ethanol);
'H NMR (200 MHz, CDCly): 6 =7.88 (dd, J=9.7, 2.1 Hz, 1H), 743 (dt,
J=15,1.6 Hz, 1H), 728 (dt, /=175, 22 Hz, 1H), 7.14 (dd, J=9.1, 1.1 Hz,
1H), 2.76 (s, 3H), 2.71 (s, 6H); “C NMR (75 MHz, CDCl;): 6 =149.8,
139.6, 130.8, 123.8, 123.2, 119.3, 43.9, 41.1.
(S)-3-[2-(V,N-dimethylamino)phenylsulfinyl]-1-propanol [(S)-31]: LDA in
THF (0.5M, 6.2 mL, 3.09 mmol) at —78°C under argon was added to a
solution of (5)-30 (472 mg, 2.58 mmol) in dry diethyl ether (16 mL). The
solution was stirred for 30 min and then ethylene oxide (5 mL) was added
at —78°C. The reaction mixture was slowly warmed to —10°C and then
kept at this temperature for 1 h. Saturated NH,ClI solution (25 mL) was
added, the organic layer was separated, and the aqueous layer was
extracted with CH,Cl, (2 x 50 mL). The combined organic layers were
dried (Na,SO,) and evaporated. The residue was purified by flash
chromatography (ethyl acetate) to give (S)-31 (420mg, 72%). [a} =
—301.5 (¢=1.0, CHCl;); '"H NMR (200 MHz, CDCl;): 6=7.82 (dd, J=
7.5,1.6 Hz, 1H), 743 (dt, /=75, 1.6 Hz, 1 H), 728 (dt, /=75, 1.1 Hz, 1H),
715 (dd,J=8.1,1.1 Hz, 1H), 3.66 (brt,J =5.4 Hz, 2H), 3.40 (brs, 1 H, OH),
3.20 (m, 1H), 3.00 (m, 1H), 2.69 (s, 6H), 1.87 (m, 2H); *C NMR (50 MHz,
CDCl,): 0 =150.2,136.5,131.0, 124.4, 123.9, 119.6, 60.1, 50.6, 44.1, 25.0; MS
(FAB): m/z (%): 228 ([M*+1], 100).
(R)-4-[2-(N,N-dimethylamino)phenylsulfinyl]-2,3-dihydrofuran  [(R)-4]:
(5)-31 (400 mg, 1.76 mmol) was dissolved in THF (12 mL), the solution
was cooled to —78°C under argon, and LDA in THF (0.5m, 10.6 mL,
5.29 mmol) was added. After 30 min at —78°C, ethyl formate (570 mL,
7.05 mmol) was added, and the reaction mixture was stirred at this
temperature for 2 h. A saturated aqueous solution of NH,Cl (30 mL) was
added, the reaction mixture was extracted with CH,Cl, (3 x 50 mL), and
the combined organic layers were dried (Na,SO,) and evaporated. The
residue was purified by flash chromatography (ethyl acetate/CH,Cl, 1:2) to
give the lactols 32 as a mixture of stereoisomers (358 mg, 80%). This
mixture of lactols (328 mg, 1.29 mmol) was dissolved in CH,Cl, (14 mL).
The solution was cooled at 0 °C under argon and MsCl (200 mL, 2.57 mmol)
and Et;N (720 mL, 5.16 mmol) were sequentially added. The reaction
mixture was stirred at 0°C for 1 h. Saturated aqueous NH,Cl (30 mL) was
added, the organic layer was separated, and the aqueous layer was
extracted with CH,Cl, (2 x 50 mL). The combined organic layers were
dried (Na,SO,) and evaporated. The residue was purified by flash
chromatography (ethyl acetate/hexane 1:1) to give (R)-4 (215 mg, 77 %).
[a]B =—221.7 (¢ =0.95, CHCL;) (ee > 96 %, '"H NMR, [Pr(hfc),]).
(25.S5)-1,1-Diphenyl-1,2-dihydroxypropyl-2-O-[ 2-(N,N-dimethylamino)-
phenyl sulfinate (34): nBuLi (2.5M, 2.2 mL, 5.47 mmol) was added under
argon to a solution of N,N-dimethyl-2-iodoaniline (1.26 g, 5.11 mmol) in
dry Et,O (63 mL), cooled at —78°C. This solution was slowly added to a
solution of sulfite 33 (1.0 g, 3.65 mmol) in Et,O/THF (13:1, 14 mL). The
reaction was monitored by TLC until 33 had disappeared. The mixture was
poured into water, the organic layer was separated, and the aqueous layer
was extracted with Et,O (3 x 10 mL). The combined organic layers were
dried (MgSO,) and the solvent was evaporated. The residue was purified by
flash chromatography (ethyl acetate/hexane 1:7) to afford (2S,SS)-34
(870 mg, 61%). [a]y =—141.8 (c=1, CHClL;); 'H NMR (200 MHz,
CDCly): =795 (dd, J=1.6, 8.0 Hz, 1H), 7.53-7.08 (m, 14H), 5.15 (q,
J=5.9Hz, 1H), 2.50 (s, 6H), 1.46 (d, J=5.9 Hz, 3H); *C NMR (75 MHz,
CDCly): 0 =151.9, 144.6, 143.2, 140.0, 133.1, 129.9, 127.8, 127.7, 127.2, 126.8,
124.6,124.4,83.4,80.5,45.5,18.4; MS (EI): m/z (%): 395 ([M*],9), 183 (52),
169 (50), 152 (19), 136 (19), 120 (29), 105 (100), 91 (10), 77 (69); HRMS
(EI): m/z caled for C,3H,yNO;S: 395.1521; found: 395.1537.
(R)-1-[2-(N,N-dimethylamino)phenylsulfinyl]-1-cyclopentene [(R)-8]:
The sulfinate (25,S5)-34 (200 mg, 0.51 mmol) in THF (15 mL) was slowly
added under argon to a solution of 1-cyclopentenylmagnesium bromide
(1.16 mmol) in THF (8 mL) at room temperature. The reaction was stirred
at room temperature for 1h. The mixture was poured into water, the
organic layer was separated, and the aqueous layer was extracted with Et,0
(3 x 10 mL). The combined organic layers were dried (MgSO,), and the
solvent was evaporated. The residue was purified by flash chromatography
(ethyl acetate/hexane 1:5) to afford (R)-8 (102 mg, 85%). [a]¥ =+190
(c=1, CHCL); HPLC: ee=96.6% (ChiralcelOD column; hexane/2-
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propanol 97:3; 0.5mLmin!, 1=254nm;

27.1 min)

(R)-2-Phenyl-2,5-dihydrofuran [(R)-35]:l'>1 Activated zinc (1.30 g) and
saturated aqueous NH,CI solution (5 mL) were added to a solution of
(28,SR)-12B (106 mg, 0.34 mmol) in THF (5 mL). The mixture was stirred
vigorously at room temperature under argon. The progress of the reaction
was monitored by TLC. CH,Cl, (20 mL) was added after 4 h. The organic
layer was separated and washed with saturated aqueous NaHCO; (20 mL),
dried (Na,SO,), and evaporated. Flash chromatography (ethyl acetate/
hexane 1:10) of the residue gave (R)-35 (25 mg, 51%). [a]s =+282.0 (c=
0.50, CHCl;) (ee>96%, 'H NMR, [Pr(hfc);]); '"H NMR (300 MHz,
CDCly): 6=723-7.39 (m, 5H), 6.03 (ddt, J=6.0, 2.2, 1.6 Hz, 1H), 5.88
(ddt, J=6.0, 2.4, 1.6 Hz, 1H), 5.76-5.82 (m, 1H), 4.87 (ddt, /=12.9, 6.1,
1.6 Hz, 1H), 4.76 (dddd, /=12.9,4.1,2.4, 1.6 Hz, 1H).

(25,4R)-2 4-Diphenyltetrahydrofuran [(2S,4R)-36]:> A solution of
(3R,SR)-22 (130 mg, 0.33 mmol) in EtOH (5 mL) was added at 0°C to a
suspension of Raney-Ni in EtOH (5 mL) and under a hydrogen atmos-
phere (1 atm). The reaction was monitored by TLC. After 20 h at 0°C the
reaction was filtered over celite and the solvent was evaporated. The
residue was purified by flash chromatography (ethyl acetate/hexane 1:30)
to give (25,4R)-36 (68 mg, 90%). [a]¥ =—52.4 (c=1.40, CHCL;) (ee>
96%, 'H NMR, [Pr(hfc);]); 'TH NMR (300 MHz, CDCl;): 6 =7.47-7.20
(m, 10H), 5.08 (dd, J=10.2, 5.7 Hz, 1H), 4.37 (t, J=8.4 Hz, 1 H), 4.03 (t,
J=84Hz, 1H), 3.65 (m, 1H), 2.77 (m, 1H), 2.02 (q, J=10.5Hz, 1H).
(S)-3-Phenyl-1-cyclopentene  [(S)-37]:'>)] MCPBA (70%, 181 mg,
0.72 mmol) in CH,Cl, (7 mL) was added to a solution of 14A,B (8:92)
(150 mg, 0.48 mmol) in CH,Cl, (10 mL). The mixture was stirred vigorously
at 25°C. After 4 h, saturated Na,SO; (20 mL) and saturated aqueous
NaHCO; (20 mL) were added. The organic layer was separated and the
aqueous layer was extracted with CH,Cl,. The combined organic layers
were dried (Na,SO,) and the solvent was evaporated. The residue was
dissolved in THF (10 mL), degassed, and cooled at —25°C under argon.
Then [Pd(acac),] (4.86, 0.02 mmol) (acac = acetylacetonate) and iPrMgBr
(0.9Mm, 1.26 mL, 1.11 mmol) were added successively. After the mixture had
been stirred for 2 h at —25°C, saturated aqueous NH,Cl (2 mL) was added.
The mixture was extracted with CH,Cl, (2 x5 mL) and the combined
organic layers were dried (Na,SO,) and evaporated. The residue was
purified by flash chromatography (hexane) to give (S)-32 (69 mg, 55%).
[a]Z =—=190 (c=1, CHCL;) (ee =90%, GC, Cyclosib column); 'H NMR
(200 MHz, CDCl,): 6 =7.28 (m, 2H), 7.18 (m, 3H), 5.94 (dq, J =2.2,5.7 Hz,
1H),5.77 (dq,J=2.2,5.7 Hz, 1 H), 3.89 (m, 1 H), 2.44 (m, 3H), 1.73 (m, 1 H).
(S)-1,3-Diphenylcyclopentene [(S)-38]: [Pd(acac),] (2.80 mg, 0.01 mmol)
and PrMgBr (0.9M, 750 pL, 0.66 mmol) were added to a solution of 25
(83 mg, 0.22 mmol) in THF (5 mL), degassed at room temperature under
argon. The mixture was stirred for 1.5 h at room temperature and saturated
aqueous NH,Cl (2 mL) was added. The mixture was extracted with CH,Cl,
(2 x 10 mL) and the combined organic layers were dried (Na,SO,) and the
solvent was evaporated. The residue was purified by flash chromatography
(hexane) to give (5)-38 (37 mg, 77 % ). [a]}3 =+ 204 (c=1, CHCl;); HPLC:
ee =94 % (Chiralpak AS column; hexane; 0.3 mLmin~!, A =254 nm; (S)-
38 =16.3 min, (R)-38=18.1 min); 'H NMR (200 MHz, CDCl;):  =7.50
(m, 2H), 740-712 (m, 8H), 6.23 (q, /=2.0Hz, 1H), 4.08 (tq, J=4.1,
8.9 Hz, 1H), 2.84 (m, 2H), 2.57 (tq, /=4.5, 8.5 Hz, 1H), 1.92 (tq, J=6.9,
9.3 Hz, 1H); BC NMR (75 MHz, CDCl;): 6 =146.4, 136.3, 129.3, 128.5,
128.4,128.1,127.8,127.3,126.2,125.8,51.9, 34.1, 33.1; MS (EI): m/z (%): 220
([M+], 92), 143 (36), 91 (44), 77 (19).

(R)-8=25.1min; (5)-8=
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Interplay of Cubic Building Blocks in (7%-arene) Ruthenium-Containing
Tungsten and Molybdenum Oxides

Vincent Artero, Anna Proust,* Patrick Herson, and Pierre Gouzerh!?!

Abstract: A series of molybdenum and
tungsten organometallic oxides contain-
ing {Ru(arene)}** units (arene = p-cym-
ene, CsMe;) was obtained by condensa-
tion of [{Ru(arene)Cl,},] with oxomo-
lybdates and oxotungstates in aqueous
or nonaqueous solvents. The crystal
structures of [{Ru(#°-CsMeg)},W,O04],
[{Ru(7°-p-MeCsH,iPr)},W,0,], [{[Ru-
(17°-p-MeCgH,iPr) |, (u-OH)5 L] [{Ru(7°-p-
MeCH,iPr)},W3O,5(OH),{Ru(y°-p-Me-
CeHiPr)(H,O)L],  and  [{Ru(y*-Ce
Me,)[,M;0,5(Ru(77°-CiMeg) (H,0)}] (M

=Mo, W) have been determined. While
the windmill-type clusters [{Ru(7®%-are-
ne)},(MO,),(u5-0O)s] (M =Mo, W; arene
=p-MeCH,iPr, C(Mey), the face-sha-
ring double cubane-type cluster [{Ru-
(1°-p-MeCeHyPr)}(WO,),(us-0)4(us-O))
and the dimeric cluster [{Ru(#°-p-Me-
CeHLiPr)(WO5)s(us-O)s(us-OH)Ru(17°-p-

Keywords: molybdenum oxo li-
gands - polyoxometalates - rutheni-
um - tungsten

MeC,H,iPr)(H,O)},(u-WO,),]*~ are
based on cubane-like units, [{Ru-
(11°-CeMeg) M50 5{Ru(17*-CeMeg) (H,0)}]
(M =Mo, W) are more properly descri-
bed as lacunary Lindqvist-type polyoxo-
anions supporting three ruthenium cen-
ters. Precubane clusters [{Ru(n’-are-
ne)}(MOs),(u-O);(us-0)]°~ are possible
intermediates in the formation of these
clusters. The cluster structures are re-
tained in solution, except for [{Ru(#%-p-
MeC¢H,iPr)},Mo0,0,4], which isomerizes
to the triple-cubane form.

Introduction

Organometallic oxides have been defined as compounds in
which an oxometal core is surrounded by organometallic
moieties.'l However, this term is also commonly used for low-
nuclearity compounds, for which organorhenium oxides are
prototypical.”! Organometallic derivatives of polyoxometa-
lates form a specific class of organometallic oxides. This field,
largely developed by the groups of Klemperer,?! Finke,[* and
Isobe and Yagasaki,”! was reviewed recently.”! Organometal-
lic derivatives of polyoxometalates are of interest owing to
their ability to provide discrete analogues of solid-oxide-
supported heterogeneous catalysts, to provide new insights
into surface dynamics,” %] to serve as precursors for transition
metal nanoclusters,” and to display synergeticl'! or bifunc-
tional'!l catalytic activity. They are divided into polyoxoan-
ion-supported and polyoxoanion-incorporated compounds.!
The recognition of recurrent structural relationships between
organometallic derivatives and parent polyoxometalates led
us to recognize fac-dS-{M'L;} units such as {M'(CO);}* (M'=

[a] Prof. A. Proust, Dr. V. Artero, P. Herson, Prof. P. Gouzerh
Laboratoire de Chimie Inorganique et Matériaux Moléculaires, Unité
CNRS 7071
Université Pierre et Marie Curie, case Courrier 42
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Fax: (+33)1-44-27-38-41
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Mn, Re) as topological equivalents of fac-d’-{MO,X}* units
(M=Mo; X=OR, CI).12I Furthermore, fac-d*-{M'(CO),}*
fragments (M’ =Mn, Re) are likely to be isolobal to fac-d’-
{MOs} fragments (M =Mo, W) according to Hartree — Fock
calculations on {Re(CO);} and {ReO,}.'®1 To check the
validity of this anology, we extended our initial studies to
(n°-arene)ruthenium(in) derivatives. Further interest in such
derivatives comes from their potential as metathesis catalysts.
Indeed, unsaturated ruthenium centers can be generated by
arene photolysis, as it has already been exploited in ring-
opening and ring-closing metathesis reactions.' Further-
more, arene photolysis of (#°-arene)ruthenium-supported
polyoxoanions could provide a new route to ruthenium-
substituted polyoxometalates, which are of significant interest
as oxidation catalysts.'> 9] When we began this work, a few
ruthenium complexes containing tri- or bidentate polyoxoan-
ion ligands had been obtained from preformed polyoxoan-
ions, for example, [{(p-cymene)Ru}Nb,W,0,,]>~,17 [{(CsHs)-
RujW;0TiCp*]  (Cp* =#’-CsMe;),"  [{(CsHg)Ru}P,Nbs-
Wis0e]"- " [{RuCI(CgH,,)(MeCN)}5(Nb,W,04,),]*-, 1 and
[{Ru(CgH,,)(MeCN),JHV,0,,] .l On the other hand, Siiss-
Fink etal. obtained the cluster [{Ru(p-cymene)},Mo,0],
which exhibits a unique windmill-like geometry, by conden-
sation of sodium molybdate with [{(p-cymene)RuCl,},] in
aqueous solution.® They later reported the hexavanadate-
supported complexes [{Ru(arene)},V,O,9] (arene =p-cym-
ene, C¢Meg),?® the triple-cubane-type mixed clusters
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[{Ru(p-cymene)},_(Cp*Rh)Mo,0] (x=1, 2),2® and the
rhombic tetranuclear cluster [{Ru(p-cymene)},Mo0,0,-
(OMe),] % Here we report on the synthesis and structural
characterization of further (arene)ruthenium-containing
tungsten and molybdenum oxides based on cubic arrange-
ments. A preliminary account of our work has appeared.?!l

Results

Syntheses: As previous work by Siiss-Fink et al. dealt with
condensation of sodium molybdate and sodium metavanadate
with [{(arene)RuCl,},] in aqueous solution,?**%! our efforts
were mainly directed towards the reactions of tungstates. In
addition, these studies were extended to nonaqueous solvents,
and this led us to investigate the condensation of molybdates
under similar conditions.

Compound 1a was obtained as a yellow precipitate by
treating (nBu,N),[WO,] with [{(n°-p-MeC¢H,Pr)RuCl,},] in
acetonitrile at room temperature. Red crystals of 2-3H,0
later grew from the mother liquor. Compound 1b was
similarly obtained from [{(#°-CsMes)RuCl},], but no by-
product could be isolated in this case. Compounds 1a and 1b
are insoluble in water and only slightly soluble in acetonitrile,
but more soluble in dichloromethane, chloroform and meth-
anol.

[{Ru(y*-p-MeCeH,iPr)},W,01] 1a
[{Ru(7°-CsMeq) s W,044] 1b

[{Ru(#®p-MeCH,iPr)}, W,0 ] 2

In refluxing water, Na,[WO,]-2H,0 reacts with [{(3°p-
MeC¢H,iPr)RuCl,},] to give a yellow microcrystalline prod-
uct, which proved to be 3a- 6 H,O, which was recrystallized as
3a-14H,0 from methanol/water. Crystals of 3a can alter-
natively be obtained from a solution of la in water.
Compound 3a is insoluble in water and is only slightly soluble
in organic solvents, except for methanol. The reaction of [{(#°-
C¢Meg)RuCl,},] with Na,[WO,]-2H,O in refluxing water
gave a precipitate that mainly consisted of 4 with a small
amount of 1b, which was removed by washing with methanol.
Later, a few crystals of a compound whose spectroscopic
properties were quite similar to those of 3a, and thus was
designated as 3b, deposited from the mother liquor. Com-
pound 4 is insoluble in water, methanol, and acetonitrile, but
soluble in chlorinated solvents, from which it can be recrystal-
lized. Its molybdenum analogue 5 was similarly obtained,
together with a substantial amount of 6b and a third fraction
X, which has not yet been identified. All components can
easily be separated from the others owing to their different
solubilities: § is soluble in CH,CI, but insoluble in methanol,
6b is soluble both in CH,Cl, and methanol, while X is only
soluble in methanol, in which it transforms into 6b. Alter-
natively, 5 can be obtained in almost quantitative yield by
treating (nBuyN),[Mo,0,] with [{(7°-CsMeg)RuCl,},] in re-
fluxing methanol or acetonitrile. Crystals of 5§ were obtained
by recrystallization from acetonitrile. Compound 7 was
obtained together with 5 when the reaction was carried in

3902
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methanol at room temperature. The structure of 7 is similar to
that of (nBu,N),[(RhCp*),M0,0,,(OMe),].?? Full details on
the synthesis and characterization of 7 and other related
compounds will be reported in a subsequent paper.

[{Ru(y°-p-MeCgH,iPr)},(u-OH); [ {Ru(#°-p-MeCoH,iPr)) -
W;50,5(OH),(Ru(#-p-MeCH,iPr) (H,0)},] 3a

[{Ru(3*-CsMeg)},(u-OH)s L, [{Ru(37°-CsMeg) -
W;50,5(OH),{Ru(77°-CeMeg) (H,0))] 3b

[{Ru(3*-CsMeg)},W5045{Ru(7°-CoMee) (H,0)}] 4
[{Ru(#°-CsMe,)};M0505{Ru(77°-CsMeq) (H0)}] 5
[{Ru(7°-CsMeg)},Mo0,04] 6b

(n-Bu,N),[{Ru(5*-CeMe)1,M040,(OMe), ] 7

Although the course of a given reaction depends on the
metal (Mo vs. W), the arene (p-cymene vs. CsMeg) and the
solvent (water vs. acetonitrile or methanol), and although
mixtures of products are often obtained, some general trends
emerge from our results. Reactions in aqueous solution were
generally carried out in the presence of an excess of Na,MO, -
2H,0 (M =Mo, W), with a typical M/Ru ratio of five. Only
the distribution of products, not their nature, was possibly
altered on decreasing this ratio. In contrast, the M/Ru ratio
must be kept below two in nonaqueous solvents to avoid the
formation of intractable oily materials from tetrabutylammo-
nium oxometalates. Whereas the windmill-type molybdenum
clusters [{Ru(p-cymene)},Mo0,0,,]?* (6a) and 6b are easily
obtained in aqueous solution, the tungsten analogues 1 are
preferably formed in acetonitrile. Condensation of (nBu,N),-
[WO,] with (arene)ruthenium dichloride dimers in refluxing
water instead yields either 3a or 4. The effect of the arene
ligand is also illustrated by the fact that the analogue of 4 with
p-cymene could not be obtained to date, and that condensa-
tion of (nBuyN),[Mo0,0,] with [{(CiH¢)RuCl,},] or [{(p-
MeC¢H,iPr)RuCl,},] in methanol yields the rhombic hetero-
metallic clusters [{Ru(arene)},Mo,0,(OMe),]?*! rather than
[{Ru(arene)},Mo;0,s{Ru(n®-arene)(H,0)}] and (nBu,N),-
[{Ru(arene)},Mos0,,(OMe),], as were obtained with [{(7°-
C¢Meg)RuCl,},].

Reactivity in solution: While compounds 1a, 1b, and 6b
retain the windmill-type geometry in chlorinated solvents,
according to NMR spectroscopy (see below), 6a undergoes
isomerization to the triple-cubane geometry. The equilibrium
was found to depend on the solvent: while the windmill and
the triple-cubane forms are present in nearly equal concen-
trations in CHCI; at room temperature, the triple-cubane
form is largely predominant in CH,Cl,.2! Although 1a does
not isomerize in solution, crystals of 2 slowly deposit from
toluene-layered solutions of 1a in acetonitrile or dichloro-
methane, and 3a is readily obtained from an aqueous solution
of 1a. These observations are witness to the reactivity of 1a,
which warrants further study. On the other hand, the 7O
NMR spectrum of a solution of 2 in chloroform that was
heated to reflux overnight in the presence of "O-enriched
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water, shows, besides the signals of 2, four weak signals
attributed to 1a.

Spectroscopic characterization: The clusters reported here
can be divided into four structural types for which IR
spectroscopy provides clear fingerprints between 1000 and
500 cm~!. The IR spectra of compounds with the windmill-like
geometry (1 and 6) display four distinct absorption bands, one
above 900 cm~!, two in the range 730-820 cm~' and one
below 650 cm~!. The IR spectrum of 2, like those of other
multi-cubane-type clusters such as [{Cp*Rh},Mo0,0,¢],?* and
[{Cp*Rh},M0,0,,] 7" shows two bands characteristic of cis-
MO, fragments around 900 cm~!, while other bands associ-
ated with the oxometal core appear below 700 cm~t. Com-
pounds 4 and S display similar IR spectra, with three bands in
the range 880-950 cm™! and one below 730 cm~. In contrast,
3a and 3b present a pattern of four bands between 950 and
730 cmL.

The 'H NMR spectra indicate that all arene ligands are
magnetically equivalent in 1a, 1b, 2, and 6b, which is
consistent with the retention of the solid-state molecular
structures on dissolution in chlorinated solvents. Three signals
of equal intensity are observed for 4 and 5, and three sets of
signals with relative intensities of 2:1:1 for 3a, which again is
in agreement with the crystal structures. Two sets of signals
whose relative intensities depend on the solvent are observed
for the p-cymene ligands in 6 a, which suggests the presence of
two distinct p-cymene-containing clusters, which were iden-
tified as the windmill and triple-cubane isomers by O NMR
spectroscopy.?!! Free rotation of arene ligands around the
ruthenium —arene bond axis was observed for all compounds
except 1a, the 'H NMR spectrum of which in CDCl, displays
four doublets for aromatic protons and two doublets for the
methyl groups of the isopropyl substituent.

The 7O NMR spectra of enriched samples of 1a,1b, and 6b
in chloroform display four signals with relative intensities
1:1:1:1. They are assigned to terminal (O,), two types of
doubly bridging and quadruply bridging oxo ligands, in the
order of increasing shielding, which is consistent with the
windmill geometry. In contrast, the 7O NMR spectrum of 6a
in dichloromethane or chloroform consists of two sets of
signals: one is assigned to the windmill isomer, and the other,
which is composed of three signals of relative intensities 2:1:1,
to the triple-cubane isomer by comparison with [(Cp*Rh),
Mo,0,¢] .17

Mo or '8W spectra have been obtained only for a few
compounds due to solubility problems. The W spectrum of
1a in chloroform displays a single signal, while that of 3a in
methanol exhibits four signals; this is consistent in both cases
with the retention of the solid-state structure upon dissolu-
tion. The Mo NMR spectrum of 5 in chloroform shows three
signals of relative intensities 2:2:1, also in agreement with the
crystal structure, and that of 6a displays two signals whose
relative intensities depend on the solvent, in accordance with
the equilibrium between the windmill and the triple-cubane
forms.

The UV/Vis spectra of 1-6 are reminiscent of those of the
(arene)ruthenium dichloride dimer precursors, that is, they
display two metal-to-ligand charge-transfer transitions be-
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tween 300 and 450 nm. Ligand-to-metal charge-transfer
transitions involving oxo ligands are observed at higher
energy.

Crystal structures: Compounds 1b-4H,0-CHsMe, 2-
3H,0,” 3a-14H,0, 4-3H,0, and 5-2H,0 -MeCN were
characterized by single-crystal X-ray diffraction.

The molecular structure of 1b in 1b-4H,0-CiHsMe is
displayed in Figure 1. The cluster has a windmill-like geom-
etry quite similar to that of [{Ru(p-cymene)},M0,0] (6a) in
6a-2CHMe.? In the course of our studies, we obtained
additional X-ray diffraction data for 6a and 6a- C;HsMe. The
molecular structure of 6a in these crystals is the same as in
6a-2CH;Me.%] X-ray diffraction data were also obtained
for 1a- C¢HsMe: despite the poor quality of the data due to

Figure 1. Structure of 1b (top) and of its oxometallic core (bottom; 20 %
probability thermal ellipsoids in both).[*]
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decay during data collection, the molecular structure of 1a
emerged clearly from the crystal structure determination and
again is similar to those of 1b and 6a. There is also no doubt
that 6b, whose IR spectrum is similar to those of 1a, 1b and
6a (see above), also displays the same geometry. Thus the four
isostructural clusters 1a, 1b, 6a, and 6b contain a [M,O]*~
polyoxoanion (M=Mo, W) that supports four {(z°-are-
ne)Ru}** fragments. They can alternatively be viewed as
being composed of four edge-sharing incomplete cubane-type
units [{Ru(y7%-arene)}(WO;),(u-0)3(u5-0)]°".

While the centrosymmetric cluster 2 (Figure 2) has a face-
sharing double-cubane framework consisting of two fused
[{Ru(°-arene)},(WO;),(15-O),]* cubes,Pl the centrosym-
metric anion of 3a is made up of two crystallographically
equivalent cuboidal [{Ru(arene)}(WOs);(u3-O);(us-OH) >~
clusters linked together by two equivalent cis-{WO,}** groups,
each of which supports a {Ru(arene)(H,O)}** unit (Figure 3).
The tungsten atoms of the cubane-like unit are connected to
the linking {WO,}** groups in different ways: while W1 and
W2, which support the Ru6
center, are each connected to
a single {WO,}** group, W4 is
connected to both W3 and W3'.
The linking groups exhibit WO
coordination to two terminal
oxo ligands and four doubly-
bridging oxo ligands, with a
typical two short/two inter-
mediate/two long bonding pat-
tern. The W-O-W bridges are
unsymmetrical: the W—O bond
to the cubane-like unit is con-
sistently shorter than the other.
Consideration of bond valence
sums for the oxygen atoms
revealed that O600 is in a
terminal H,O ligand, while
0124 belongs to a uz-hydroxo
ligand. The structure of
[{Ru(°-p-MeCsH,iPr)},(u-
OH);]*, the cation of 3a (Fig-
ure 4), was previously report-
ed.4

Clusters 4 (Figure5) and §
(Figure 6) can be described on
the basis of two edge-sharing

Figure 2. Structure of 2.

[{Ru(arene)}(MO;)5(us-0),}]¢ Figure 3. Structure of the anion in 3a (20 % probability thermal ellipsoids).[!

cubes linked by two oxo li-

gands, whereby one cube sup-

ports a {Ru(7%-CsMeg)(H,0)}*>* fragment. The cubic arrange-
ment in compound 4 is very similar to that reported for
[TeMogO4(OH,) >~ Alternatively, 4 and 5 can be viewed as
lacunary Lindqvist-type polyanions [M;O ]~ supporting one
{Ru(n°-C¢Meg)(H,O)}** and two {Ru(#°-C¢Me,) > fragments.
Each {Ru(7°-C¢Me¢)}** fragment is attached to a triangle of
bridging oxygen atoms, as is observed in a number of
polyoxoanion x30O-supported organometallic compounds,[®
while the {Ru(7%-C,Me,)(H,O)}** fragment is bound to two
adjacent oxygen atoms of the four that delineate the vacancy

3904

Figure 4. Structure of the cation in 3a (20% probability thermal ellip-
soids).140]
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Figure 6. Structure of 5 (20% probability thermal ellipsoids).[“6!

in the polyanion, in a similar way to the {Cp*Rh(H,0)}**
fragment in [{Cp*Rh(H,0)}Mo50,;(OMe),(NO)].129

All the MO, cores identified in 1-6 are highly distorted.
The edge lengths of the central W,O, unit in 1b range from
2.054(5) to 2.495(6) A. They reflect the various influences of
trans ligands: the W1-024 and W2—-0113’ bonds trans to
terminal oxo ligands are about 0.4 A longer than the
W1-0113, W1-0113', W2—-024 and W2—024' bonds, which
are trans to u-oxo ligands. Similar effects are observed in
6a.2%1Tn 2, the edges of the face shared by the two fused cubes
are lengthened owing to the trans influence of terminal oxo
ligands. In 3a, the mean length of the edges involving 0124,
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which is trans to the terminal oxo ligands at W1, W2, and W4
and is also protonated, is about 0.18 A longer than the mean
length of those involving 012, O14, and O24. Although 4 and
5 are quite similar, a close examination reveals some small but
systematic differences. Indeed, the effect of the {Ru(#°-
C¢Meq)(H,O))** fragment on the geometry of the supporting
cube is more apparent in 5 than in 4. The M—O bonds which
support the Ru6 center are slightly longer in 5 than in 4, and
the short/long alternation of frans bonds is more pronounced
along the 0202-Mo2-O12-Mo1-015-Mo05-0501 and O302-
Mo03-013-Mo1-014-Mo04-0401 sequences in 5 than along the
corresponding 0202-W2-012-W1-013-W3-0302 sequence in
4. It follows that the cube supporting the Ru6 fragment is less
distorted than the other one in 5. This might be connected
with the observation that the displacements of the metal
atoms in iso-?2l and heteropolyanions,?”® which render some
anions chiral,?®! are usually much less pronounced in tung-
states than in molybdates.

All the ruthenium centers are formally six-coordinate and
achieve a 18-electron configuration by coordination to three
bridging oxo ligands, two bridging oxo ligands and one
molecule of water, or three bridging hydroxo ligands in the
cation of 3a. For any Ru(7°%-arene) fragment, the Ru—O bond
lengths are quite similar when the ruthenium atom is attached
to a triangle of chemically equivalent oxo ligands, as is the
case in 3a, 4, and 5. In contrast, the Ru(%-C,;Me;) fragments
are unsymmetrically bonded to the polyoxoanion core in 1b,
and the Ru—(u,-O) bonds are significantly longer than the
Ru—(u-O) bonds. However, no significant difference is
observed between the Ru—(u-O) and Ru—(u,-O) bond lengths
in 6a,2 nor between Ru—(u;-O) and Ru—(u,-O) bond
lengths in 2. Hence, the asymmetry observed in 1b possibly
reflects steric effects and is reflected in the 'H NMR spectro-
scopic properties of this compound.

Discussion

There are two interdependent issues regarding the syntheses
and structures of 1-6: 1) Does the distinction established by
Finke et al.*?l between incorporated and supported organo-
metallic fragments still apply to such compounds? 2) Do the
results provide some insight in the formation pathways of
these compounds ?

The distinction between polyoxometalate-supported and
polyoxometalate-incorporated (or -integrated) organometal-
lic species is somewhat arbitrary, because it primarily relies on
the recognition of a central oxometal core which can exist in
the free form or, at least, which can be recognized as a
common structural type in polyoxometalate chemistry. In the
above description of the structure of 4, two {Ru(arene)}**
moieties were viewed as being integrated in cubic cores, while
the third was considered to be supported on a cubane surface.
Alternatively, the structure of 4 could be viewed as a central
lacunary Lindqvist-type {W;O,5}°~ polyoxotungstate core that
supports three {Ru(arene)}’** moieties. Similarly, the vana-
dium compounds [{Ru(7°-p-MeCsH,iPr)},V,0,,]?® and
[(RhCp*),V4Oy6] can be viewed as Lindqvist-type anions
[V4O,q]% supporting four organometallic fragments, or alter-
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natively as four edge-sharing [M(VO);L;(u;-O);] cubes (M =
Ru, Rh; Ly=arene, Cp*).””! Beyond apparent structural
relationships, a detailed analysis of the geometry could
provide a clue to distinguishing between supported and
integrated complexes. Indeed, structural changes in the
oxometal core upon the attachment of organometallic units
are expected to be larger in integrated than in supported
compounds. Among the derivatives of the lacunary Lindqvist-
type [Ms5O5]% ions (M =W, Mo), the [Cp'TiM;O5]*~ com-
plexes (Cp'=CsHs, CsMes; M=Mo, W)P) are usually
considered to be integrated derivatives, while the lanthanide
complexes [Ln(W;O;),]" Y appear to be best described as
supported derivatives. Indeed, although the free ligands are
unknown, the structural changes upon coordination of the
titanium center are larger than with lanthanides. Let us use
the subscripts ax and eq to distinguish the two kinds of
terminal oxo ligands linked to the four metal atoms that
delimit the lacuna in the [M;O]*~ ions. The M—O,, and
M-O,, bond lengths are likely to be roughly equal in the free
ligands. The difference is only 0.05 A in [Ln(WsO),]"
(average for complexes in ref. [31]), while it increases to
0.15 A in [{Ti(17>-CsHs)}WsO 5>~ Similarly, it appears that
the M—O bonds involved in the binding of the {Ru(#°-
arene)}(H,0O)}** fragment in clusters 3a, 4, and 5 retain
appreciable multiple bond character, so that these fragments
are best described as supported, as is also the case for the
{Cp*Rh((H,O)}** fragment in [{Cp*Rh((H,O)}{Mo;sO;;-
(OMe),(NO)}]~.1!

The other two Ru-containing units in 4 are of a different
type. Since the bond length range involving doubly and triply
bridging oxygen atoms may overlap, the conclusion about the
nature, supported or integrated, of the organometallic frag-
ments is not straightforward in this case. Tentatively, we can
compare the W—O bond lengths within OW,Ru groups with
those of OW, groups in the same compound, like comparing
W-0O distances in OWRu with W—O distances involving
terminal oxygen atoms in the previous examples. More
generally, this comes down to comparing, within the same
species, W—O distances in OW,Ru and OW, groups that are
chemically as close as possible (x=1 for Ru6 and x=2 for
Ru7 and Ru8 in 4). This defines what we will subsequently
refer to as an internal criterion, with no need to refer to the
external criterion of a related free polyoxometalate ligand. In
4, the W1—0O12 and W1—013 bond lengths (av 1.92 A) are
similar to those of W2—023" and W3—023 (av 1.90 A), while
those of W2—022 and W3—033 (av 2.01 A) are 0.1 A longer.
However, the deviation due to the attachment of Ru7 and
Rus8 centers remains small, and we therefore consider them to
be supported. Furthermore, related bond lengths in the
lanthanide derivatives [Ln(W5O0;),]"~ fall in the range of
1.86-2.02 A B

In 1, the average W—O.;pina distance is 1.708 A, as opposed
to an average of 1.805 A for the W1—013, W1-014, W2—023,
and W2—042 bond lengths, that is, only 0.1 A longer. The
latter value compares well with the mean value of 1.803 A for
similar W—O bonds in the WOIr groups of [{Ir(cod)};W,O >~
(cod =1,5-cyclooctadiene).? Discrete cubic [W,O;¢]* with a
lithium cation at its center is found in Li;,[LiW,0].*l The
W-O distances involving terminal and triply bridging oxygen
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atoms were reported to be 1.87 and 221 A, respectively.
Although no standard deviations were given, these seem to be
overestimates, since the corresponding W—(u;-O) bond
lengths in [{Ir(cod)}sW,0,s]> averaged to only 2.104 A [
So, coming back to compound 1, both internal and external
criteria support the description of the arene-ruthenium
moieties as supported.

Since no recognized isopolymetalate structure can be
related to that of 3, only the internal criterion can be applied.
The difference between the average of W1-012, W1—-0O14,
W2-012, W2-024, W4-014, and W4—024 distances
(2.04 A) in OW,Ru groups and that of the W1-0102,
W2—-023, W4—043, and W4—0301 distances in OW, groups
(1.86 A) is 0.18 A larger. This favors the description of the
ruthenium —arene fragments as integrated.

Although alternative descriptions could be offered, cubane-
type {M,(u5-O),} (M=Ru and/or Mo, W) units can be
recognized in 1-6. Thus, compound 2 can be derived from
[{Ru(n%-p-MeC4H,iPr)},(WO;),(u5-O),]*~, while compounds
3-5 can be viewed as based on [{Ru(#°-arene)}(MO;);(us-
0),]°" units (3, 4: M =W, 5: M =Mo). These {RuM;(u;-O),}
and {Ru,M,(u;-O),} cubane-like species are intermediates
between the homometallic {Ru,(u;-O),} and {M,(us-O),}
cores. The {RusM(u;-O),} unit, which would complete the
series, has not been observed so far. The {Ru,(u5-O),} core is
known in [{Ru(#°-C¢Hy)}4(u5-OH),J*+.B4 The {M,(u5-O),} core
is quite common in cyclopentadienyl oxide clusters of
Groups 5 and 6,1 and {Mo,(u-O),}"* cores are found in
multiple cubane-type organometallic oxide clusters®?! and in
extended solids.®) However, discrete [(MOs),(us-0),]3~ clus-
ters (M =Mo, W) are represented solely by [LiW,0,]- !
presumably in part because of the high charge density in such
species, and also because the environment of the metal atoms
violates Lipscomb’s rule.?! Similarly, the species [{Ru(7°-
arene)},(MO;),_,(45-0),]® 29~ (x=1-3) should be quite
reactive. Their stabilization could be achieved in several
ways: 1) Alkylation, that is, replacement of some terminal oxo
ligands by alkoxo groups. For example, the cubane-type
clusters [{M(CO);},(M0O;),(15-O),]*~ (M =Mn, Re) are not
expected to be stable, but they have been isolated as the
methoxo derivatives [{M(CO);},M0,05(OMe)s]~.l"l 2) Cap-
ping by organometallic groups. For example [(WO;),(us-
0),]* is stabilized when capped by six {Ir(1,5-cod)}*
groups.?2 3) Oligomerization by formation of M-O-M
bridges. For instance, [{M(CO);},M040,,(OMe),{MeC-
(CH,0);},)* can be viewed as resulting from the condensa-
tion of two [{M(CO);}Mo;0,(OMe){MeC(CH,0);}]*~ anions
by sharing of two oxo ligands. In this case, however, the
tetranuclear unit does not display the cubane-type geometry
but the alternative rhomblike geometry.['”

Let us discuss the molecular structures of 1-6 according to
the above considerations. As far as Lipscomb’s rule is
concerned, stabilization of the [{Ru(#°-arene)},(MOs),(us-
0),]* only requires the coordination of one further {Ru(#5-
arene)}** group. This would lead to the incomplete double
cubane-type clusters [{Ru(n’-arene)};(MO,),(u-0),(us-O)5-
(us-O)]?~, which were not observed in the course of this work.
However, [{Rh(5°-CsMe;)},(M0O,);(OMe) (u-OMe), (u;-
OMe)(13-O),(u-O)] provides an example for the incomplete
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double-cubane geometry. In this case, stabilization of the
parent [{Rh(’-CsMes)},(MoOs3),(us-O),]*~ core arises from
the coordination of one fac-{MoO,(OMe)}* unit and the
replacement of three oxo ligands by methoxo groups."!
Attachment of another {Ru(z° arene)}** group to the species
[{Ru(nb-arene)};(MO,),(1-O),(us-O)5(us-O) >~ would lead to
double-cubane cluster [{Ru(n®-arene)},(MO,),(u3-O)4(us
O),]. This is actually the structure displayed by 2 (arene = p-
MeC4H,iPr; M =W). Compounds 3a and 3b provide even
more conclusive evidence for the intermediate formation of
mono-cubane cores, in this case [{Ru(#%-arene)}(WOs);(us-
0),]*, or more exactly [{Ru(nf-arene)}(WO5);(us-O);(us-
OH)J>~. Coordination of one {Ru(#°-arene)(H,O)}** group
and one cis-{WO,}** unit prevents violation of Lipscomb’s
rule. Dimerization occurs to fulfil the coordination preference
of the additional tungsten center. Although 4 and 5 could
formally be described as two [{Ru(#°-arene)}(MO;);(u5-0),]°~
(M =W, Mo) cubic units fused by sharing one M—(u5-O) edge,
and further linked by two oxo ligands, the formation pathway
of these clusters more likely involves the incomplete cubane-
type species [{Ru(#°®-arene) (MOs),(u-O);(u5-0)]°~. Such pre-
cubane-type clusters could also be recognized in 1 and 6,
although these compounds are more properly described as
[(MO3)4(u5-O)4]5~ cores capped by four {Ru(y°-arene)}?*
groups. Note that the trinuclear clusters {(MO;);(u-O);(us-
0)} M=V, Nb, Mo, W), which are recurrent units in
polyoxometalate structures, are nothing more than precubane
clusters. Although such clusters are unknown as discrete
species, stable analogues such as [{Mo(H,O0);};(u-O);(us-
O [(TICP*)s(u-O)s(us-CR)F  and  [(TiCp*)s(u-
NH);(u5-N) %] have been characterized, while others such
as [{(Mos(u-0);(us-O)(H,0)s5(u-OH),},]** can be recognized
in oligomers.® Therefore, precubane clusters [{Ru(z’-are-
ne)}(MOs),(u-O)5(u5-0)]°~ could be key intermediates in the
formation of 1-6.

Conclusion

Several polyoxometalates incorporating {Ru(#%-arene)}**
units have been characterized. While [{Ru(#®-arene)},
(MO5)4(u5-0),] (1 and 6), [{Ru(y°-arene)},(WO,)(us-O)(us-
0),] (2), and [{Ru(#°-arene)(WO5);(u3-O);(us;-OH)Ru(°-are-
ne)(H,0)}L(u-WO,),]*~ (3) are based on cubane-type units,
[{Ru(#°-arene)},M;0,5{Ru(#b-arene)(H,0)}] (4 and 5) are
more properly described as a Lindqvist-type lacunary pen-
tametalate polyanion supporting three ruthenium centers. We
are now investigating the influence of the arene and that of
the metal (Mo vs W) on the course of the synthetic pathways
and we are exploring the reactivity of the products.

Experimental Section

Materials: (nBu,N),[Mo0,0,], (nBu,N),[WO,],*" [{(°-p-MeC4H,iPr)-
RuCL},],* and [{(n>-CsMes)RuClL},]#? were prepared as described in
the literature. Na,WO,-2H,0 and Na,MoO,-2H,0 were obtained from
commercial sources and used as received. Organic solvents were of reagent
grade.
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Methods: IR spectra were recorded on KBr pellets on a Bio-Rad FT 165
spectrometer. The ' H, 7O and "W NMR spectra were obtained on a
Bruker AC 300 spectrometer (11.8 T). Mo spectra were obtained on a
Brucker AC 500 spectrometer. Electronic absorption spectra were
recorded with a Shimadzu UV-2101PC spectrometer. Elemental analyses
were performed by the Service Central d’Analyse of the CNRS (Vernaison,
France). O-enriched samples (unless otherwise stated) were obtained by
heating CHC, solutions containing 10% '"O-enriched water at 60°C for
2 h.

Preparation of [{Ru(%p-MeC,H,iPr)},W,0,;] (1a) and [{Ru(y®-p-Me-
CH,iPr)},W,04] (2): (nBuN),[WO,] (0.733 g, 1 mmol) and [{(3°-p-
MeC¢H,iPr)RuClL},] (0.306 g, 0.5mmol) were dissolved in CH,;CN
(15 mL). The mixture was stirred for 5 h at room temperature. The yellow
precipitate of 1a was washed with CH;CN (3 mL). Slow evaporation of the
filtrate at 25-30°C afforded sticky, red crystals of 2-3H,0. 1a: yield:
0.215 g (51%); IR (KBr): =935 (s), 878 (w), 803 (s), 750 (s), 608 (m)
(WO) ecm™'; 'H NMR (300.13 MHz, CDCl;, 22°C, TMS): 0=1.345 (d,
3J(HH)=6.9Hz, 3H; ArCH(CH,),), 134 (d, 3(HH)=6.9Hz, 3H;
ArCH(CH,),), 2.41 (s, 3H; ArCH;), 3.05 (hept, 1H; 3/(H,H)=6.9 Hz,
ArCH(CH,),), 534 (d, 1H; 3J(HH)=5.7Hz, ArH), 556 (d, 1H;
3J(HH)=5.8 Hz, ArH), 5.64 (d, 1H; 3J(H,H)=5.7 Hz, ArH), 5.75 (d,
1H; 3J(H,H) =5.8 Hz, ArH); 7O NMR (40.7 MHz, CDCl;, 50°C, bulk
water): 0 =676 (s,4 0, O,), 399 (s,4 O, 1,-0), 329 (5,4 O, u,-0), 27 (5,4 O, uy-
0); W NMR (20.8 MHz, CDCl;, 22°C, 2 molL~! Na,WO, in alkaline
D,0): 6=351; UV/Vis (CHCL): A, (¢)=390 (3100), 330 nm (sh,
8500 mol~!dm3cm™"); elemental analysis (%) caled for CyHsO,Ru,W,:
C 24.86, H 2.92, Ru 20.92, W 38.05; found: C 24.29, H 2.91, Ru 19.23, W
37.35.2-3H,0: yield: 0.04 g (10%); IR (KBr): #=916 (s), 897 (w; W=0,),
652 (m), 624 (sh), 607 (s), 574 (m), 512 (m; W—O,) cm~!; '"H NMR
(300.13 MHz, CDCl;, 22°C, TMS): 6=1.395 (d, 3/(H,H)=6.8 Hz, 6H;
ArCH(CH,;),), 229 (s, 3H; ArCH;), 3.07 (h, 1H; 3/(H,H)=6.8 Hz,
ArCH(CH,),), 529 (d, 2H; %J(HH)=59Hz, ArH), 534 (d, 2H;
3J(H,H) =5.9 Hz, ArH); natural-abundance 7O NMR (40.7 MHz, CDCl;,
50°C, bulk water): 6 =665 (s, O,), —12 (s, u3-O), —25 (s, #4-0O); UV/Vis
(CHCL):  Apa  ()=400 (sh, 2300), 355 (4000), 292nm (sh,
8000 mol~!dm3cm™"); elemental analysis (%) caled for CyHg,O13Ru W, :
C 31.55, H 4.07, Ru 26.55, W 24.14; found: C 31.59, H 4.19, Ru 25.13, W
23.79.

Preparation of [{Ru(7%-CsMeg)},W,04] (1b): (nBu,N),[WO,] (0.733 g,
1 mmol) and [{(7%-CsMeg)RuCl},] (0.334 g, 0.5 mmol) were dissolved in
CH;CN (15 mL). The mixture was stirred for 5 h at room temperature. The
yellow precipitate was washed with CH;CN (3 mL) and extracted with
CH,Cl,. After concentration to about 5 mL, the extract was layered with
toluene. A batch of crystals with composition 1b -2 C;Hg was obtained after
two days. However, the single crystal selected for the X-ray structure
determination had the composition 1b-C,;Hg-4H,0. 1b-2C,;Hg: yield:
0.3 g(56%); IR (KBr): =931 (m), 818 (s), 757 (s), 591 (m), 497 (m) cm ™! ;
'H NMR (300.13 MHz, CDCl;, 22°C, TMS): 6 =2.20 (s, C{(CH,)s), 2.37 (s,
toluene), 7.14-7.29 (m, toluene); 7O NMR (40.7 MHz, CDCl;, 25°C, bulk
water): 0 =651 (s,40; O,), 409 (s,40; u-0),338 (3,4 0; u-0),33 (5,4 O; uy-
0); UV/Vis (CHCL): A, (€) =404 (3300), 330 (sh, 9200), 285 nm (sh,
13000 mol~'dm?*cm!); elemental analysis (%) calcd for Cg,HggO1sRu,Wy:
C 33.41, H 3.98, Ru 18.14, W 32.99; found: C 33.75, H 3.93, Ru 17.58, W
31.01.

Preparation of [{[Ru(57°-p-MeC, H,iPr)},(#-OH);}, | [{Ru(n°-p-Me-
C,H,iPr)},W;0,,(OH),{Ru(°-p-MeC,H,iPr)}(H,0)},] (3a): A mixture
of Na,WO,-2H,0 (0.656 g, 2mmol) and [{(3*-p-MeC¢H,iPr)RuCl,},]
(0.612 g, 1 mmol) in distilled water (30 mL) was refluxed overnight. The
resulting yellow precipitate was washed with water until the filtrate was
colourless, leaving analytically pure 3a- 6 H,O. Crystals of 3a-14H,O were
grown from a solution of 3a-6H,0 in MeOH/H,0 (1/1). 3a-6H,0: yield:
0.82 g (83%); IR (KBr): #=926 (m), 875 (s), 817 (s), 736 (s; M—O) cm™;
'H NMR (300.13 MHz, CD;OD, 22°C, TMS): 6=1.28 (d, 3J/(H,H)=
6.9 Hz, 6H; ArCH(CHs),), 1,31 (d, *J(H,H) = 6.9 Hz, 12H; ArCH(CH,),),
1.43 (d, 3J(H,H) = 6.9 Hz, 6 H; ArCH(CH,),), 2.20 (s, 6H; ArCHs), 2.23 (s,
3H; ArCH;), 224 (s, 3H; ArCH;), 2.80 (h, 2H; 3/(H,H)=6.9 Hz,
ArCH(CH;),), 29-3.0 (m, 2H), 52-6.1 (m, 16H; ArH); UV/Vis
(MeOH): A, (¢)=400 (sh, 2700), 310 (sh, 9900), 260 nm (sh,
59000 mol~!dm?®cm™!); elemental analysis (%) caled for CgyH,3,0,,RusWy:
C 23.54, H 3.36, Ru 19.81, W 36.04; found: C 23.37, H 3.37, Ru 19.17, W
35.48.
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Preparation of [{Ru(77°-C;Meg)},W;0s{Ru(n®-CMes)(H,0)}] (4): A mix-
ture of Na,WO,-2H,0 (0.820¢g, 2.5mmol) and [{(7°-CsMes)RuCly},]
(0.167 g, 0.25 mmol) in distilled water (10 mL) was refluxed overnight.
The yellow precipitate was filtered and washed first with water and then
with MeOH until the filtrates were colorless. The solid was then extracted
with CH,Cl,. Removal of the solvent from the extract afforded pure 4-
3H,O0. Crystals of composition 4-7H,O were obtained after two days from
a concentrated solution of 4-3H,0 in CH,Cl, layered with toluene. 4-
3H,0: yield: 0.12 g (71%); IR (KBr): 7 =944 (s), 907 (s), 886 (s), 803(w,
br), 727 (s) cm~'; '"H NMR (300.13 MHz, CDCl;, 22°C, TMS): 6 =2.20 (s,
18H), 2.27 (s, 18H), 2.34 (s, 18 H); UV/Vis (CHCl;) A, (¢) =390 (sh,
5400), 339 nm (8200 mol~'dm?cm™!); elemental analysis (%) calcd for
C3Hg,O5,Ru; Wit C 20.90, H 3.02, Ru 14.65, W 44.42; found: C 20.84, H
3.01, Ru 14.62, W 41.69.

Preparation of [{Ru(#°-C¢Meg)},M0;05{Ru(°-CiMes)(H,0)}] (5) and
[{Ru(n®-CiMeg)},M0,04] (6b): A mixture of Na,MoO,-2H,0 (0.605 g,
2.5 mmol) and [{(7°-C¢Megs)RuCl,},] (0.167 g, 0.25 mmol) in distilled water
(10 mL) was stirred at room temperature for two days. The red precipitate
was collected by filtration and washed with water until the filtrate was
colorless. The solid was first extracted with MeOH and then with CH,Cl,.
Evaporation of the CH,Cl, extract afforded pure 5-2H,0O. Slow evapo-
ration of the MeOH extract afforded a yellow crystals of 6, which could
alternatively be obtained by evaporation to dryness followed by extraction
with CH,Cl,. Crystals of composition 5- CH;CN -2H,O suitable for X-ray
analysis were obtained from a solution of 5§-2 H,O in acetonitrile. 5-2H,0O:
yield: 0.063 g (24 %); IR (KBr): 7 =923 (s), 895 (m), 853 (s), 706 (m) cm™';
'H NMR (300.13 MHz, CDCl;, 22°C, TMS): 6=2.22 (s, 18H), 2.23 (s,
18H), 2.30 (s, 18 H); Mo NMR (500 MHz, CDCl;, 22 °C, external aqueous
alkaline Na,MoOQ,): d =150 (s, 2Mo), 95 (s, 2Mo), 55 (s, 1Mo); UV/Vis
(CHCL;) Anyax (6)=470 (sh, 5200), 340 nm (sh, 8900 mol~'dm3cm™!);
elemental analysis (%) calcd for C3;HgMosO, Ru;: C 26.83, H 3.75, Mo
29.76, Ru 18.81; found: C 27.85, H 3.50, Mo 28.60, Ru 18.25. 6b: yield:
0.066 g (33%); IR (KBr): =917 (s), 792 (s), 744 (s), 584 (m), 496
(m)ecm™'; 'H NMR (300.13 MHz, CDCl;, 22°C, TMS): 6=2.20 (s,
Cs(CH;))); 7O NMR (40.7 MHz, CDCl;, 22°C, bulk water): 6 =800 (s,

Table 1. Crystal structure data for 1b, 3a, 4, and 5.

40; O)), 542 (s, 40; u-0), 452 (s, 40; u-0), 69 (s, 40; uy-0); UV/Vis
(CHCI3) Apax (8) =410 (sh, 7200), 330 nm (13400 mol~'dm?*cm!); elemen-
tal analysis (%) calcd for C,H;,0,Mo,Ruy: C 34.05, H 4.29, Mo 22.67, Ru
23.88; found: C 34.12, H 4.35, Mo 21.66, Ru 23.29.

Alternative preparation of 5: A solution of (n-Bu,N)[Mo,0O;] (0.394 g,
0.5mmol) and [{(7*-C¢Meg)RuClL},] (0.167 g, 0.25mmol) in MeOH
(10 mL) was refluxed for 4 h. The red precipitate was filtered off and
washed with MeOH until the filtrates were colorless. The solid was then
extracted with CH,Cl,, and evaporation of the solvent afforded 5-2H,0O,
which was identified spectroscopically; yield: 0.24 g (91 % ).

Crystal structure analyses: Crystal structure data are summarized in
Table 1. Data were recorded at room temperature on an Enraf-Nonius
CAD#4 diffractometer or an Enraf-Nonius MACH3 with graphite-mono-
chromated Moy, radiation (1=0.71069 A). Crystals were put in glass
capillaries filled with the mother liquor. Lattice parameters and the
orientation matrix were obtained from a least-squares fit of 25 automati-
cally centered reflections in the range 14-14.2° for 1b, 3a and 5, and 10—
10.2° for 4. References were periodically monitored for intensity and
orientation control. Intensities were corrected for Lorentzian and polar-
ization effects and for absorption (empirical). Only those with >3 0([)
were retained for calculations. Data processing was performed with the
program CRYSTALS.* The structures were solved by direct methods!*!
and subsequent electron density maps. Clusters 1b and 3 were refined
anisotropically except for carbon atoms, while 4 and 5 were refined
isotropically except for metal atoms. In all cases solvent molecules were
refined isotropically. Hydrogen atoms were not included in the refinements,
except for 5, for which they were introduced in calculated positions and
refined with a unique isotropic thermal parameter. Neutral-atom scattering
factors were used, and anomalous dispersion correction was applied.[*’]
Final residuals are listed in Table 2. Molecular structures were drawn with
the program CAMERON.* The crystal structure of 2-3H,0 was
previously reported.?!l The anions in 3a-14H,O are located at crystallo-
graphic inversion centers, and the asymmetric unit contains one “{Ru(#°-p-
MeCH,iPr)}W,0,(OH){Ru(3°-p-MeC,H,iPr)}~” half-anion in addition to

1b-4H,0- C;Hg

4-7H,0 5-CH,CN-2H,0

3a-14H,0
formula CgoH;5,05,RugWy
M, [gmol '] 4225.43
color dark yellow
crystal system monoclinic
space group P2,/n
T ambient
a[A] 14.125(3)
b[A] 28.027(4)
c[A] 17.062(9)
al’] 90
B 99.33(3)
7] 90
V[AY 6665(4)
Z 2
Peaa [g€m ] 210
u[em~1] 79.5
20 [7] 50
decay of standard reflections [%] 55.7
reflections measured 12490
unique reflections (R;,) 11709 (0.053)
observed reflections [/ >3 0(I)] 4711
absorption correction 1 scan [min=1.78
max = 1.80]
refined parameters 432
R 0.058
R, 0.070
weighting coefficients 9.61, —1.99, 7.60
goodness of fit § 1.17
Ap (max/min) [e A3 —1.111.35

CssHgsOnRu, W,

C36H70O26Ru; Wi C3sHgsMosNO, Rug

2208.97 2141.39 1652.82
orange yellow red
monoclinic orthorhombic triclinic
C2lc Pmcn Pl

ambient ambient ambient
19.651(4) 14.791(2) 11.488(4)
15.844(4) 21.796(7) 14.236(2)
24.076(1) 37.913(7) 17.546(5)

90 90 78.96(2)
106.92(3) 90 82.96(3)
90(1) 90 73.97(2)
7171(4) 12222(5) 2700(2)

4 8 2

2.05 2.33 2.03

73.92 103.53 19.66

56 50 50

4.22 5.87 18.7

9201 11693 10018

8636 (0.027) 11184 9451 (0.053)
6042 2910 2719

1 scan [min =1.00, 1 scan [min =0.70, 1 scan [min = 1.00,
max =1.97] max = 1.00] max =1.27]
397 343 322

0.048 0.056 0.067

0.053 0.065 0.075

11.3, —4.52,8.24 4.71, -0.97,3.74 3.80, —0.675, 2.86
0.99 1.10 1.15
—-2211.77 —1.41/1.83 —1.58/1.46

[a] R=Z||F,| — |F.||[/Z|F,| [b] Ry=[ZW|F,| — |[FJ/EwF2)"2 (w=w'[1 —{||F,| — |F.||/(6 o(F,)}*]%, where w' =1/2 A, T(X) and X is F./F. (max) with three

coefficients for a Chebyshev Series).
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Table 2. Selected bond lengths [A] in 1b, 3a, 4, and 5.

1b

W1-01 1.711(6) W1-013 1.825(6) W1-014 1.780(6) W1-0113 2.054(5)
W1-024 2.465(5) W1-0113 2.059(5) W2-02 1.705(7) W2-023 1.795(6)
W2-024 2.077(5) W2-024' 2.056(5) W2-042 1.819(6) W2-0113 2.495(6)
Ru3-013 2.075(6) Ru3-023 2.071(6) Ru3-0O11% 2.161(5) Rud-014 2.085(6)
Rud—024 2.155(5) Rud—042' 2.081(6)

3a

W1-012 2.02(2) W1-014 2.04(2) W1-0101 1.73(2) W1-0102 1.89(2)
W1-0103 1.77(2) W1-0124 2.22(1) W2-012 2.06(2) W2-023 1.86(2)
W2-024 2.02(2) W2-0124 2.24(1) W2-0201 1.72(1) W2-0202 1.78(1)
W3-023' 1.96(2) W3-043' 2.07(2) W3-0102 1.95(2) W3-0301 2.16(2)
W3-0302 1.74(2) W3-0303 1.71(2) W4-014 2.04(1) W4-024 2.05(1)
W4—043 1.86(2) W4-0124 2.24(1) W4—0301 1.81(2) W4—0401 177(1)
Rus5-012 2.08(2) Ru5-014 2.08(2) RuS-024 2.09(1) Ru6-0103 2.06(2)
Ru6-0202 2.05(2) Ru6-0600 2.15(2) Ru7-01 2.08(2) Ru7-02 2.07(2)
Ru7-03 2.14(2) Ru8-O1 2.08(2) Ru8-02 2.08(2) Ru8-03 2.09(2)
4

W1-012 1.92(3) W1-013 1.93(3) W1-0101 1.74(4) W1-0123 2.38(4)
W2-012 2.10(2) W2-022 2.02(2) W2-023 1.89(3) W2-0123 235(3)
W2-0201 1.72(3) W2-0202 1.76(2) W3-013 220(2) W3-023 1.91(3)
W3-033 1.99(2) W3-0123 2.31(3) W3-0301 1.713) W3-0302 1.74(3)
Ru6-0600 2.16(4) Ru6-0202 2.06(2) Ru7-013 2.16(3) Ru7-033 2.14(4)
Ru8-012 2.11(3) Ru8-022 2.08(4)

5

Mol-012 1.96(2) Mol-013 1.97(2) Mol-014 1.91(2) Mol-015 1.87(2)
Mol-0101 1.69(2) Mol-O1111 2.33(2) Mo2-012 2.08(2) Mo2-023 2.002)
Mo2—024 1.90(2) Mo2-0201 1.71(2) Mo2-0202 1.77(2) Mo2-O1111 235(2)
Mo3-013 2.05(2) Mo3-023 1.98(2) Mo3-035 1.90(2) Mo3-0301 1.69(2)
Mo3-0302 1.7702) Mo3-O1111 239(2) Mod—014 225(2) Mod—024 1.91(2)
Mod—045 1.98(2) Mod—0401 1.68(2) Mod—0402 1.70(2) Mod—O1111 2.24(2)
Mo5-015 225(2) Mo5-035 1.92(2) Mo5-045 1.97(2) Mo5-0501 1.66(2)
Mo5-0502 1.68(2) Mo5-01111 2.30(2) Ru6-0202 2.04(2) Ru6-0302 2.02(2)
Ru6-0600 2.17(2) Ru7-0O14 211(2) Ru7-015 2.12(2) Ru7-045 2.13(2)
Ru8-012 2.10(2) Ru8-013 2.10(2) Ru8-023 2.09(2)

a [{Ru(n*-C¢Meg)},(u-OH);]* cation and seven molecules of water. The
clusters and the molecules of toluene in 1b - C;Hg -4 H,O possess crystallo-
graphic C, symmetry, and the asymmetric unit contains one “{Ru(z°-
CsMeg)},W,05” half-cluster, one half-molecule of toluene and two water
molecules, each of which is disordered over two general positions with
equal occupancies. One C¢Meg ligand was also found to be disordered over
two positions with equal occupancies and related through a 30° rotation
around the ruthenium-arene bond axis. The clusters in 4-7H,0 have
crystallographic C,-m symmetry and the unit cell contains two clusters and
water molecules. In 5-2H,0O - MeCN, the clusters and the solvent molecules
occupy general positions. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publica-
tions nos. CCDC-160122 (1b), CCDC-160123 (3a), CCDC-160124 (4), and
CCDC-160125 (5). 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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Convergent Strategies for the Attachment of Fluorescing Reporter Groups to
Peptide Nucleic Acids in Solution and on Solid Phase

Oliver Seitz* and Olaf Kohler!?!

Abstract: The site-selective conjugation
of peptide nucleic acids (PNA) with
fluorescent reporter groups is essential
for the construction of hybridisation
probes that can report the presence of
a particular DNA sequence. This paper
describes convergent methods for the
solution- and solid-phase synthesis of
multiply labelled PNA oligomers. The
solid-phase synthesis of protected PNA

introduced that allows for the on-resin
assembly of modified monomers there-
by omitting the need to synthesise an
entire monomer in solution. Further-
more, it is shown that the application of
a highly orthogonal protecting group
strategy in combination with chemose-
lective conjugation reactions provides
access to a rapid and automatable solid-
phase synthesis of dual labelled PNA

probes. Real-time measurements of nu-
cleic acid hybridisation were possible by
taking advantage of the fluorescence
resonance energy transfer (FRET) be-
tween suitably appended fluorophoric
groups. Analogously to DNA-based mo-
lecular beacons, the dual labelled PNA
probes were only weakly fluorescing in
the single-stranded state. Hybridisation
to a complementary oligonucleotide,

enabled the selective attachment of
fluorescent labels at the C-terminal end
(3’ in DNA) which demonstrated that
further manipulations on protected
PNA fragments are feasible. For the
conjugation to internal sites, a method is

acids

Introduction

A large portion of current approaches towards the diagnosis
and therapy of diseases is gene-oriented by its very nature.
The successful completion of the human genome project will
likely intensify the research efforts aiming at the identifica-
tion, detection and remedy of disease-related genes or gene
sequences. Synthetic compounds that specifically recognise
and bind to a specific DNA or RNA sequence of interest are
therefore of great value.'*] A particularly successful DNA
binding agent is a recently developed class of DNA analogues,
the peptide nucleic acids (PNA) (Figure 1).°] The complete
replacement of the ribose phosphate backbone with an
artificial pseudopeptide backbone resulted in the remarkably
improved binding to complementary nucleic acid sequences
occurring with both high affinity and high selectivity. Despite
its name, PNA is not an acid rendering the hybridisation event
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however, induced a structural reorgan-
isation and conferred a vivid fluores-

cence enhancement.
fluores-
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Figure 1. DNA and its analogue PNA.

largely independent of the salt concentration.'” A partic-
ularly attractive feature is that PNAs are not subject to
nuclease or protease mediated degradation and are thus
highly stable even in living cells. These properties have been
advantageously employed for example in pre-gel hybrid-
isations as alternative to Southern hybridisation,'!l for the
identification of point mutations by PCR clamping['> *] and
fluorescently labelled probes,'* '3 in the fabrication and
usage of PNA probe arrays,[') and in the isolation,!'”] block-
ingl'8211 and restriction24 of genes or mRNAs.

For applications as diagnostical probes PNAs as well as
oligonucleotides have to be equipped with reporter groups.
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However, the highly versatile labelling techniques that
involve the use of enzymes such as terminal transferase are
not applicable since PNA is not a substrate of any of the
known DNA-modifying enzymes. The functionalisation and
labelling of PNA, therefore, has to be accomplished by
chemical means. Most commonly, fluorophores were append-
ed to the N-terminal amino group of PNA oligomers which
corresponds to the 5'-end of oligonucleotides.”>?”) The con-
jugation to the C-terminal carboxyl group (3') is difficult since
access is blocked during the solid-phase synthesis. An alter-
native would be the use of internal conjugation sites that
could be provided by modified nucleobases or backbones.
However, this usually requires the often cumbersome syn-
thesis of modified PNA monomers. It is the aim of the work
presented in here to extend the repertoire of the existing
methodology available for PNA labelling. It will be shown
that the attachment of fluorophores to the C-terminus®! and
to internal conjugation sites!”! is possible by employing
convergent strategies and both solution- and solid-phase
labelling of PNA will be discussed. Focus of these studies is the
rapid synthesis of dual labelled PNA probes®: 3 which may
prove suitable for the sequence specific DNA-detection in
homogeneous solution.

Design principles: It was observed that thermal denaturation
of single-stranded PNA in contrast to DNA showed a phase
transition along with a considerable hyperchromicity, which
indicated that base stacking might be a favourable process
even in unhybridised PNA.BY We reckoned that a suitably
appended fluorescence donor could be located in close
proximity to the fluorescence quencher due to a possible
inter- or intramolecular association of PNA single strands
(Figure 2). As a result collisional quenching and fluorescence
resonance energy transfer (FRET)P2 31 would diminish the
fluorescence of the single-strand 1. The hybridisation to a
complementary nucleic acid (—1-T), however, would induce
a structural reorganisation that would lead to an increase of
the donor—quencher distance. Thus, in the duplex 1-T,
fluorescence would occur serving as a means to detect the
complementary nucleic acid in homogeneous solution. This
process is similar to the fluorescence dequenching that is
observed for structured DNA-based molecular beacons (2 —
2.T).B+31 Structured molecular beacons based on PNAP
and PNA/DNA hybridsP®”! have also been reported. It is
important to note, however, that in the PNA-based approach
outlined in here target-unrelated arm sequences, which serve
to maintain the structural integrity of the probe, would not be
required.

The above-mentioned approach involves the attachment of
two reporter groups, a fluorescence donor and a fluorescence
quencher. Due to the unknown structure of single-stranded
PNA it was unclear how the markers have to be arranged in
order to maximise fluorescence quenching of the unhybrid-
ised PNA 1. Hence, a flexible conjugation strategy was
desired. An approach, that combines terminal and internal
labelling allows for the optimisation of the donor—quencher
distance without simultaneously changing the length of the
PNA oligomer. For terminal labelling a reporter group can be
appended to either the N-terminus or the C-terminus. Both
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Figure 2. Unhybridised PNA forms intra- or intermolecular associates of
unknown structure. The representation of the dual labelled PNA-probe 1 is
intended to illustrate that appropriately appended fluorescence donor and
fluorescence quencher groups could be located in close proximity. The
DNA-based molecular beacons 2 contain target-unrelated arm sequences
and are designed to form a stem-and-loop structure. In both 1 and 2,
fluorescence is quenched due to collisional quenching and fluorescence
resonance energy transfer (FRET). When the probe sequence anneals to
the target sequence T, a structural reorganisation increases the donor-—
quencher distance within the duplexes 1-T and 2-T and fluorescence can
occur.

conjugation sites were envisioned to be useful for the
approach outlined in Figure 2. The N-terminal amino group
is readily accessible during the solid-phase synthesis of PNA
and therefore most labelling techniques were focussed on this
particular site.>?”] However, within the framework of a
research project aiming at the development of PNA ligation
probes, we were also in need for C-terminally modified PNA
conjugates. Unfortunately, during solid-phase synthesis the
growing PNA oligomer is anchored through this carboxyl
group. The liberation of the PNA from the solid phase by
routine procedures usually furnishes unprotected oligomers.
Since selective modification of the C-terminus are difficult to
achieve in the presence of the unprotected exocyclic amino
groups of the nucleobases,?*3 it was planned to employ
protected PNA oligomers. Surprisingly, when we became
aware of this synthetic need there had been no method
reported for the solid-phase synthesis of protected peptide
nucleic acids suitable for further modifications at the C-ter-
minal carboxyl group.*’l

For the attachment of reporter groups to internal positions
conjugation sites are required which can be provided by either
the nucleobase or the aminoethylglycine backbone. In PNA,
the introduction of modified nucleobases or surrogates there-
of can be accomplished by applying the well-established
methodology of amide bond forming reactions rather than the
complex glycosylation reactions that would be necessary for

0947-6539/01/0718-3912 § 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 18





Peptide Nucleic Acids

3911-3925

installing the corresponding modification in DNA. A con-
vergent strategy can therefore readily be implemented by
employing modified nucleobases. The ease of altering PNA at
the nucleobase level had been exploited in several stud-
ies.*'# However, in all these studies, the non-standard
nucleobases were incorporated by using preformed mono-
meric building blocks. A strategy that would omit the need to
synthesise an entire monomer building block in solution
would facilitate the rapid synthesis of modified PNA oligo-
mers.*> %! As the central building block in this approach an
orthogonally protected backbone module such as the Boc/
Fmoc-protected aminoethylglycine 3b*”! would be incorpo-
rated during PNA assembly. After removal of the Fmoc group
the non-standard nucleobase would be coupled, thereby
furnishing the modified monomer on the solid phase.

Results and Discussion

Synthesis of building blocks: Currently, two different PNA-
building blocks are commercially available, Boc/Z- and Fmoc/
Bhoc-protected monomers. The former combine the TFA-
removable Boc group for temporary protection with a HF (or
TFMSA)-cleavable Z-protecting group for permanent pro-
tection of the exocyclic amino groups of the nucleobases.*s #
The latter offer a real orthogonal protecting scheme com-
prised of the base-labile Fmoc group for temporary protection
and the acid-labile benzhydryloxycarbonyl group for perma-
nent blockage.P” Recently, Dts/Z protection was demonstrat-
ed to allow for the solid-phase synthesis of fully protected
PNA amides.P!l In developing a strategy for the solid-phase
synthesis of protected PNA bearing a C-terminal carboxyl
group, a linker of general utility was desirable that could
enable the use of both types of commercially available PNA
building blocks. The allylic HY CRON linker was chosen since
the allylic linkage provides a high degree of orthogonality in
combination with the Boc- as well as the Fmoc strategy.”? For
the synthesis of preformed starting monomer—HYCRON
conjugates such as the cytosine conjugate 6a a nucleophilic
esterification was employed by using the Boc-protected
starting monomers 3a and the allylic bromide 4 (Scheme 1).53!
The subsequent reductive removal of the phenacyl (Pac)

Boc-X-OH  + Br/\/\{o\/}COOPac
4

3a,b,c Br-HYCRON-OPac 4

|2
o
Boc-X-O = COOR
4

5a-c: R = Pac

bl: 6a-c:R=H

Z-HN

\fo

Fmoc
X = HN/\/N\/CO HN/\/N\/CO HNCo
(3a-)6a (3b-)6b (3c-) 6c

Scheme 1. a) sat. aq. NaHCO;, Bu,NBr, CH,Cl, (5a, 83%; 5b, 92%; Sc,
76%); b) Zn, AcOH (6a, 79 %; 6b, 94%; 6¢, 89 %).
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ester yielded the Boc-protected HYCRON conjugate Sa.
An analogous reaction scheme provided the conjugates Sb
and Sc containing Boc/Fmoc-protected aminoethylglycine 3b
and the N-Boc-protected glycine 3¢, respectively. Unfortu-
nately, in all attempts in which a Boc/Z-protected guanosine
building block was subjected to the nucleophilic esterification,
a complex mixture was obtained with a major product that
contained two HYCRON tethers. However, a concomitant
allylation of other nucleophilic structures can be avoided by
activating the carboxylic group in presence of the anchor
alcohol or by constructing the Boc-G% monomer on the solid
phase (see below).

The  Boc/Fmoc-protected  aminoethylglycine ~ 3b]
(Scheme 2) was obtained in a one-pot synthesis starting from
the N-Boc-aminoethylglycine ethyl ester 78 an intermediate

H leoc
a
BoeHN” N COOEt S~ _N._COOH
7 3b
Scheme 2. a)i) 0.4M NaOH/EtOH (5:8); ii) AcOH; iii) Fmoc-OSu, 91 %.

in the synthesis of the conventional Boc/Z-protected PNA
monomers. Saponification of the ethyl ester was followed by a
careful adjustment to pH 8 and subsequent addition of Fmoc-
OSu. Crystallisation furnished the backbone building block
3b in high purity and high yield.

In order to link fluorescent reporter groups to nucleobases
additional conjugation sites have to be introduced. Scheme 3
shows the synthesis of the adenine modification 11. The

cl NH(CH3)sNH2 NH(CH,)sNH-Fmoc
N N N
O I o g o
\N N N N \N N
8 kcoztBu 9 "COBu kcozR

10:R=1Bu
¢ |: 11:R=H
Scheme 3. a) H,N(CH,){NH,, nBuOH, 38 %; b) Fmoc-Cl, NMM, CH,Cl,,
72%; ¢) TFA, 95%.

N-Boc protected N¢-alkylamino tether was chosen because it
directs the attachment of fluorophores to the major groove of
a DNA duplex without detriment to the Watson — Crick base
pairing.”’! The synthesis was achieved starting from 6-chloro-
purine, which was first carboxymethylated to obtain 8.1¢]
After separation from the N’-isomer, 8 was treated with
hexamethylenediamine. Subsequent reaction of 9 with Fmoc-
Cl blocked the primary amino group and treatment with TFA
cleaved the rBu ester to yield 11.

A rapid synthesis of multiply labelled PNA oligomers is
provided by a strategy in which the attachment of the
fluorescent reporter groups is performed on the solid phase.
When a particular nucleobase modification is intended to be
repeatedly used it might be preferable to employ preformed
monomer modifications. Scheme 4 describes the synthesis of
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IR o N o
NN/ N/ N~ N

\—COOH
12 [ R=H 13b(n=3,1) 15a n=3
— R=Boc: 14a,b (n=3, 1) 15b: n=1

H d H
ooty N COaBY e AN COA
16 17
H

HN/\f/)nN*Boc
N)IN>
N\
R =All: 18a,b (n=3, 1
N T (=3,
\(o

15a,b + 17 —_— — R=H: 19ab (n=3, 1)

Fmoc-HN/\/N\/COOR

Scheme 4. a) 13a: H,N(CH,),NH,, nBuOH, 42 %; 13b: H,N(CH,),NH,,
n-BuOH; b) Boc,O, DMAP, Pyr (14a, 51 %; 14b, 44% based on 12);
c)i) O;, CH,Cl,, MeOH; ii) NaClO,, NaH,PO,, 2-methyl-2-butene,
tBuOH (15a, 58%; 15b, 71%); d)i) TFA; ii) SOCl,, All-OH, 84 %;
e) HOBt, DCC, CH,Cl,, DMF (18a, 76%; 18b, 84%); f) MeNHPh,
[Pd(PPhs),], THF (19a, 81%; 19b, 71 %). (DCC = N,N'-dicyclohexylcar-
bodiimide).

Fmoc/Boc-protected adenine monomers suitable for a syn-
thetic strategy in which all reactions including the labelling
reactions can be performed on the solid phase. As starting
material 6-chloropurine was subjected to a regioselective
allylationP” >8I followed by treatment with tetramethylenedi-
amine or ethylenediamine. Then the primary amino groups of
13a and 13b were protected by reaction with Boc,O. The
conversion of 14a and 14b to the carboxymethylene deriva-
tives proceeded smoothly by ozonolysis and oxidative workup
providing the Boc-protected N %-aminoalkyl-N °-carboxymeth-
yladenine 15a and 15b. The protected aminoethylglycine unit
17 suitable for the coupling with 15a and 15b was synthesised
from the known backbone 16.°°1 Treatment of 16 with TFA
liberated the carboxyl group, which in a Brenner-type
esterification was converted to the allyl ester 17.% This
seemingly tedious scheme avoids the J-lactam formation
which can be observed when N-deprotected aminoethylgly-
cine allyl esters are employed. The couplings of the carboxy-
methylated nucleobases 15a and 15b with the backbone 17
were accomplished by activation with DCCI®Yl and HOBL.[?]
Finally, Pd’-catalysed allyl transfer to N-methylaniline fur-
nished the Fmoc/Boc-protected adenine modifications 19a
and 19b.

Solid-phase synthesis: For the synthesis of the model tetra-
mers 23 and 24 the loading was commenced by coupling the
acetylated HYCRON handle 2053 to aminomethylated poly-
styrene resin (Scheme 5). For the determination of the loading
yield an NMR assay was developed. A few beads of resin 21
were treated with a mixture of deuterated sodium methoxide
in CDCl; that contained toluene as an internal standard. The
acetate formed was quantified by NMR which revealed a
quantitative loading reaction. Saponification of the HY-
CRON-resin 21 liberated the allylic hydroxyl group which
was subjected to a esterification using N-Boc protected
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o COOH
Ac-0” Vo)’V
20 Ac-HYCRON 3
l a
o
o
AC-O/\/\/ é/\OM N_o
3 H
21
l b, c
0
o
BocX-0" N éﬁoM N
3 H

22a (X=C?)
l l l d, e

22b (X=Gly)
23: Boc-Phe-GZ-G%-C%-OH
24: Ac-C?-C%-GZ%-Gly-OH

Z-HN
= N
) LY
0" N ZHNT N7 N
\fo \fo
HN/\/N\/CO HN/\/N\/CO
c? G?

Scheme 5. a) HBTU, HOBt, NMM, CH,Cl,, aminomethyl-polystyrene;
b) IN NaOH/dioxane (1:3); c) Boc-X-OH, DIC, DMAP, d)i) TFA/m-
cresol (95:5); ii) Boc-B2-COOH, HBTU, iPr,NEt, Pyr; iii) Ac,O/Pyr;
iv) repeat i) —iii); e) [Pd(PPh;),], morpholine, DMSO, DMF (23, 36 %, 24,
35% based on aminomethyl-polystyrene). (DIC = N,N'-diisopropylcarbo-
diimide, HBTU = O-(benzotriazole-1-yl)-N,N,N',N'-tetramethyluronium-
hexafluorophosphate, HOBt = 1-hydroxy-benzotriazol, NMM = N-meth-
ylmorpholine).

starting monomers. The subsequent solid-phase synthesis was
performed according to the Boc strategy using the loaded
resins 22a and 22b. In this and all other syntheses acetylation
was employed as a means to cap eventually unreacted amino
groups. The final detachment was accomplished by a Pd’-
catalysed allyl transfer to the nucleophile morpholine. Puri-
fication by silica gel chromatography or size-exclusion
chromatography afforded the protected PNA-oligomers 23
and 24 in 36 and 35 % overall yield, respectively. It should be
mentioned that the protected PNA oligomers were poorly
soluble, which might also be responsible for the broad peaks
observed in HPLC analysis. MALDI-TOF analysis, however,
clearly confirmed the identity of the protected PNAs 23
and 24.

The determination of the relatively low overall yields
reached in the synthesis of 23 and 24 was based on the initial
loading of resin 21 with reactive acetyl groups. It thus seemed
that the esterification using polymer-bound alcohols did not
reach completion. In order to test this hypothesis it was
planned to draw on amide bond forming reactions rather than
esterification reactions, thereby employing an amino func-
tionalised resin and preformed conjugates of the starting
monomer and the HYCRON linker. Hence, HYCRON-
conjugates 6a and 6¢ were coupled with the solid support
(Scheme 6). Application of the solid-phase synthesis protocol
as described above was followed by the Pd’-catalysed
cleavage of the allylic linkage. The subsequent chromato-
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6a,c

l a
Boc-x-o/\/\{o\/‘}co-HN—O
4

(6a-) 22a
I v

(6c -) 22c
(22a-)25 Boc-Gly-G%-G?-C%-OH
(22c-)24  Ac-C?-C%G?-Gly-OH
Scheme 6. a) aminomethyl polystyrene, HBTU, iPr,NEt, HOBt, DMF;
b) Ac,0, Pyr; c) Boc/Z-PNA solid-phase synthesis (see Scheme 5);
d) [Pd(PPh;),], morpholine, DMSO, DMF (24, 59 %; 25, 67 %).

graphic purification afforded the protected PNA-oligomers 24
and 25 in 59% and 67 % overall yield, respectively. This high
overall yield was based on the initial loading of the
polystyrene resin with reactive amino groups. It is, thus,
noticable that the attachment of the starting monomers
through preformed linker conjugates allowed a highly effi-
cient solid-phase synthesis.

It has to be noted that for a general applicability of the
above-mentioned strategy a set of at least four different
starting monomer — HYCRON conjugates would be required.
In addition, the synthesis of conjugates that contain acidic
structures such as the guanine imide system has to be
performed by acylating esterification, which for the HY-
CRON anchor is less efficient than nucleophilic esterification.
An alternative loading procedure employs the Boc/Fmoc-
protected aminoethylglycine conjugate 6b as a common
precursor (Scheme 7). Attachment of 6b onto the solid
support furnished the precursor resin 26. Treatment with
DMF/morpholine liberated the secondary amino group,
which subsequently was coupled to carboxymethyl guanine
g%-OH. The success of this on-resin synthesis*>*! became

apparent when a part of the resulting resin 27 was subjected to
the Pd’-catalysed allyl cleavage. The Boc/Z-protected guano-
sine monomer was released in a yield of 61 % based on the
initial loading of resin 26 with Fmoc groups, which exceeds the
yield of 52 % that can be accomplished in the solution-phase
synthesis.[! For elaboration to the oligomer 29a resin 27 was
extended using the described Boc/Z methodology. The final
Pd’-catalysed cleavage and subsequent HPLC purification
afforded the protected 7-mer 29a in an overall yield of 36 %.
However, the coupling of the carboxymethyl guanine to the
polymer-bound aminoethylglycine did not reach completion
and the corresponding acetylated derrivative 29b, which was
easier to purify, was isolated in 39 % yield.

The on-resin synthesis of PNA monomers was advanta-
geously applied for the assembly of PNA-conjugate 32, which
provides an conjugation site at an internal position. Starting
from resin 26 the linear solid-phase synthesis proceeded as
described. Introduction of the aminoethylglycine 3b yielded
the orthogonally protected PNA-backbone resin 30. After
removal of the Fmoc group the adenine modification 11 was
coupled by using HATUI* activation and prolonged coupling
times. The photometric determination of the Fmoc loading
revealed a quantitative yield for the incorporation of 11. The
subsequent chain elongation was followed by the Pd’-cata-
lysed cleavage in presence of N-methylaniline as an allyl
scavenger. As the analysis of 29a and 29b had suggested it
seemed possible that the on-resin synthesis of the starting
guanosine derivative did not reach completion. MALDI-TOF
analysis showed two major peaks (Figure3). One was
assigned to the desired product and the other to a product
from incomplete coupling of the carboxymethyl guanine gZ-
OH. A compound indicative for a failed introduction of the
adenine modification 11 was not detectable by MALDI-TOF
MS. This nicely confirmed the Fmoc-loading analysis which
had indicated a quantitative yield for this on-resin coupling.
The final HPLC purification furnished the PNA heptamer 32

o
o
HN S
HN N s
N ZHNT N7 N
ZHNJ\\N N o
Fmoc o B \CooH o
\ g%-OH N
6b — Boc»NH/\/N\/I\HYCRON-NH—O Boc-NH ™ \/I\HYCRON-NH—O
Boc-Aeg(Fmoc)-HYCRON-PS 26 c.d Boc-GZ-HYCRON-PS 27
o
(CH3)gNH-Fmoc
HN Y |
PN Ac-GZ-CZ-CZA-CL-GZ-GZOH 32
ZHNT NN
] o
m eg
N__COOH 28
Boc-NH ™ >~
eg NH(CHj)gNH-Fmoc
27 —>,  Ac-G%C?%C%AZ-C?G?Aeg(R)-OH  29a: R=¢? N/‘ N\>
29b: R=Ac k\N N
Fmoc K(O
e l\’l CO-CZGZGZ-HYCRON-NHO c f N CO-CZGZGZ-HYCRON-NHO
L~ BocNH > 7 — = BocNH T

30

31

Scheme 7. a) aminomethyl polystyrene, HBTU, iPr,NEt, HOBt, DMF; b) Ac,O, Pyr; c) DMF/morpholine; d) HATU, iPr,NEt, DMF; ¢) Boc/Z-PNA solid-
phase synthesis (see Scheme 5); f) 11, HATU, iPr,NEt, DMF; g) [Pd(PPh;),], morpholine (MeNHPh for 32), DMSO, DMF (28, 61 %; 29a, 36 %; 29b, 39 %,
32, 50 % ).(Aeg = aminoethylglycine, HATU = O-(1-oxy-7-azabenzotriazole-1-yl)-N,N,N',N'-tetramethyl-uronium hexafluorophosphate, PS = polystyrene).
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a) (QHZ)SNH—Fmoc b)
Ac-GZC?C?AC?G?-Aeg(Ac)-OH internal
reference
32
32
2500 3000 3500 2500 3000 3500 mass (m/z)

Figure 3. MALDI-TOF-MS of a) crude 32 as obtained after resin cleavage
and of b) purified 32 that was mixed with the f-chain of bovine insulin as
internal reference.

protected by six Z groups and one Fmoc group in an overall
yield of 50% (based on the Fmoc loading of 26). It can be
concluded that the introduction of the adenine modification
11 proceeded smoothly whereas it proved difficult to achieve
a quantitative on-resin synthesis of the guanosine monomer
(Scheme 7).

C-terminal and internal PNA labelling in solution: Fully
protected PNA oligomers such as 23-25, 29a and 32 allow for
selective modifications at the C-terminal carboxyl group. In
order to assess the feasibility of coupling reactions which
employ oligomeric PNA as acylating agents, the tetramer 25
was used as a model compound, activated with EDCI®! in
presence of HOAt and coupled to the fluorescein —ethylene-
diamine conjugate 33al®! (Scheme 8). After size exclusion
chromatography the C-terminally labelled PNA 34a was

a c, b
H2N(CH)NHED
33a: Dye= FIT
33b : Dye= Dans
Boc-Gly-G2-GZ-CZ-X-{313 (CHz)sNH2

34a: Dye= FIT; 34b : Dye= Dans Ac-GCCACGG-X-ElUH

X= HN(CH,),NH 36
l b (CHy)2l l b d
H-Gly-G-G-C-X-CEID (CIHZ)SNH—
35 Ac-GCCACGG-X-3El 37
o o OH
o) 'S
Q ™ N
e om
o COOH
o
MeZNON:N—@§—R i
o)
Dabs (Dabs-Cl, R=Cl) S FIT

Scheme 8. a) 25, EDC, HOAt, DMF, CH,Cl, (34a, 64 %); b) m-cresol,
Me,S, TFA, TFMSA (1:1:10:1) (35, 60 % based on 253 36, 66 % based on
32); ¢)i) 32, EDC, HOAt, DMF, CH,Cl,; ii) DMF/morpholine (1:1);
d) 4 equiv Dabs-Cl, sat. ag. NaHCO;, DMF, 50 %. (Dabs = 4-(4'-dimethyl-
aminophenylazo)benzene sulfonyl, Dans=5-dimethylaminonaphthaline-
1-sulfonyl, EDC = Et,(CH,);N = C = NEt - HCI, HOAt = 1-hydroxy-7-aza-
benzotriazol).
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obtained in high yield. However, the acid sensitivity of the
fluoresceinyl group precluded a complete deprotection of
34a. Hence, a coupling to dansylethylenediamine 33b was
used for C-terminal labelling of 25. The successive treatment
of 34b with TFA and trifluoromethanesulfonic acid in TFA
removed the Boc and Z groups. HPLC purification furnished
the C-terminally dansylated PNA 35 in good yield.

In addition to a selective modification of the C-terminus the
protected PNA conjugate 32 enables the attachment of
reporter groups to the Fmoc-protected primary alkylamino
group. First, 32 was coupled to the dansylethylenediamine
33b as described. The subsequent treatment with DMF/
morpholine removed the Fmoc group which was followed by
the acidolytic removal of the Z-protecting groups. A second
reporter group was attached to 36 by using the liberated
primary alkylamino group. The reaction with the fluorescence
quenching 4-(4'-dimethylaminophenylazo)benzene sulfonic
acid chloride (dabsyl chloride) proceeded in high selectivity
forming the dual labelled PNA conjugate 37 in high purity.

The examples presented in Scheme 8 demonstrate that
protected PNAs indeed serve as suitable substrates for the
attachment of reporter groups to the C-terminal carboxyl
group. However, it should be mentioned that although the
conjugation reactions proceeded smoothly, the sometimes
unpredictable solubility properties of protected PNA oligo-
mers can render work-up and purification procedures cum-
bersome.

PNA labelling on the solid phase: In the work described
above the labelling steps have been performed in solution by
using protected PNA oligomers that were obtained by solid-
phase synthesis. The conjugation reactions and the subsequent
work-up involved can be time-consuming, particularly when
more than one reporter group has to be attached. A strategy,
in which all reactions including the labelling steps can be
performed on the solid phase, is thus desirable. For the on-
resin labelling it seemed advantageous to combine internal
labelling with N-terminal labelling since access to the
C-terminus can be hindered on solid phases. The internal
conjugation site would be provided by the N°-aminoalkyl
modified adenine which enabled the efficient conjugation of
36 with the dabsyl moiety (Scheme 8). In the examples
presented above Boc/Z-protected PNA monomers were used.
Many fluorescent labels, however, are subject to degradation
under the conditions required for the removal of the
permanent Z-protecting groups. A solution to this problem
is offered by the combination of a highly orthogonal blocking
group strategy with chemoselective conjugation reactions.
Hence, the use of Fmoc- and Bhoc-protecting groups in
combination with the HYCRON linkage was fashioned. It
enables the application of much milder cleavage conditions in
that the removal of all protecting groups would proceed on
the solid phase being followed by an on-resin labelling
procedure. Finally, Pd’-catalysed cleavage from the HY-
CRON resin would provide particularly mild cleavage
conditions that leave labile fluorophores unaffected.

First, the solid-phase synthesis of 42 was performed, in
order to examine whether the incorporation of the adenine
modification 19a, which contains an unprotected N®amino
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group, into a Fmoc-based solid-phase synthesis would allow
for an efficient solid-phase assembly (Scheme 9). Fmoc/Bhoc-
protected monomers as illustrated in the inset were coupled
using the HYCRON-loaded resin 38. All coupling reactions
succeeded through HATU activation.[!! For the introduction
of the internal conjugation site, the Fmoc/Boc-protected N°-
modified adenine building block 19a was incorporated. After
completion of the chain elongation all protecting groups
including the Bhoc and Boc groups were removed on the solid
phase by treating 40a with a TFA/ethanedithiol/water mix-
ture. The fully unprotected PNA 41a remained bound to the
solid support, thus, allowing for a simple and efficient removal
of scavengers and cleaved by-products. Finally, the Pd‘-
catalysed cleavage accomplished the liberation of the PNA-
conjugate 42. After HPLC purification an overall yield of
30% (based on 39) was reached, demonstrating that the use of
the NOunprotected derivative 19a enables the effective
synthesis of PNA conjugates with an internal conjugation site.
This result was promising for the fashioning of an on-resin
labelling protocol. The solid-phase synthesis of the dual
labelled PNA-oligomers 44 and 45 is shown in Scheme 9.
The chain assembly proceeded as described for 42. After its
completion the resin 40 b was prepared for the chemoselective
conjugation reactions by which the reporter groups should be
appended. The treatment of the fully protected PNA-resin
40b with TFA/ethanedithiol/water mixture removed all
protecting groups including the S-Trityl, N-Boc and Bhoc
groups. The unprotected PNA-oligomer 41b, again, remained
attached to the solid phase. After neutralisation the PNA
resin 41b was reacted with the 4-(4’-dimethylaminophenyl-
azo)benzoic acid hydroxysuccinimide ester (DABCYL-SE).
This reaction led to acylation of both the primary amino group

a

of the N®-modified adenine and the cysteine thiol group. The
latter was cleaved by subsequent treatment with DMEF/
piperidine. Since unprotected thiol groups are prone to form
disulfides, a preventive dithiothreitol reduction was per-
formed. The liberated thiol group was selectively alkylated
by a reaction with 5-(2"-iodoacetamidoethyl)aminonaphtha-
lene sulfonic acid (IAEDANS) furnishing resin 43. The final
Pd’-catalysed detachment proceeded in presence of morpho-
line yielding the dual labelled PNA-conjugate 44. It should be
emphasised that although the chemical yield was modest the
additional hydrophobicity as conferred by the attachment of
the two labels greatly facilitated the purification procedure.
For example, HPLC analysis of a material obtained by simple
C18-SepPak extraction showed two peaks only (Figure 4).
The minor peak resulted from incomplete coupling to the
modified adenine as judged by MALDI-TOF analysis. The
subsequent RP-HPLC purification furnished 44 and the
analogously prepared positional isomer (41c¢— 45) in high
purity. Interestingly, even after repeated HPLC purification,
the MALDI-TOF-MS spectra consistently showed a second
peak with a m/z ratio that was 133 units lower than the
molecular mass. This peak, however, seemed to be associated
with a photochemically induced fragmentation by the MAL-
DI-laser since ESI-MS analysis revealed the presence of a
single peak with the expected molecular mass.

Hybridisation experiments: Both conjugates the dual labelled
PNA-probes 44 and 45 were used in hybridisation experi-
ments targeting the oligonucleotides 46 and 47. Figure 5 shows
the fluorescence spectra of 44 and 45. It became apparent that
the single stranded PNA-conjugates indeed exhibited a
quenched EDANS fluorescence for reasons outlined in
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Scheme 9. a) i) HBTU, HOBt, iPr,NEt, DMF, amino-Tentagel; ii) Ac,O, Pyr (1:10); b) i) TFA; ii) iPr,NEt/DMF (1:9); ¢) Fmoc-T, HBTU, HOBY, iPr,NEt,
DMF,; d) iterative cycles of: i) piperidine/DMF (1:4); ii) Fmoc-BB"-OH, HATU, iPr,NEt, Pyr, DMF; iii) Ac,0, Pyr, DMF; e) i) piperidine/DMF (1:4);
ii) Ac,O, Pyr, DMF; f) TFA/ethanedithiol/H,O (95:2.5:2.5); g) 10 equiv DABCYL-SE, DMF/Pyr/NMM (7:1:1); h) piperidine/DMF (1:4); i) 10 equiv
dithiothreitol, DMF/H,O/NMM (9:3:1); j) 10 equiv IAEDANS, DMF/H,0/NMM (9:3:1); k) [Pd(PPh;),], morpholine, DMSO, DMF, 10% (based on 39).

Chem. Eur. J. 2001, 7, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

0947-6539/01/0718-3917 $ 17.50+.50/0 3917





FULL PAPER

O. Seitz and O. Kohler

a) 44 b) 44
(CH,),NH-DABCYL
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c) 44 d) 44
|
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Figure 4. Analytical HPLC trace at 1 =250 nm of 44 as a) crude material
after SepPak CI18 extraction and b) after purification (conditions as
specified in the experimental part). The ¢) MALDI-TOF-MS of purified
44 consistently showed a second peak, which presumably originates from
fragmentation, with a m/z ratio that was 133 units lower than the molecular
mass. The d) ESI-MS trace, however, revealed the presence of a single peak
with the expected molecular mass.

a) 250

200

50
44

T T T
400 450 500 550 600

Alnm

by 250 -
) 44 (PNA): Ac-VCys*-TTATTATTATTATTA*T-Gly¢
45 (PNA): Ac-"Cys* TTATTATTATTA*TTAT-Gly®
200 4 46 (DNA): 5'-ATAATAATAATAATAA-3'
47 (DNA): 5-TAAATAAATTAAATAA-3'
I 150 -
!

100

50

0 T T T
400 450 500 550 600

Alnm ——

Figure 5. Fluorescence spectra (arbitrary units, calibration based on the
fluorescence of single stranded 44) of the a) PNA-probe 44 and b) PNA-
probe 45. The inset shows the oligomers used (Cys* = Cys(EDANS), A* =
A(N®(CH,),NH-DABCYL)) Measurement conditions: 100 mm NaCl,
10 mm NaH,PO,, 0.1 mm EDTA, pH 7, 298 K, 1 uM in 44 and 45, 4 um in
46 or 47 when added, excitation at 335 nm. The uppermost curves were
measured at 1.5 pm probe concentration and 293 K.
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Figure 2. Addition of the mismatched oligonucleotide 47 led
only to a minor change of the fluorescence spectrum.
However, when the complementary oligonucleotide 46 was
added at 25 °C the fluorescence spectra changed dramatically.
The emission of PNA-probes 44 and 45 was enhanced by a
factor of 4.6 and 3, respectively. The fluorescence enhance-
ment was even more pronounced when the hybridisation was
allowed to occur at 20 °C. At this temperature, 10°C below the
T\, presumably 100% of the PNA probes are in the
hybridised state leading to a fluorescence intensification by
factors of 6.4 and 4.3, respectively. A spectral shift that could
be indicative for a hydrophobicity-induced increase of the
fluorescence was not detectable. It is thus likely that the
mechanism by which the fluorescence increased followed the
dequenching process that is observed for equally labelled
molecular beacons.

Analogous to molecular beacons, probes 44 and 45 began to
fluoresce almost immediately after addition of the nucleic
acid target strand. Figure 6 shows that the fluorescence of

200
3 equiv 46
150
I 1 equiv 46
100
/
3 equiv 47
1 equiv 47
50 1
——r—r—r—r— T

0 5 10 15 20 25 30 35 40 45 50 55 60 6
t/min —

Figure 6. Fluorescent emission of probe 44 after addition of 1 equiv 47
(0 min), 3 equiv 47 (21 min), 1 equiv 46 (40 min) and 3 equiv 46 (51 min).
Measurement conditions: 100 mm NaCl, 10 mm NaH,PO,, 0.1 mm EDTA,
pH 7,298 K, 1 um in 45, excitation at 335 nm.

PNA-probe 44 reached a plateau five minutes thereafter. The
half-maximal enhancement was obtained in less than one
minute indicating that hybridisation of the dual labelled
probes is a rapid process. Noteworthy the preparatory
denaturation or renaturation procedures were not required.

The dual labelled PNA 45 spans an 11-base segment
between the two labels. If the hybridisation-induced increase
of the fluorescence intensity were a general, sequence-
independent phenomenon, the PNA-probe 48, which accom-
modates a 10-mer mixed-base segment between the termi-
nally appended dansyl and DABCYL labels, should exhibit a
similar fluorescence enhancement. Indeed, addition of the
oligonucleotide 49, a synthetic fragment of the pig-H-Ras
gene, led to a fluorescence intensification by a factor of 3
(Figure 7). The PNA-probes 45 and 48 differ in sequence and
length. However, the hybridisation of both PNA probes was
accompanied by the same fluorescence increase. This result
suggests that the fluorescence behaviour of the dual labelled
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30 4 48 (PNA): Ac-Lys*-ACCTACAGCC-Lys*C
49 (DNA): 5-GGCTGTAGGT-3'
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Figure 7. Fluorescence spectra (arbitrary units) of the terminally labelled
PNA-probe 48 as single strand and in complex with DNA 49 (Lys* =
Cys(Dans), Lys*=Lys(DABCYL)). Measurement conditions: 100 mm
NaCl, 10 mm NaH,PO,, pH7, 298 K, 1 um in 48, 1 um in 49 when added,
excitation at 330 nm.

PNA-oligomers 44, 45 and 48 is a generalisable phenomenon
that is independent of the sequence context.

In order to determine the DNA binding affinity of the
internally modified PNA conjugates 44 and 45, the temper-
ature-dependent UV absorbance was analysed. This revealed
a melting temperature Ty, of 30.5°C for the 4446 duplex and
a Ty of 28.5°C for the 45-46 duplex (Table 1). A comparison
with the Ty of 37.0°C determined for the hybridisation of
unmodified PNA 50 indicated that the introduction of the
fluorescent labels in 44 and 45 led to a destabilisation of the
duplex with complementary DNA. If the modifications would
block parts of the duplex formation, the Ty values of the 44-
46 and the 45-46 duplex would correspond to that of
unmodified PNAs spanning 14 and 11 base pairs, respectively.
The PNA-oligomer 51 spans a 13-base segment when
hybridised with DNA 46. However, the T\, of 27.0°C for the
51-46 duplex is lower than the Ty, of 28.5°C obtained for the
45-46 duplex, which suggests that the modification distorts
duplex geometry but not to the extent that base pairing of the
nucleobases located C-terminal of the modification site would
be completely prevented.

It is well known that the introduction of fluorescent labels
affects the duplex stability particularly when attached to
internal nucleobases.[”l However, the PNA backbone confers
a substantial stabilisation which compensates for the pertur-
bation introduced by the labelling. Indeed, the melting

Table 1. Duplex stabilities.
Duplex (with 5'-(ATA);A-3', 46)

Melting temperature!®!

Ac-Cys(EDANS)-(TTA), TTA*T-Gly¢, 441 30.5°C
Ac-Cys(EDANS)-(TTA),TTA*TTAT-Gly¢, 4501  28.5°C
Ac-(TTA);T-Gly¢, 50 37.0°C
Ac-(TTA),T-Gly¢, 51 27.0°C
5'-(TTA)sT-3, 52 304°C

[a] A*=A(N°(CH,),NH-DABCYL). [b] Determined as denaturation
curves at 1.25 uM probe concentration in a buffered solution (100mm
NaCl, 10mm NaH,PO,, 0.1mm EDTA, pH 7).
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temperatures of the 44-46 and the 45-46 duplex compared
well with the Ty, of 30.4°C for the unmodified DNA - DNA
duplex 46-52. This data supports the notion that PNA
through its favorable base pairing properties is able to
tolerate modifications that if installed in DNA might result
in a greatly limited affinity to nucleic acid targets.

Conclusion

The convergent strategies elaborated in these studies provid-
ed access to multiply labelled PNA conjugates, which are
difficult to synthesise by alternative means. Both solution- and
solid-phase methods were used. The first solid-phase synthesis
of protected PNA enabled a selective functionalisation of the
C-terminal carboxyl group as demonstrated by the synthesis
of C-terminally dansylated PNA such as conjugates 35 and 37.
For adding new functionality to PNA, non-standard nucleo-
bases such as the modified adenine 11 were introduced. In
contrast to previous studies, a strategy was fashioned that
allowed for the introduction of the modified nucleobase to
occur on the solid phase, thereby omitting the need to
synthesise an entire monomer in solution. It has to be
emphasised that an analogous modification of oligodeoxy-
ribonucleotides would require a glycosylation reaction to be
performed on the solid support, which by current techniques
is virtually impossible. In this approach, the key building
block was the Boc/Fmoc-protected aminoethylglycine 3b
which was used in combination with the allylic HYCRON
linker. Both Boc- and Fmoc-protecting groups were removed
while the PNA oligomer remained bound to the polymeric
resin. This strategy proved particularly successful for the on-
resin labelling of PNA. The alliance of orthogonal protecting
group techniques with chemoselective conjugation reactions
gave rapid access to dual labelled PNA probes such as 44 and
45. It was demonstrated that the single-stranded PNA probes
were only weakly fluorescing but experienced a substantial
fluorescence enhancement when bound to complementary
DNA. Applications such as real-time PCR monitoring and
real-time RNA detection in living cells could be feasible and
benefit from the increased biostability of the PNA-based
hybridisation probes.

Experimental Section

General methods: Boc/Z-protected PNA monomers were prepared
according to literature procedures.*! Fmoc/Bhoc-protected PNA-mono-
mers were purchased from Applied Biosystems. Oligonucleotides were
custom-made by MWG-Biotech (Ebersberg, Germany). Reactions were
carried out at room temperature if no other specifications are given. Solid-
phase synthesis was performed manually using 5 mL polyethylene syringe
reactors which are equipped with a fritted disc. All column chromatog-
raphy was performed on SDS 60 ACC silica gel and TLC on E. Merck silica
gel 60 Fys, glass/plastic/aluminium coated plates. The photometric deter-
mination of the Fmoc loadings was performed following a literature
method.¥l 'TH- and C NMR spectra were recorded on Bruker AC250,
AM400, or DRX-500 spectrometers. The signals of the residual protonated
solvent (CDCl; or [D¢]DMSO) were used as reference signals. Coupling
constants J are reported in Hz. Mass spectra were measured on a Finnigan
MAT MS70 spectrometer for FAB-MS, on a PerSeptive Biosystems
Voyager for MALDI-TOF-MS and on a Finnigan-MAT LCQ for ESI-MS.
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Fluorescence spectroscopy was performed with a Perkin— Elmer LS-50B.
Analytical HPLC was performed with a Merck—Hitachi system, for
preparative HPLC Rainin SD-300 pumps were used. A Nucleosil C18-HD
column (54, 250 x 4 mm, Macherey&Nagel) was used for analytical HPLC
and a Nucleosil C18-HD column (5x, 250 x 10 mm) for preparative HPLC.
Gradients of solvent A (H,O, 1% CH;CN, 0.1 % TFA) and B (CH;CN, 1 %
H,0, 0.1% TFA) were used as specified.

N-[2-(tert-Butyloxycarbonyl-amino)ethyl]- N-fluorenylmethyloxycarbo-
nylglycine, Boc-Aeg(Fmoc)-OH (3b): H,O (3 mL) and 1m NaOH (2 mL)
were added to N-[2-(tert-butyloxycarbonyl-amino)ethyl]-glycine ethyl ester
(116 mg, 0.50 mmol) in ethanol (8 mL). After 1h of stirring the pH was
adjusted to pH 8 by addition of acetic acid. Subsequently, Fmoc-OSu
(138 mg, 0.41 mmol) was added. After 14 h of stirring the pH was adjusted
to pH 8 by addition of 1M NaOH. Again Fmoc-OSu (30 mg, 0.09 mmol)
was added. The pH adjustment and Fmoc-OSu addition was repeated until
all starting material was converted. Then, acetic acid was added for
neutralisation and the volatiles were removed by evaporation in vacuo. The
residue was dissolved in CHCl; (20 mL). The organic phase was washed
with 0.5M KHSO, (10 mL). The aqueous phase was extracted with CHCl;
(5 mL) before the combined organic layers were washed with brine (5 mL).
The organic layer was dried over MgSO,, and solvents were evaporated in
vacuo. The residue was dissolved in ethylacetate (20 mL) and n-hexane was
added until a precipate formed. Filtration and repeated washing with n-
hexane furnished an off-white powder (114 mg, 91 %). 'H,"*C NMR and
FAB-MS analysis confirmed the identity of 3b.4"]

(E)-17-[ N-(2-(tert-Butyloxycarbonyl-amino)ethyl)-N-[ N *-(benzyloxycar-
bonyl)cytosine-1-ylacetyl]glycinyloxy]-4,7,10,13-tetraoxa-15-heptadeceno-
ic acid phenacyl ester, Boc-CZ-HYCRON-OPac (5a): Br-HYCRON-OPac
4 (149 mg, 0.32 mmol), tetrabutylammonium bromide (63 mg, 0.19 mmol)
and saturated aqueous NaHCO; solution (4 mL) were added to Boc-C?-
OH 3a (95 mg, 0.19 mmol) in CH,Cl, (4 mL). The two-phase system was
vigorously stirred for 14 h. The organic layer was separated and the aqeous
phase extracted twice with CH,Cl,. The combined organic layers were
dried over MgSO,, and solvents were evaporated in vacuo. Chromatog-
raphy (CHCl;/MeOH) yielded a slightly yellowish oil (140 mg, 83%). R;
(CHCl/MeOH 95:5) =0.19; 'H NMR (two rotamers, 250 MHz, CDCl;):
0="187 (dd, J,,=8.6, J,,=1.3, 2H, o-Pac), 7.62-7.49 (m, m-Pac, p-Pac,
4H, C%), 7.47-745 (m, 5H, Z™), 743-735 (m, 1H, C°), 5.85-5.75 (m, 2H,
HYCRON-H"1), 5.64-5.58 (m, 0.7H, Aeg-H®), 5.34 (s, 2H, Pac-CH,),
5.19 (s,2H, Z-CH,), 4.99-4.97 (m, 0.3H, Aeg-H®), 4.73 (s, 1.4 H, C%), 4.64
(d, 7=4.9, 0.6H, HYCRON-H'), 4.59 (d, J=4.6, 1.4H, HYCRON-H"),
4.53 (s, 0.6H, C), 4.30 (s, 0.4H, Aeg-H?), 4.05-3.98 (m, 3.6H, Aeg-H?,
HYCRON-H"), 3.81 (t, J=6.6, 2H, HYCRON-H?), 3.63-3.48 (m, 14H,
HYCRON, Aeg-H*), 3.35-3.15 (m, 2H, Aeg-H%), 2.77 (t, J=6.5, 2H,
HYCRON-H?), 140 (s, 9H, Bu); “C NMR (two rotamers, 62.5 MHz,
CDCly): 0=192.09, 175.87, 171.01, 169.33, 167.72, 167.22, 163.06, 162.62,
156.08, 155.48, 152.42, 149.85, 135.11, 134.15, 133.91, 132.56, 131.80, 128.87,
128.64,128.55,128.19, 127.76, 125.63, 125.15, 95.10, 79.81, 77.26, 70.68, 70.56,
70.44,70.40, 69.77, 69.68, 67.80, 66.42, 66.06, 65.83, 65.28, 50.79, 49.39, 49.09,
48.91, 38.69, 36.49, 34.72, 31.44, 21.67, 28.39, 27.86, 27.39, 20.99; C;,Hs;NsO 5
(895.95).

(E)-17-[ N-[2-(tert-Butyloxycarbonyl-amino)ethyl]-N-fluorenylmethyloxy-
carbonyl-glycinyloxy]-4,7,10,13-tetraoxa-15-heptadecenoic acid phenacyl
ester, Boc-Aeg(Fmoc)-HYCRON-OPac (Sb): A two-phase system con-
sisting of Boc-Aeg(Fmoc) (1.01 g, 2.29 mmol), B-HYCRON-Pac 4 (1.15 g,
2.44 mmol), Bu,NBr (0.72 g, 2.22 mmol), CH,Cl, (20 mL) and saturated
NaHCO; (20mL) was treated as described for 5a. Purification was
achieved by chromatography (n-hexane/EtOAc), which yielded of a
colorless oil (1.75g, 92%). R; (n-hexane/EtOAc 1:2)=0.47; '"H NMR
(two rotamers, 250 MHz, CDCl;): 6 =7.89 (d, /=73, 2H, o-Pac), 7.74 (2 x
d, /=73, 2H), 7.62-725 (m, 9H, Pac*, Fmoc™), 5.84-5.71 (m, 2H,
HYCRON-H"*¥), 534 (s, 2H, Pac-CH,), 5.09-5,06 (m, 0.5H, Aeg-H°),
4.80-4.77 (m, 0.5H, Aeg-H®), 4.61 (d,J =4.5,1H, HYCRON-H"), 4.56 (d,
J=4.7,1H, HYCRON-H"), 450 (d, J=6.0, 1H, Fmoc-CH,), 4.41 (d, J=
6.5,1H, Fmoc-CH,'), 4.24 (t,J = 6.0, 0.5H, Fmoc-H’), 4.17 (t,/=6.4,0.5H,
Fmoc-H’),3.99-3.91 (m,4H, Aeg-H>, HYCRON-H"), 3.81 (t,/=6.6,2H,
HYCRON-H?), 3.64-3.53 (m, 12H, HYCRON), 3.44-3.41 (m, 1H),
3.27-3.24 (m,2H),2.99-2.94 (m, 1H),2.78 (t,/ =6.5,2H, HY CRON-H?),
1.38 (s, 9H, tBu); 3C NMR (two rotamers, 100.6 MHz, CDCl;): 6 =191.94,
170.85, 169.47, 156.17, 156.04, 155.83, 143.76, 143.67, 141.19, 141.15, 134.05,
133.77, 131.75, 131.56, 128.74, 127.63, 127.11, 126.96, 125.73, 125.50, 124.78,

3920

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

124.73, 119.81, 79.18, 70.59, 70.52, 70.45, 70.40, 70.34, 70.30, 69.59, 69.56,
67.64, 67.45, 66.32, 65.94, 65.03, 64.98, 49.89, 49.51, 48.88, 48.44, 47.10, 38.89,
34.62, 28.28; CysHszN,O,5 (846.96).

(E)-17-[ N-(2-(tert-Butyloxycarbonyl-amino)ethyl)-N-[ N *-(benzyloxycar-
bonyl)cytosine-1-ylacetyl]glycinyloxy]-4,7,10,13-tetraoxa-15-heptadeceno-
ic acid, Boc-C2-HYCRON-OH (6a): Zinc (0.1 g, activated by treatment
with 1N HCI and subsequent washing with H,O and glacial acetic acid) was
added to a solution of 5a (51 mg, 56.8 umol) in glacial acetic acid (2 mL).
After 1.5 h of vigirous stirring zinc was removed by filtration over Hyflo.
The filtrate was concentrated in vacuo. The residue was repeatedly
coevaporated with toluene and purified by chromatography (CHCly/
MeOH/AcOH). Coevaporation with toluene and subsequent drying in
vacuo yielded a colorless oil (35 mg, 79%). R; (CHClyMeOH/AcOH
85:15:1) =0.50; 'H NMR (two rotamers, 250 MHz, CDCl;): 6 =7.65-7.52
(m, 1H, C%), 7.31-7.09 (m, 6H, Z*, C°), 5.82-5.72 (m, 2H, HYCRON-
H'“1), 5.53-5.51 (m, 0.7H, Aeg-H®), 5.16 (s, 2H, Z-CH,), 4.99-4.98 (m,
0.3H, Aeg-H®),4.68 (s, 1.4H, C%), 4.61 (d,/=3.3,0.6H, HY CRON-H'"),
4.55 (d, J=4.3, 1.4H, HYCRON-H"), 4.50 (s, 0.6 H, C*), 428 (s, 0.4 H,
Aeg-H%), 4.00-3.95 (m, 3.6H, Aeg-H?>, HYCRON-H"), 3.70 (m, 2H,
HYCRON-H?), 3.56-3.45 (m, 14H, HYCRON, Aeg-H*), 3.29-3.19 (m,
2H, Aeg-H), 2.54 (t, J=5.8, 2H, HYCRON-H?), 136 (s, 9H, tBu);
13C NMR (two rotamers, 62.5 MHz, CDCl,): 6 =169.28, 167.19, 163.40,
156.16, 155.33, 152.58, 150.11, 135.20, 132.34, 131.56, 129.01, 128.61, 128.47,
128.20, 125.74, 125.27, 95.23, 79.83, 70.56, 70.35, 69.72, 69.59, 67.72, 66.61,
65.78, 65.19, 50.76, 49.58, 49.15, 48.85, 38.70, 35.13, 28.39; HR-MS (FAB*,
glycerine/H,0): m/z: 778.344 [M+H]*, caled for C;HsNsO,,: 778.351.
(E)-17-| N-[2-(tert-Butyloxycarbonyl-amino)ethyl]- V-fluorenylmethyloxy-
carbonyl-glycinyloxy]-4,7,10,13-tetraoxa-15-heptadecenoic  acid, Boc-
Aeg(Fmoc)-HYCRON-OH (6b): A suspension comprised of 6a (1.24 g,
1.49 mmol), activated zinc (1g) and glacial acetic acid (15 mL) was
vigirously stirred for 1.5 h. The work-up was performed as described for 6a.
Chromatography (CHCl;/MeOH/AcOH) yielded a yellowish oil (1.0 g,
94%). R; (CHClyyMeOH/AcOH 85:15.1) =0.58; '"H NMR (two rotamers,
250 MHz, CDCLy): 6=1771-7.67 (m, 2H, Fmoc®*), 7.52-7.44 (m, 2H,
Fmoc™), 7.36-722 (m, 4H, Fmoc®™), 5.79-5.73 (m, 2H, HYCRON-H'*5),
5.03-5.01 (m, 0.5H, Aeg-H®), 4.72-4.70 (m, 0.5H, Aeg-H®), 4.55 (d, /=
4.2,1H, HYCRON-H"), 4.50 (d, /] =4.6, 1H, HYCRON-H"), 4.46 (d, /=
5.8,1H, Fmoc-CH,), 4.36 (d, /= 6.5, 1H, Fmoc-CH,'),4.19 (t,/=5.8,0.5H,
Fmoc-H’), 4.12 (t, J=6.2, 0.5H, Fmoc-H’), 3.97-3.87 (m, 4H, Aeg-H?,
HYCRON-HY), 3.69 (t, J=6.2, 2H, HYCRON-H?), 3.67-3.50 (m, 12H,
HYCRON), 3.38-3.35 (m, 1H), 3.21-3.16 (m, 2H), 2.93-2.91 (m, 1H)
2.54 (t, J=6.1, 2H, HYCRON-H?), 1.33 (s, 9H, rBu); “C NMR (two
rotamers, 100.6 MHz, CDCl;): 0 =174.79, 169.80, 169.56, 156.24, 156.01,
143.84, 143.77, 141.30, 141.26, 131.69, 131.50, 127.73, 127.21, 127.06, 125.99,
124.89, 124.83, 119.93, 79.43, 70.68, 70.55, 70.46, 70.37, 70.29, 69.60, 67.79,
67.57, 66.47, 65.12, 49.98, 49.56, 48.90, 48.52, 47.18, 38.93, 34.86, 28.37; HR-
MS (FABY, glycerine/H,0): m/z: 715.349 [M+H]*, calcd for C;;H5oN,O,:
715.344.

(N®-(1-Aminohex-6-yl)adenine-9-yl)acetic acid rert-butyl ester (9): 1,6-
Diaminohexane (2.15 g, 18.50 mmol) was added to the 6-chloropurine 8
(0.78 g, 2.90 mmol) in n-butanol (15 mL). After 1 h reflux the solvent was
removed in vacuo. The residue was purified by chromatography (CHCly/
MeOH 8:2 — CHCl;/MeOH/Me,NEt 7:3:0.01) yielding a yellowish oil
(380 mg, 38%). R; (CHCly/MeOH/EtNMe, 7:3:0.1)=0.53; 'H NMR
(250 MHz, CDCl;): 6=8.36 (s, 1H), 7.79 (s, 1H), 5.97 (t, J=5.5, 1H),
4.84 (s, 2H, CH,COO¢Bu), 3.65-3.48 (m, 2H), 3.15-2.99 (m, 2H), 2.70-
249 (m, 2H), 1.70-1.60 (m, 2H), 1.52-139 (m, 15H); *C NMR
(62.5 MHz, CDCL): 0=166.38 (CO), 155.07 (A®), 153.37 (A?), 149.18
(A%), 140.11 (A®), 119.11 (A%), 83.42 (CMe;), 46.92, 44.76 (CH,COOBu),
32.73, 29.67, 28.00 (rBu), 26.66, 26.53.

(N-6-(1-(Fluorenylmethoxycarbonyl )hex-6-yl)ad 9-yl)acetic
acid tert-butyl ester (10): Fmoc-Cl (148 mg, 0.57 mmol) and NMM (66 pL,
0.60 mmol) were added to amine 9 (190 mg, 0.54 mmol) in CH,Cl, (5 mL).
After 4 h CH,Cl, (60 mL) and an aqueous pH 4 buffer (70 mL) comprised
of 0.5M KHSO, and sat. NaHCO; was added. The resulting two-phase
system was stirred. The organic layer was separated and the aqueous phase
was extracted with CH,Cl,. The combined organic phases were washed
with brine and dried over MgSO,. Chromatography (EtOAc) yielded a
white amorphous solid (223 mg, 72%). R; (EtOAc)=0.34; 'H NMR
(250 MHz, CDCl;): 0 =8.37 (s, 1H), 7.80 (s, 1 H), 7.74 (d, / = 7.4, 2H, Fmoc-
H*%),7.58 (d,J=17.3,2H, Fmoc-H"®), 7.39 (t, J = 7.3, 2H, Fmoc-H>®), 7.30 (t,
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J=173,2H, Fmoc-H>7), 6.00—5.85 (m, 1 H), 5.09—5.00 (m, 1 H), 4.84 (s, 2 H,
CH,COOBu), 4.40 (d, /=70, 2H, Fmoc-CH,), 425 (d, 1H, Fmoc-H°),
3.70-3.62 (m, 2H), 3.20-3.13 (m, 2H), 1.73-1.64 (m, 2H), 1.53-1.40 (m,
15H); 3C NMR (62.5 MHz, CDCL): 6 = 166.16 (CO), 156.33 (A°), 154.69
(A2), 153.08 (Fmoc-CO), 149.06 (A*), 143.86 (Fmoc-C*), 141.13 (Fmoc-
C8ab) 140.06 (A®), 12748 (Fmoc-C39), 126.86 (Fmoc-C?7), 124.90 (Fmoc-
C!8), 119.78 (Fmoc-C*5), 118.89 (AS), 83.33 (CMes), 66.29, 47.13, 44.60
(CH,COO1Bu), 40.75, 29.68, 29.45, 27.83 (1Bu), 26.31, 26.20; Cy,HsN,O,
(570.68).

(N (1-(Fluorenylmethoxycarbonyl-amino)hex-6-yl)adenine-9-yl)acetic

acid (11): TFA (S5mL) was added to the tert-butyl ester 10 (115 mg,
0.20 mmol). After 5 min stirring the solvent was removed in vacuo. The
residual TFA was removed by repeated coevaporation with toluene. During
the chromatography (CHCl;/MeOH/AcOH) precipitation occured. Elu-
tion with DMF and subsequent removal of the solvent in vacuo yielded a
yellowish amorphous solid (98 mg, 95%). It was not possible to remove
DMEF entirely. Since analytical RP-HPLC revealed that no by-products but
DMF were present, the material was used for further reactions. R; (CHCly/
MeOH/AcOH 85:15:1) =0.4; tr =27 min (grad: 0 min (0% B)— 40 min
(80%B), 1 mLmin!, 50°C); 'H NMR (250 MHz, [D;]DMSO): 6 =8.16 (s,
1H), 8.05 (s, 1H), 787 (d,/ =75, 2H, Fmoc-H*?), 773 - 7.65 (m, J =7.3,3H,
NH, Fmoc-H'$), 7.39 (t, J =7.3, 2H, Fmoc-H?3®), 7.32-7.25 (m, 3H), 4.81 (s,
2H, CH,COO1Bu), 4.27 (d, /=6.9, 2H, Fmoc-CH,), 4.19 (d, /=6.7, 1H,
Fmoc-H?), 3.44, 3.35 (2 x brs, incl. H,0), 2.97-2.92 (m, 2H), 1.73, 1.57-
1.54 (m, 2H), 1.39-1.21 (m, 6H); 3C NMR (100.6 MHz, [D{]DMSO): 6 =
170.21 (CO), 156.21 (A®), 154.56 (Fmoc-CO), 152.45 (A?), 149.0 (AY),
144.03 (Fmoc-C*%), 141.41 (A®), 140.82 (Fmoc-C*®), 127.69 (Fmoc-C3¢),
12713 (Fmoc-C?7), 125.24 (Fmoc-C"®), 120.19 (Fmoc-C*%), 118.73 (AY),
65.23, 46.87, 45.01, 40.26, 29.46, 29.24, 26.26, 26.14; C,sH;,NO, (514.58).

1-(N¢-(1-Aminobut-4-yl)adenine-9-yl)prop-2-ene (13a): 1,4-Diaminobu-
tane (3.62 g, 41.1 mmol) was added to a solution of 12 (1.0 g, 5.14 mmol)
in n-butanol (20 mL). After 1 h stirring at 80 °C the solvent was removed in
vacuo. Chromatography (CHCl;/MeOH/H,0O/EtNMe, 60:30:5:1) and sub-
sequent drying in vacuo furnished a yellowish oil (0.53 g, 42 % ). Apart from
'"H NMR analysis this material was used without further characterisation.
R; (CHCL,/MeOH 3:2) =0.27; '"H NMR (400 MHz, [D,JDMSO): 6 =8.20
(brs, 1H, A?), 8.09 (s, 1 H, A®), 779 (brs, 1H, NH), 6.09-6.00 (m, 1 H, All-
H?), 5.16 (dd, J,=10.3, J,=1.0, 1H, All-H>**), 5.02 (d, /=173, 1H, All-
H3), 4,77 (d, J=5.3, 2H, All-H"), 3.80-3.50 (m, NH,, AN“Bw1 AN-Bud,
H,0), 1.64 (m, 4H, AN"Bv2 ANBu3)

1-(N¢-(1-Aminoeth-2-yl)adenine-9-yl)prop-2-ene (13b): The reaction of
purine 12 (1.00 g, 5.12 mmol) and ethylenediamine (3.09 g, 51.40 mmol)
was performed as described above. Chromatography (CHCl/MeOH/
Et,NMe/H,0 6:4:1:1) yielded the title compound (1.9 g) which was used
without further purification.

1-(N°-(1-(tert-Butyloxycarbonyl-amino)but-4-yl)adenine-9-yl) prop-2-ene
(14a): Boc,O (137 mg, 0.63 mmol) was added to amine 13a (136 mg,
0.53 mmol) in dry pyridine (3 mL). TLC control after 16 h showed the
presence of starting material. Thus, DMAP (20 mg, 0.16 mmol) and Boc,O
(65 mg, 0.3 mmol) were added. After 4 h the solvent was removed in vacuo.
The residue was dissolved in CH,Cl, (10 mL) and washed twice with 1m
NaH,PO, buffer (pH 5.6). The combined aqueous phases were extracted
with CH,Cl, before the combined organic layers were dried over MgSO,.
The subsequent chromatography (EtOAc) yielded an amorphous solid
(94 mg, 51%). R; (CHCl;/MeOH 9:1) = 0.27; '"H NMR (400 MHz, CDCl,):
0=28.39 (brs, 1H, A?), 7.75 (brs, 1H, A®), 6.09-5.99 (m, 1H, All-H?), 5.79
(brs, 1H, NH), 5.30 (d, /=10.0, 1H, All-H*¥), 5.19 (d, /=170, 1H, All-
H3mans) - 4.80 (d, J=5.8, 2H, All-H'), 3.74 (brs, 1H, NH), 3.68 (brs, 3H,
ANBe1y 1321318 (m, 2H, ANBv4) 1.76-1.70 (m, 2H), 1.64-1.57 (m,
2H), 1.43 (s, 9H, Boc); '*C NMR (125.7 MHz, CDCl,;): 6 =156.03, 154.66,
153.26, 148.76, 139.32, 131.70, 118.91, 78.83, 45.67, 39.97, 29.57, 28.35, 26.84,
21.21; C;;HpN4O, (346.43).

1-(N-(1-(tert-Butyloxycarbonyl-amino)eth-2-yl)ad 9-yl)prop-2-ene

(14b): Boc,0 (2.31 g, 10.56 mmol) and DMAP (0.21 g, 1.76 mmol) were
added to the raw compound 13b (1.9 g) in dry pyridine (42 mL). After 19 h
a further portion of Boc,0O (1.01g, 4.58 mmol) and DMAP (0.21 g,
1.76 mmol) were added. After 4 h aqueous work-up was performed as
described for 14a. Chromatography (EtOAc — EtOAc/EtOH 3:1) yielded
a yellowish amorphous solid (0.71 g, 44 % based on 12). R; (CHCl;/MeOH
9:1)=0.50; 'H NMR (250 MHz, CDCl;): 6 =8.31 (s, 1H, A?), 7.73 (s, 1 H,

Chem. Eur. J. 2001, 7, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

A®), 6.46 (brs, 1 H, NH), 6.05-5.89 (m, 1H, All-H?), 5.26-5.09 (m, J4 =
10.2, Jyane = 16.8, 3H, NH, All-H?), 4.73 (d, J = 6.6, 2H, All-H'), 3.74 (brs,
1H, AN"CH:CHY 3393 34 (m, 2H, AN"CH:CH) 134 (s, 9H, Boc); 3C NMR
(62 MHz, CDClLy): 6 = 156.25, 154.91, 152.88, 139.76, 131.84, 119.93, 118.80,
79.30, 45.64, 40.75, 28.30; C,sH,NO, (318.38).

(N ¢-(1-tert-Butyloxycarbonyl-aminobut-4-yl)adenine-9-yl)acetic acid
(15a): The ozonolysis of 14a (0.59 g, 1.70 mmol) was performed as
described by Thomson and co-workers.”” For work-up the reaction
mixture was concentrated to %5 of the original volume. The precipitate
was collected yielding a yellowish powder (346 mg, 58%). R; (CHCly/
MeOH/AcOH 85:15:1) =0.17; '"H NMR (250 MHz, [D¢]DMSO): 6 =8.17
(brs, 1H, A?), 8.08 (s, 1H, A®),7.76 (brs, 1H,NH), 6.81-6.77 (m, 1H, NH),
4.95 (s, 2H, AN-CH:) 3.59-3.22 (m, 2H, ANBv1) 2,92 (ddd, 2H, AN-Bu4,
Ji =y x5 63),1.59-1.32 (m, 13H, AN"B2, AN*Bu3 Boc); BC NMR (62.5
MHz, [D4]DMSO): d =169.39 (COOH), 155.61, 154.55 (Boc-CO, A¢), 152.51
(A?), 148.97 (A%), 141.08 (A®), 118.56 (A%), 77.35 (Boc), 43.98 (AN-CH),
39.72 (AN*But AN*Bul) 2829 (Boc), 27.04, 26.60 (ANBu3 AN“Bu2y: apa],
calcd for C;(H,,N,O,: C 52.7, H 6.6, N 23.0; found: C 52.5, H 6.5, N 22.1.

(N°®-(1-(tert-Butyloxycarbonyl-amino)eth-2-yl)adenine-9-yl)acetic acid
(15b): The ozonolysis of 14b (710 mg, 2.23 mmol) and the subsequent
work-up was performed as described above yielding a colorless powder
(529 mg, 71 %). '"H NMR (250 MHz, [D4{]DMSO): 6 =8.18 (brs, 1H, A?),
8.10 (s, 1H, A®), 7.74 (brs, 1H, NH), 6.94-6.90 (m, 1H, NH), 4.95 (s, 2H,
AN-CH:) 350335 (m, 2H, AN-CH:CH:) 316 (m, 2 H, AN"CHCH2) 135 (5, 9 H,
Boc); *C NMR (100.6 MHz, [D4]DMSO): 6 =169.40 (COOH), 155.72,
154.49 (Boc-CO, A°), 152.48 (A?), 149.04 (A*), 141.30 (A?®), 118.73 (AY),
77.66 (Boc), 44.00 (AN"Ct2) 39,90 (AN"CH:CH) 28 26 (Boc); HR-MS (FABY,
3-NBA): m/z: 337.166 [M+H]", calcd for C,H,NsO,: 337.162.

N-(2-(Fluorenylmethoxycarbonyl-amino)ethyl)-glycine allyl ester (17): A
solution of Fmoc-aminoethylglycine tert-butyl ester 16 (1.54 g, 3.66 mmol)
in TFA (10 mL) was stirred for 30 min. The TFA was removed in vacuo.
The residue was coevaporated with toluene (3 x). The residue was
supended in allyl alcohol (10 mL). At 0°C thionylchloride (0.90 mL) was
added in portions. The mixture was stirred at 100°C for 1 h. After cooling to
room temperature diethylether (25 mL) was added. The precipitate was
collected by filtration. Repeated washings with diethyl ether yielded a
colorless powder (1.25 g, 84%). The material was used without further
purification.

N-[2-(Fluorenylmethoxycarbonyl-amino)ethyl]-N-[N®-(1-(tert-butyloxy-
carbonyl-amino)but-4-yl)adenine-9-yl)acetyl]glycine allyl ester, Fmoc-
A(CHINH-Boc QA ]]l (18a): HOBt (41 mg, 0.23 mmol) and DCC (48 mg,
0.23 mmol) were added to a solution of the amine 17 (97 mg, 0.23 mmol)
and the acid 15a (84 mg, 0.23 mmol) in a mixture of DMF (1 mL) and
CH,Cl, (1 mL). After 20 h stirring the solvent was removed in vacuo. The
residue was suspended in CHCl; (10 mL) and filtrated. The filtrate was
washed twice with sat. NaHCOj;. The organic layer was washed with 0.1m
KHSO, and with brine. The combined organic layers were dried with
MgSO, before the solvent was removed in vacuo. Chromatography
(EtOAc — EtOAc/EtOH 8:1) yielded a colorless amorphous solid
(127 mg, 76%). R; (EtOAC/EtOH 9:1)=0.4; 'H NMR (two rotamers,
400 MHz, [D¢]DMSO): 6 =8.12 (brs, 1H), 7.87 (d, J =75, 2H, Fmoc-H*%),
7.78 (brs, 0.7H), 7.69-7.64 (m, 2.3H), 7.52-7.49 (m, 0.7H), 740 (t, J =75,
2H, Fmoc-H3%), 7.32-7.27 (m, 2.3H), 6.81 (brs, 1H), 5.98-5.81 (m, 2H,
All-H?), 5.40-5.16 (m, 3.4H, All-H?, Af:), 5.04 (s, 0.6 H, A°F2), 4.68 (d,
J=5.5,0.6H, All-H"), 4.55 (d, J=5.3, 1.4H, All-H'), 4.48 (s, 0.6H, Aeg-
H?),4.35 (d,J=6.7, 1.4H, Fmoc®™), 4.29-4.19 (m, 2.6 H, Fmoc®, Fmoc-
H°),4.11 (s, 1.4H, Aeg-H?),3.58-3.54 (m, 1.4 H), 3.46-3.34 (m, incl. H,0),
3.14-3.10 (m, 0.6 H), 2.94-2.90 (m,2H), 1.58-1.53 (m,2H), 1.41 - 1.33 (m,
11H); BC NMR (two rotamers, 100.6 MHz, [D¢]DMSO): 6 =172.09, 169,
25, 168.69, 167.14, 156.46, 156.18, 155.62, 154.43, 152.31, 149.05, 143.88,
141.41, 140.78, 132.26, 127.64, 127.07, 125.11, 120.14, 118.34, 117.88, 77.34,
65.55, 64.91, 47.92, 47.15, 46.76, 43.78, 28.28, 27.04, 26.57, 21.07; C53H,sNsO;
(726.83).

N-[2-(Fluorenylmethoxycarbonyl-amino)ethyl]-N-[N®-(1-(tert-butyloxy-
carbonyl-amino)eth-2-yl)adenine-9-yl)acetyl]glycine allyl ester, Fmoc-
ACHNH-Boc. QANl  (18b): The reaction including amine 17 (174 mg,
0.42 mmol) and acid 15b (140 mg, 0.42 mmol) was performed as described
above. Chromatography (EtOAc — EtOAc/EtOH 8:1) yielded a colorless
amorphous solid (245 mg, 84 %). The product was used without further
characterisation. R; (EtOAc/EtOH 9:1) =0.45.
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N-[2-(Fluorenylmethoxycarbonyl-amino)ethyl]-N-[ N ¢-(1-(tert-butyloxy-

carbonyl-amino)but-4-yl)adenine-9-yl)acetyl]glycine, Fmoc-A (CHz:NH-Boc,
OH (19a): N-Methylaniline (0.56 mL) was added to a solution of allyl
ester 18a (205 mg, 0.28 mmol) in THF (6 mL). The solution was degassed
by freeze-thaw-pump cycles. After addition of [Pd(PPh;),] the mixture was
stirred for 14 h under exclusion of light. The solvent was removed in vacuo.
To the residue was added methanol (5 mL). The resulting precipitate was
removed by filtration. The filtrate was concentrated to dryness in vacuo
before CHCI; (20 mL) was added. The solution was washed twice with 0.3 M
KHSO,. The aqueous phase was extracted twice with CHCl;. The
combined organic layers were washed with brine and dried over MgSO,
before the solvent was removed in vacuo. Chromatography (CHCly/
MeOH/AcOH) and subsequent lyophilisation from benzene yielded an off-
white powder (155 mg, 81%). R; (CHCL,/MeOH/AcOH 85:15:1)=0.10;
'H NMR (500 MHz, 'H,5C-COSY, HMQC, [D¢]DMSO): 6 =8.14-8.12
(m, 1H, A?),7.94 (s, 1H, A®), 787 (d,J =75, 2H, Fmoc-H*%), 7.76 (brs, 1 H,
NH), 7.66-7.62 (m, 2H, Fmoc-H'®), 7.53 (t, /= 6.8, 0.6 H, NH), 7.43-7.40
(m,J=74,2.4H, NH, Fmoc-H?), 7.25 (t,J =7.3,2H, NH, Fmoc-H?"), 6.94
(brs, 1H, NH), 5.19 (s, 1.2 H, AN*CH) 501 (s, 0.8 H, AN"CH) 4.36-4.17 (m,
3.8H, Fmoc-CH,, Fmoc-H’, Aeg-H?), 3.98 (s, 1.2H, Aeg-H?), 3.57-3.52
(m, 1.2H, Aeg-H*), 3.50-3.39 (m, 2H, AN*Bv1) 3.37-3.30 (m, 2H, Aeg-
H*, Aeg-H), 3.16-3.10 (m, 0.8H, Aeg-H?), 2.94-2.91 (m, 2H, AN*Bu4),
1.60—1.52 (m, 2 H, AN“Bu3) 1.44-1.30 (s, 11 H, AN*B*2 Boc); *C NMR (two
rotamers, 125.6 MHz, 'H,C-COSY, HMQC, [Ds]DMSO): 6 =170.93,
170.47 (Aeg-C'), 167.47, 167.00 (AN"CH:C0) 15653, 156.16 (Fmoc-CO),
155.65 (Boc-CO), 154.57 (A®), 152.31 (A?), 149.29 (A*), 143.96 (Fmoc-
Chab)| 141.45 (A®), 140.88 (Fmoc-C*®), 127.84 (Fmoc-C3¢), 127.08 (Fmoc-
C27), 125.18 (Fmoc-C'¥), 120.09 (Fmoc-C*%), 118.63 (A%), 7741 (Boc),
65.64, 65.58 (Fmoc-CH,), 49.24, 47.76, 47.02 (Aeg-C?, Aeg-C*), 46.78
(Fmoc-C?), 43.81, 43.49 (AN-CH) 39.92 (AN"Bu4) 39,63 (AN“Bul) 38.92,
38.12 (Aeg-C%), 27.66 (Boc), 26.39 (AN"Bv3) 24.52 (AN*Bu2); HR-MS (FAB,
3-NBA/DMSO, pos): m/z: 687.318 [M+H]", calcd for C3sH,,NzO;: 687.325.

N-[2-(Fluorenylmethoxycarbonyl-amino)ethyl]-NV-[ N ®-(1-(zert-butyloxy-
carbonyl-amino)eth-2-yl)adenine-9-yl)acetyl]glycine, Fmoc-A (CH2):NH-Boc,
OH (19b): The reaction including allyl ester 18b (245 mg, 0.35 mmol)
was performed as described above. Two-fold chromatography (CHCly/
MeOH/AcOH) and subsequent lyophilisation from benzene yielded an off-
white powder (165 mg, 71 % ). However, even after repeated lyophilisation
it was not possible to remove DMF entirely. R; (CHCly/MeOH/AcOH
85:20:2) =0.50; '"H NMR (two rotamers, 400 MHz, 'H,"*C-COSY, HMQC,
[Dg]DMSO): 6 =8.12 (brs, 1H, A?), 797 (s, 1H, A®), 7.87 (d, /=175, 2H,
Fmoc-H*%), 7.69-7.64 (m, 3H, NH, Fmoc-H'¥), 7.50 (t, /= 6.8, 0.6 H, NH),
7.38 (t,J=74,2H, Fmoc-H?*®), 7.32-7.28 (m, J = 7.3, 2.4H, NH, Fmoc-H?7),
6.91 (brs, 1 H, NH), 5.20 (s, 1.2 H, AN-C) 502 (s, 0.8 H, AN CI2) 436 -4.14
(m, 3.8H, Fmoc-CH,, Fmoc-H’, Aeg-H?), 3.98 (s, 1.2H, Aeg-H?), 3.53—
3.51 (m, 3.2H, AN"CH:CH: Aeg H*), 3.33-3.30 (m, 1.6H, Aeg-H*, Aeg-H?),
3.16-3.13 (m, 3.2 H, AN*CHCH: - Aeo H5), 1.35 (s, 9H, Boc); *C NMR (two
rotamers, 100.6 MHz, 'H,*C-COSY, HMQC, [D¢]DMSO): ¢ =171.00,
170.46 (Aeg-C'), 16732, 166.85 (ANCH:0)  156.42, 156.14 (Fmoc-CO),
155.70 (Boc-CO), 154.47 (A®), 152.31 (A?), 149.20 (A*), 143.87 (Fmoc-
C8ab) 141.64 (A®), 140.75 (Fmoc-C*?), 127.63 (Fmoc-C*°), 127.08 (Fmoc-
C%7),125.11 (Fmoc-C'¥), 120.14 (Fmoc-C*%), 118.52 (A%), 77.62 (Boc), 65.54
(Fmoc-CH,), 50.00, 47.34 (Aeg-C?), 47.01, 46.96 (Aeg-C*), 46.73 (Fmoc-C°),
43.65, 43.47 (AN"CH:), 39,66 (AN-CH:CH:  AN-CH:CH:) 138 70, 37.89 (Aeg-C?),
28.24 (Boc); HR-MS (FAB™, 3-NBA/DMSO): m/z: 659.301 [M+H]", caled
for C;3H3NgO-: 659.294.

Solid-phase synthesis by esterification of the starting monomer with the
anchor alcohol: A solution of acid 20 (1.14 g, 3.41 mmol), HOBt (0.92 g,
5.11 mmol), NMM (0.75 mL, 6.82 mmol) and HBTU (1.29 g, 3.41 mmol) in
CH,(C], (25 mL) was added to aminomethylpolystyrene (1.24 g, 1.1 mmol
per g). After 15 h the resin was washed with CH,Cl, and capped by a 15 min
treatment with 16 mL Ac,O/Pyr (1:3). Washing with CH,Cl, and drying
afforded polymer 21 (1.74g). NMR-in-situ-cleavage assay: Minute
amounts of sodium were dissolved in [D,[MeOH (0.5 mL). This solution
was added to CDCIl; (3 mL). To the resin 21 (62.4 mg) was added toluene
(4.15 pL) and the freshly prepared solution of sodium methylate in CDCl;
(2mL). After 30 min 'H NMR revealed a toluene/Ac-ratio of 1.28/1
translating into a loading of 0.8 mmol per g.

Loading: Resin 21 was suspended in a solution of INNaOH (3 mL) in 1,4-
dioxane (1:3). After 15 min the resin was washed with 1,4-dioxane (4 x
3 mL). This procedure was repeated once. The resin was washed with 1,4-
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dioxane (3 x 3 mL), 1,4-dioxane/H,O (1:1, 3 x 3 mL), H,O (3 x 3mL) and
dry DMF (8 x 3 mL). To the resin was added a 3-5-fold excess (based on
Ac-loading of resin 21) of a solution of the symmetrical anhydride of the
starting monomers. After 18 h the resin was washed with DMF (6 x 3 mL)
and CH,Cl, (4 x 3 mL).

Boc Cleavage: TFA/m-Cresol (95:5, 1.5 mL) was added to the resin. After
4 min and washing with CH,Cl, this procedure was repeated once. Finally
the resin was washed with CH,Cl, (6 x 2 mL) and DMF (6 x 2 mL).

Coupling: 2.5 equiv of the building block (final concentration ~0.1m) were
added to the resin, which was preactivated for 2 min using 4 equiv HOBt,
2.5 equiv HBTU in a solution of 0.5M DIPEA in pyridine/DMF (1:4). After
3 h the resin was washed with DMF (5 x 2 mL).

Capping: Ac,0O/Pyr (1:50, 2 mL) was added to the resin. After 3 min the
resin was washed with DMF and the procedure was repeated once. Finally
the resin was washed with DMF (6 x 2 mL) and CH,Cl, (6 x 2 mL).

Cleavage: A degassed solution of [Pd(PPh;),] in morpholine/DMF/DMSO
(1:5:5) was added to the resin. After 16 h the resin was washed repeatedly
with DMF. The filtrate was evaporated in vacuo and the residue repeatedly
coevaporated with DMF until dryness.

Boc-Phe-GZ%-G%-C%-OH (23): 31 mg (25 pumol) resin 21 were used. Gra-
dient silica gel chromatography (CHCl/MeOH/AcOH 85:15:1 — CHCLy/
MeOH/AcOH/H,0 4:2:1:0.35) furnished a white powder (13.5 mg, 36 %).
R; (CHCl;/MeOH/AcOH/H,0 4:2:1:0.2) = 0.26; MS (MALDI-TOF, DHB,
pos): m/z: 1502.11 [M(monoisotop)+H] ", caled for C;iH76N,,O}o: 1501.72.

Ac-C%C%G%Gly-OH (24): 37 mg (30 pmol) resin 21 were used. LH20
chromatography (CHCl;/MeOH 1:1) and subsequent n-hexane-mediated
precipitation from CH,CL,/MeOH (1:1) and drying in vacuo furnished a
white powder (13.6 mg (35%). R; (CHCL;/MeOH/AcOH/H,0 4:2:1:0.5) =
0.5; tg= 31 min (0-40 min: 10-80% B in A, 1 mLmin™!, 50°C); MS
(MALDI-TOF, DHB, pos): m/z: 1314.4 [M(average)+H]", caled for
CsoHgyNgO g2 1314.3.

Solid-phase synthesis by loading preformed starting monomer-HYCRON
conjugates: Boc-Gly-G%-G%-C%-OH (25): A solution of conjugate 6a
(80.0 mg, 103 umol), HOBt (23.6 mg, 150 umol), DIPEA (35.2 uL,
206 umol) and HBTU (39 mg, 103 umol) in DMF (1 mL) was added to
aminomethylpolystyrene (62.4 mg, 1.1 mmolg™"). After 15 h the resin was
washed with CH,Cl, and capped by a 10 min treatment with Ac,O/Pyr
(1:50, 2 mL). Washing with DMF and CH,Cl, and drying afforded resin 22a
(140 mg). The subsequent synthesis proceeded as decribed using resin 22a
(70 mg). After cleavage the crude material was purified by LH20
chromatography (CHCIl;/MeOH 1:1) and gradient silica gel chromatog-
raphy  (CHCly/MeOH/AcOH  85:20:2 — CHCl;/MeOH/AcOH/H,0
4:2:1:0.35). Drying in vacuo furnished a white powder (32.2 mg, 67 %). R;
(CHCl;/MeOH/AcOH/H,0 4:2:1:0.5) =0.42; t; =20 min (0—40 min: 25—
75% Bin A, 1 mLmin~', 50°C); MS (FAB*, 3-NBA/DMSO): m/z: 1411.82
[M(monoisotop)+H]*, caled for Cg;H70N,0Oy9: 1411.52.
Ac-C%C%G%Gly-OH (24): A solution of conjugate 6¢ (110.0 mg,
240 umol), HOBt (53.0 mg, 350 umol), NMM (52.0 puL, 480 umol) and
HBTU (39 mg, 232 pmol) in CH,CL/DMF (2:1, 1.5 mL) was added to
aminomethylpolystyrene (90.0 mg, 1.1 mmol per g). After 15 h the resin
was washed with CH,Cl, and capped by a 5 min treatment with Ac,O/Pyr
(1:3, 2 mL). Washing with DMF and CH,Cl, and drying afforded resin 22¢
(170 mg). The subsequent synthesis proceeded as decribed using 56 mg of
resin 22c¢. After cleavage the crude material was purified by LH20
chromatography (CHCl/MeOH 1:1) and silica gel chromatography
(CHCly/MeOH/AcOH/H,0 7:2.5:1:0.5). Drying in vacuo furnished a white
powder (25.6 mg, 59 %). Analytical data: see above.

Solid-phase synthesis by on-resin synthesis of the starting monomer

Boc-G“%-HYCRON-PS (27): A solution of conjugate 6b (0.98 g,
1.37 mmol), HOBt (0.32 g, 2.06 mmol), NMM (0.3 mL, 2.74 mmol) and
HBTU (0.52 g, 1.37 mmol) in DMF (7 mL) was added to aminomethylpo-
lystyrene (0.62 g, 1.1 mmol per g). After 15 h the resin was washed with
DMF and capped by a 10 min treatment with Ac,O/Pyr (1:6, 7mL).
Washing with DMF and CH,CI, and drying afforded resin 26, displaying a
Fmoc-loading of 0.6 mmol per g. To resin 26 (96 mg, 60 umol) was added
DMF/morpholine (1:1, 3 mL). After 45 min the resin was washed with
DMF (8 x 3 mL). DIPEA (61 puL, 360 umol), pyridine (100 uL) and HATU
(64 mg, 170 umol) were added subsequently to a solution of the N°-
carboxymethylene-N?2-(benzyloxycarbonyl)-guanine (61.8 mg, 180 pmol)
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in DMF (1.3 mL). After 5 min of preactivation this solution was added to
the resin and shaken for 16 h. Washing with DMF and dry CH,Cl, and
drying over P,O,, yielded resin 27 (88 mg). To 19.2 mg of resin 27 was
added a degassed solution of [Pd(PPhs),] in morpholine/DMF/CH,Cl,
(1:5:3, 10 mL). After 16 h the resin was washed repeatedly with DMF.
The filtrate was evaporated in vacuo and the residue repeatedly coevapo-
rated with DMF until dryness. LH20 chromatography was followed by
gradient silica gel chromatography (CHClyMeOH/AcOH 85:15:1 —
CHCly/MeOH/AcOH/H,0 70:30:3:10). Suspended silica gel was removed
by repeated filtration of a solution of the residue in CH;CN/EtOH (1:1).
Subsequent evaporation of the filtrate yielded building block 28 (4.3 mg,
61 %) which proved identical to an authentic reference (purchased from
Applied Biosystems).

Ac-GZ-CZ2-CZ-AZ-C%-GZ-G%-OH (29 a): Starting from resin 27 (22 mg) the
linear chain assembly was performed as described above. The crude
material obtained after the Pd’-catalysed cleavage was purified by gradient
silica gel chromatography (CHCl/MeOH/AcOH 80:20:2 — CHCly/
MeOH/AcOH/H,0 4:2:1:0.5) yielding to fraction A (35 mg) and fraction B
(26 mg), which both contained product 29a. Preparative HPLC of
fraction A (4.5 mg) yielded Ac-G%-C%-C%AZ-C%-G%-Aeg(Ac)-OH 29b
(20mg, 39%) and product 29a (0.4 mg, 7%). Preparative HPLC
fraction B (4.1 mg) yielded additional product 29a (2.0 mg, 29 %, overall:
36%). tg =31 min (0-40 min: 10-80% B in A, 1 mLmin*, 50°C); MS
(MALDI-TOF, DHB, pos): m/z: 2902 [M(average)+H]*, caled for
Ci3H 137N ;3034 2903.

Ac-GZ-CZ-CZ-A(CHINH-Fmoe CZ.GZ.GZ.OH (32): Starting from resin 26
(20 mg) the guanosine base was coupled as decribed for 27. The linear
chain assembly was performed until incorporation of 3. The resin was dried
yielding 30 (41 mg). To resin 30 (16.4 mg) was added DMF/morpholine
(1:1, 2 mL). After 60 min the resin was washed with DMF. The adenine
modification 11 (9.0 mg, 19.2 umol) was preactivated for 5 min by dissolv-
ing in DMF (200 uL) and adding NMM (4.4 uL) and HATU (6.1 mg,
16.0 pmol) before the resulting mixture was added to the resin. After 13 h
the resin was washed with DMF and CH,Cl, and dried. The Fmoc group
was removed from 0.3 mg of the 16.0 mg of resin 31 obtained and the
deprotection quantified. The Fmoc loading was 0.4 mmol per g. The chain
assembly was completed and the Pd’-catalysed cleavage was performed as
described. C18-SepPak-filtration and preparative HPLC was followed by
drying in vacuo to afford a yellowish powder (7.3 mg, 50%). tr =15.5 min
(0-30 min: 50-90% B in A, 30-35min: 90%B in A, 1 mLmin"!, 50°C);
MS (MALDI-TOF, DHB, pos): m/z: 3091 [M(average)+H]*, calcd for
Ci4sH 54N O34 3090.

Boc-Gly-G%-G*-C%“-NHCH,CH,NH-FITC (34a): A 50 mm HOBL solution
(100 L, 5 umol) in DMF and a 50 mm EDC solution (50 pL, 2.5 pmol) in
CH,Cl, was added to a solution of protected PNA 25 (1.9 mg, 1.35 pmol) in
DMF (500 pL). After addition of the amine 33a (1.3 mg, 2.84 pmol) the
solution was stirred for 40 h. Sephadex-LH20 chromatography (CHCLy/
MeOH 1:1) furnished a bright yellow solid (1.6 mg, 64 %) after drying in
vacuo. MS (MALDI-TOF, DHB, pos): m/z: 1843.5 [M(average)+H]*,
caled for CggHgN,30,3S: 1843.8.

H-Gly-G-G-C-NHCH,CH,NH-DANS (35): Analogously to 34a protected
PNA 25 (2.0 mg, 1.41 umol) was subjected to the coupling with dansyl-
amine 33b. Sephadex-LH20 chromatography (CHCl;/MeOH 1:1) furnish-
ed a yellow powder (3.3 mg), which was dissolved in TFA (4 mL). After
15 min the TFA was removed by evaporation in vacuo. To the residue was
added dimethylsulfide (300 pL), m-cresol (300 uL), TFA (3mL) and
trifluoromethanesulfonic acid (300 uL). After 2.5h precipitation was
induced by the addition of cold diethyl ether (40 mL). The precipitate
was purified by size-exclusion chromatography (Biogel P2, 0.05m
NH,HCO;) and preparative HPLC. Lyophilisation yielded a yellow solid
(1.0 mg, 60% based on 25). tz=18 min (0-40 min: 0-50% B in A,
1 mLmin~!, 50°C); (FAB*, NBA): m/z: 1206.53 [M(monoisotop)-+Na]*,
caled for C,gHg N,;O0,,S Na: 1206.45.

Ac-G-C-C-A CHINH:.C.G-G-NHCH,CH,NH-DANS (36): A 30 mm DMF/
HOAt solution (25 pL) and the amine 33b were added to PNA-oligomer 32
(0.4 mg, 0.13 umol). Subsequently, a 15 mm solution (20 uL) of EDC in
CH,CI, was added. After 25 h of stirring HPLC purification afforded 1 mg
material, which was dissolved in DMF/morpholine (1:1, 1 mL). The
resulting solution was stirred for 50 min before DMF (3 mL) was added.
To the residue obtained after evaporation in vacuo was added a TFMSA/
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TFA/Me,S/m-cresol-mixture (2:10:1:1, 1 mL). After 3 h the solution was
concentrated in vacuo before addition of cold diethyl ether (10 mL). The
precipitate was purified by HPLC. Lyophilisation yielded a fluffy powder
(0.2 mg, 66 %). tr =18.5 min (0—30 min: 0-25% B in A, 30-40 min: 25—
80% Bin A, 1 mLmin~', 50°C); MS (MALDI-TOF, DHB, pos): m/z: 2337
[M(average)+H]", caled for CyeH ,5N,,0,3S: 2338.

Ac-G-C-C-A CHINHDabs. C.G-G-NHCH,CH,NH-DANS (37): A 0.1m NaH-
COj; solution (40 pL) and a 30 mm dabsyl chloride solution (10 pL) in DMF
were added to oligomer 36 (0.2 mg, ~0.08 pmol). After 16 h the mixture
was passed through an water-equilibrated RP18-SepPak cartridge and
washed with water. Elution with CH;CN/H,O (6:4) and drying in vacuo
yielded a red solid (0.1 mg, ~50%). tx =20 min (0—30 min: 0-25% B in
A, 30-40 min: 25-80% B in A, 1 mLmin~", 50°C); UV/Vis: Ay, = 269,
462 nm; Cy;0H;3N500,5S, (2624.75).

Ac-TTATTATTATTA CHDNETTAT-Gly-OH  (42): The Boc-Gly-HY-
CRON conjugate 6¢ was coupled as described above to Tentagel
(500 mg, 0.29 mmol per g) to yield resin 38 (535 mg). CH,CL/TFA (1:1,
2 mL) was added to the resulting resin (135 mg). After 50 min the resin was
washed with CH,Cl, and with DMF. This resin was treated with a solution
of Fmoc-T (56 mg, 0.11 mmol) in DMF (1 mL), to which HOBt (19 mg,
0.11 mol), NMM (24 pL, 0.22 mmol) and HBTU (19 mg, 0.11 mmol) were
added. After 3 h the resin was washed with DMF (5 x ) and was subjected
to capping as described. Final washing with CH,Cl, and subsequent drying
in vacuo furnished resin 39 (148 mg), which contained 0.19 mmol Fmocg~!
resin. Resin 39 (33 mg, 5 umol) was used for the synthesis of 41.

Fmoc removal: DMF/piperidine (4:1), 1 x 1-2 min, 1 x 8 min, 7 washings
with DMF.

Couplings: The resin was suspended in a solution of 20 pumol Fmoc-
protected building block in 0.266 M NMM in DMF (2% pyridine, 150 pL)
which was preactivated by addition of HATU (7.6 mg, 20 umol). After 1.5 h
the resin was washed 5 x with DMFE.

Capping: Ac,O/pyr (1:50, 1.5 mL), 10 min, 7 washings with DMF. The final
Fmoc cleavage was monitored to reveal a loading with 2.9 umol Fmoc. The
N-terminus was acetylated by a subsequent capping step.

Removal of Bhoc- and Boc-protecting groups: The dried resin (46 mg) was
suspended in TFA/ethanedithiol/H,O (95:2.5:2.5, 1.5 mL) and shaken for
15 min. After filtration the resin was washed with CH,Cl, (3 x ), the TFA
mixture (1.5 mL) was added again and the resin was shaken for further
40 min. The procedure was repeated for another 5 min until the CH,Cl,
filtrates proved colorless. The resin was washed with CH,Cl, (5x),
pyridine (5 x ) and DMF (5 x).

Cleavage: The Pd’-catalysed cleavage was performed as described for 23.
After 16 h the resin was filtered and washed excessively with DMF. The
combined filtrates were concentrated to dryness in vacuo. Traces of DMSO
were removed by repeated coevaporation of DMF.

Purification: A solution (7 mL) of 0.1% TFA in H,0O was added to the
residue. The precipitate was removed by filtration. The volatiles were
removed from the filtrate in vacuo and to the residue was added 5%
MeOH in H,0 (2 mL). After removal of the precipitate by filtration, the
filtrate was passed through a H,O equilibrated Kromafix C18 cartridge.
Elution with H,O (5 mL) and subsequent evaporation yielded the residue
(10.8 mg). RP-HPLC purification (Nucleosil 5-100, C18 HD, 250 x 10 mm,
3.5 mLmin~!) of 7.7 mg and subsequent lyophilisation yielded a white flufty
powder (4.5 mg, 27 % based on the TFA salt of 42). t; = 16 min (0-40 min:
0% —40% B in A, 1 mLmin~!, 50°C); MS (MALDI-TOF, DHB, pos):
miz: 4494 [M(average)+H]*, calcd for C,g4H,35Ng Os;: 4494.

Ac-Cys(EDANS)-TTATTATTATTATTA (CH2NH-DABCYLL.Gly.OH ~ (44):
Starting from resin 39 (19.5 mg, 2.9 umol) the chain assembly (building
blocks: Fmoc-T, Fmoc-AB"c, Fmoc-Cys(Trt) and 19a) and the removal of
the Trt-, Boc- and Bhoc-groups was performed as decribed for 42. Before
attachment of the reporter groups the resin 40b was washed with pyridine
(4 x). To the resin was added DABCYL-SE (2.5 mg, 6.8 pmol) in a DMF/
pyt/NMM solution (7:1:1, 90 uL). After 15 min a further DABCYL-SE
(1.4 mg, 3.8 umol) was added. The suspension was shaken for 4 h. The resin
was washed with DMF (5 x ) and treated with DMF/piperidine (4:1). After
5 min the resin was washed with DMF (5 x ). The resin was supended in a
solution of dithiothreitol (10 umol) in a mixture of DMF/H,O (3:1, 250 pL)
and NMM (20 pL). After 15 min the resin was washed with degassed DMF/
H,O (3:1) and a solution of TAEDANS (4.0 mg, 9.2 umol) in DMF/H,O
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(3:1, 200 puL) containing 5% NMM. After 4 h the resin was washed with
DMF/H,0 (3:1, 5 x ) and with DMF (5 x ).

Cleavage: see 23.

Purification: The combined DMF filtrates obtained after the cleavage were
concentrated in vacuo. Repeated coevaporation with DMF yielded a solid
residue. H,O was added and the precipitate removed by filtration. The
concentrated filtrate was applied on a C18-SepPak cartridge, which was
“activated” before by passing through MeOH followed by water equili-
bration. First H,O (5 mL) was eluted, then CH;CN/H,O (4:1, 5mL). The
red-colored eluent obtained after addition of CH;CN/H,O (3:1, 5 mL) was
collected and lyophylised. Two-fold semipreparative HPLC (Nucleosil
5-100, C18 HD, 250x10mm, 0-30min: 10% —40%B in A,
3.5 mLmin™") yielded 25.2 OD,g. tg =22 min (0-40 min: 10% —40% B
in A, 1 mLmin~!, 50°C); ESI-MS (nanospray, pos): m/z: 5153.0, calcd for
Cy16Ha7Ng1Og3S,: 5154.05 UV/Vis (H,0): Ay = 265, 485 nm.
Ac-Cys(EDANS)-TTATTATTATTA (CHONH-DABCYITTAT-Gly-OH ~ (45):
Starting from resin 39 (19.5 mg, 2.9 umol) the synthesis was performed as
described for 44. A yield of 16.3 OD,4 was obtained. fr =23 min (0—
40 min: 10% —40% B in A, 1 mLmin~!, 50°C); ESI-MS (nanospray,
pos): m/z: 5153.0, caled for C,;4H,5Ng;Og:S,: 5154.0; UV/Vis (H,0): A =
265, 485 nm.

Ac-Lys(Dans)-ACCTACAGCC-Lys(DABCYL)-NH, (48): Fmoc-Lys-
(DABCYL) (purchased from Molecular Probes, Leiden, Netherlands)
was coupled to the Tentagel-resin loaded with the Rink-linker. The
subsequent solid-phase synthesis was performed in 3 umol scale with a
Multisyntech Syro synthesizer and with the methods as described for 42. At
the N-terminal end Fmoc-Lys(Boc)-OH was coupled, the Fmoc group was
removed and the liberated amino group subsequently acetylated. Cleavage
from the solid support was performed using TFA/ethanedithiol/thioanisol/
H,0 (92.5:2.5:2.5:2.5). The purification of the PNA -DABCYL conjugate
was performed by solid-phase extraction followed by HPLC (see above)
which furnished 10.8 OD,,. To the purified PNA-DABCYL conjugate (2.1
OD,, 65 nmol) in CH;CN/H,O (4:6, 48 uL.) DIPEA (4.2 uL) was added.
Within 30 min a solution of 5-dimethylaminonaphthaline-1-sulfonyl chlor-
ide in 40% CH;CN/H,O (0.16M) was added in four portions (1 uL). The
mixture was vortexed for 1 h. The purification proceeded by chromatog-
raphy on a C18-SepPak cartridge as described for 44. The fraction eluting
with CH;CN/H,O (4:6) was collected. HPLC analysis showed a single peak.
Lyophilisation yielded 1.4 OD,y. tg =14 min (C18-PPN (Macherey&Na-
gel), 250 x 4 mm, 0—-2 min: 10% B in A, 2-40 min: 10% —50% B in A,
1mLmin~!, 50°C); MS (MALDI-TOF, DHB, pos): m/z: 3440.5
[M(average)+H]", caled for C,sH ,NgsO3,S: 3440.6.

Hybridisation experiments: Stock solutions of the PNA probes (50
pmolpL~" in CH;CN/H,O (1:1)) and the DNA-targets (400 pmolpuL~" in
H,0) were prepared. The PNA probe solution (20 uL) was added into a
quartz cuvette and diluted with aq. buffer (100 mm NaCl, 10 mm NaH,PO,,
0.1 mm EDTA, pH 7, 980 uL). The fluorescence spectrum (excitation at
335 nm) was recorded at 298 K sample temperature. DNA target was
added (10 pL) and the fluorescence spectrum was measured after 10 min.
In an alternative experiment (uppermost curves in Figure 5) the PNA
probe solution (30 uL) was diluted with the buffer (970 uL) and fluo-
rescence spectra (excitation at 335 nm) were measured at 293 K sample
temperature before and after addition of DNA target (10 pL).

Hybridisation kinetics: To the aq. buffer (100 mm NaCl, 10 mm NaH,PO,,
0.1 mm EDTA, pH 7, 980 uL) was added an aliquot of the stock solution of
PNA-probe 44 (50 pmolpL~! in CH;CN/H,O (1:1), 20 pL). Oligonucleo-
tide 47 was added (400 pmol pL~! in H,O, 2.5 puL) and the emission (298 K,
excitation at 335 nm) at 485 nm was monitored. After 21 min further 47
(400 pmol uL~'in H,0, 7.5 pL) was added, after 40 min 46 (400 pmol uL.!in
H,0, 2.5 uL) was added and after 51 min further 46 (400 pmol uL~! in H,O,
7.5 uL).
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Pressure- and Temperature-Induced Valence Tautomeric Interconversion in a
o-Dioxolene Adduct of a Cobalt - Tetraazamacrocycle Complex
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Abstract: An electronic switch at the molecular level has been realized by using a
class of ionic compounds of the formula [Co(L)(diox)]Y (L =tetraazamacrocyclic

ligand, Y =mononegative anion). Such compounds undergo temperature- and
pressure-induced intramolecular one-electron transfer equilibria. The transition
temperature of interconversion varies with the nature of the counterions Y (Y = PF,

Keywords: cobalt - electron transfer
- isomerization - redox chemistry -
valence isomerization

BPh,, I). Surprisingly the effect of the anion on the transition temperature is not only

governed by its volume but also by its coulombic interaction.

Introduction

Molecules that can be stable in at least two different forms are
being investigated as possible candidates for information
storage.l 2 Some dioxolene cobalt complexes of the formula
[Co(NNN)(diox),] (NNN =diazine ligands, diox = o-dioxo-
lene, that is catecholato (cat) or semiquinonato (sq)) have
been recently shown to undergo valence-tautomeric equilibria
between Co!-semiquinonato and Co™ - catecholato species
in the solid state, thus providing an interesting family of
electronically labile derivatives.’*! The attractiveness of this
class of complexes is that in principle the temperature of the
transition between the two forms as well as the nature of the
transition, namely continuous or abrupt, with or without
hysteresis, can be tuned by molecular chemistry techniques, as
already well estabilished for spin-crossover compounds.”! To
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achieve this goal it is necessary to exploit all the possible
experimental methods, including the possibility of varying the
charge of the active species. We have found a class of ionic
compounds of the formula [Co(L)(diox)]Y (L =tetraazama-
crocyclic ligand, Y =mononegative anion) that undergoes
temperature- and pressure-induced intramolecular one-
electron transfer equilibria. Since the valence tautomers
[Co™(L)(cat)]* and [Co™(L)(sq)]* are cationic, it is possible
to tune the transition temperature of the interconversion by
varying the nature of the counterions Y. As an example, we
report here the synthesis and the physical properties of the
[Co(cth)(phendiox)Y complexes] (cth=dl-5,7,7,12,14,14-hexa-
methyl-1,4,8,11-tetraazacyclotetradecane; phendiox =9,10-
dioxophenanthrene; Y = PF,, BPh,, I).

Results and Discussion

The complex [Co"(cth)(phencat)] (1) (phencatH,=9,10-di-
hydroxyphenanthrene) can be easily isolated from the reac-
tion of [Co(cth)Cl,] and 9,10-dihydroxyphenanthrene in
alkaline methanol under an inert atmosphere. The addition
of a stoichiometric amount of [Fe(Cp),]|PFs (Cp=CsH;s) to a
solution of 1 in methanol gives [Co(CTH)(phendiox)]PF,-
H,O (2), which can be recrystallized from dichloromethane/
hexane as [Co(cth)(phendiox)]PF,-1.5CH,Cl, (3).1%7 The
iodide and the tetraphenylborate derivatives, 4 and 5,
respectively, were prepared from the aerial oxidation of 1
followed by addition of aqueous KI, and from 2 by metathetic
exchange with NaBPh, in methanol, respectively.
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Compound 2 is diamagnetic at low temperatures (Figure 1),
but starting from about 150 K it becomes paramagnetic, and
the y,,T values increase with increasing temperatures, reach-
ing the value of 2.55 emu K mol™! (u.;=4.34 ug) at 340 K. The
transition can be classified as gradual, in analogy with the

3.0

100 150 200 250 300 350
TIK
Figure 1. Plot of y,,T versus T behavior of 2—5 in the range 100-340 K.

definition currently used for spin-crossover complexes.’! The
phenomenon is associated with a color change from yellow at
low temperatures to deep brown at high temperatures. On
cooling the sample the yellow color is restored. No significant
hysteresis effects were detected. This behavior is consistent
with the existence of the valence-tautomeric equilibrium in
Equation (1), which involves an intramolecular one-electron
transfer process between the catecholato ligand and the low-
spin cobalt(il) acceptor with a spontaneous change in spin
state from Co™ (§=0) to Co" (§=3/2) at the cobalt center.
Spectral and structural evidence support this hypothesis (see
below).

[Co'™(cth)(phencat)]* =[Co"(cth)(phensq)]* 1)

The magnetic behavior of 3 is quite similar to that of 2
(Figure 1), although the y,,T versus T function is much more
gradual and still rising above room temperature, indicating
that the valence-tautomeric interconversion in 3 extends to
considerably higher temperatures than that in 2. In addition,
Figure 1 shows fits of the magnetic data by applying the
regular solution model:' In((1 — x)/x) = (AH + I'(1 —2x))/
RT— AS/R, with the molar fractions x = y,, T(obs) — . T(LS))/
(tmT(HS) — ¥ T(LS)), where y,,T(LS) and y,7(HS) (LS=
low spin, HS =high spin) have been taken as 0.4 (100 K)
and 2.8 (saturation above 340 K). The entropy values AS
(71.0 Jmol'K~' for 2; 46.0Jmol”'K~! for 3) and the
enthalpy values AH (19.0 kJmol~! for 2; 12.6 kI mol~! with a
Gauss distribution width 2.7 kImol~!' for 3) are definitely
higher than for comparable iron(i1) spin-crossover transition
systems.”l The excess of entropy reflects the change of the
electronic structure not only at the metal center as in spin-
crossover systems but in addition in the ligand. In compound 2
the long-range interaction parameter I'=180cm~!, while
compound 3 shows practically no long-range interaction.

Temperature-dependent IR spectra of 2 confirm the
existence of an equilibrium involving two species, as indicated

Chem. Eur. J. 2001, 7, No. 18
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by the presence of several isosbestic points in the range of
4000-500 cm~!. The spectra in the range between 1750 and
1000 cm™!, where some indicative bands associated with the
C—O stretching and ring skeletal modes of the dioxolene
ligands are expected,'” are shown in Figure2 and are
consistent with a temperature-dependent change of the
oxidation state of the coordinated dioxolene. At low temper-
atures the spectrum is consistent with the catecholato
character of the dioxolene (bands in the range between 1330
and 1380 cm™! associated with the C—O stretching mode),
whereas at high temperatures a description as a semiquino-
nato species can be suggested (see for example the bands in
the region between 1520 and 1590 cm~!, which are assigned to
the C=O0 stretching mode).

0.6

T
rei 04l

1400

=1

rel. T

—— 292K
- 250K

o -~ 235K
N 200K

1700 1600 1500 1400 1300 1200 1100 1000

v /em™’

Figure 2. Temperature-dependent IR spectra of 2 in the range between
1750 and 1000 cm~!. The insert shows several isosbestic points around
1400-1500 cm ™.

The crystal structures of 3 at 295 and 198 K fully support the
hypothesis of the valence-tautomeric interconversion. The
space group was determined to be C2/c at 198 K and the
refinement showed that the same symmetry was present in
an isomorphous cell at 295 K. At this temperature the
dichloromethane molecules were found to be disordered.
Since there is no change in the crystal symmetry, there is no
crystallographic phase transition.

The strucutre of the cation at 198 K is shown as an ORTEP
drawing in Figure 3. Selected bond lengths [A] and angles [°]
for 3at 198 K and 295 K are collected in Table 1. The complex
is six-coordinate; the macrocyclic ligand is ligated in a folded
configuration and the dioxolene group acts as a bidentate
ligand towards the metal ion. Comparing with the bond length
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Figure 3. Structure of [Co(CTH)(phendiox)]|PF,-1.5CH,CI, (3) at 198 K
(ORTEP view; see Table 1 for selected bond lengths [A] and angles [°] for 3
at 198 K and 295 K).

Table 1. Selected bond lengths [A] and angles [°] for 3 at 198 K and 295 K.

293K 198K
Co-01 2.011(7) 1.887(4)
Co-02 2.015(7) 1.911(4)
Co-N2 2.087(7) 2.011(5)
Co-N3 2.096(7) 2.030(5)
Co-N4 2.099(7) 2.014(5)
Co-N1 2.108(8) 2.022(5)
01-Cl1 1.287(11) 1.368(7)
02-Cl4 1.295(11) 1.352(7)
01-Co-02 81.5(3) 87.7(2)
01-Co-N2 169.3(3) 173.4(2)
02-Co-N2 90.4(3) 87.5(2)
01-Co-N3 89.6(3) 86.5(2)
02-Co-N3 169.2(3) 172.6(2)
N2-Co-N3 99.2(3) 98.7(2)
01-Co-N4 102.1(3) 97.4(2)
02-Co-N4 86.2(3) 85.2(2)
N2-Co-N4 84.1(3) 86.7(2)
N3-Co-N4 89.8(3) 91.0(2)
01-Co-N1 84.5(3) 84.5(2)
02-Co-N1 100.4(3) 96.9(2)
N2-Co-N1 90.2(3) 91.6(2)
N3-Co-N1 84.7(3) 87.1(2)
N4-Co-N1 171.3(3) 177.2(2)

data in the literature,>-'Y at 198 K the features of the
coordination polyhedron are consistent with an equilibrium
mixture of the [Co"™(cth)(phencat)]* and [Co'(cth)-
(phensq)]* valence tautomers; the first species is the domi-
nant one at this temperature. The same conclusion can be
drawn from the analysis of the structural parameters of the
same cation at 295 K, with the difference that at this temper-
ature the [Co'(sq)] species is predominant, which is evident
when the difference in the coordination sphere and C-O
distances are compared for the two structures at the two
temperatures (see data in Table 1). It is therefore concluded
that the magnetic behavior of this compound is determined by
a valence-tautomeric interconversion between the low-spin
diamagnetic [Co™(cat)] species and the high-spin [Co"(sq)]

3928
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one. The stereopacking diagram of this compound does not
show the existence of strong interactions (such as hydrogen
bonds and stacking interactions) between the neighboring
complexes. These interactions would be important in the
valence-tautomeric phase transition for inducing cooperativ-
ity within the crystal lattice. The observed packing can then
justify the lack of any hysteresis effect in the valence-
tautomeric transition.

As expected from the observation that the volume of the
unit cell changes by 4.3 % on going from the [Co"(sq)] species
to the [Co'(cat)] species, which is far more than can be
accounted for by thermal contraction, it is clear that the
magnetic properties of 2 must be pressure dependent (Fig-
ure 4). Indeed, the transition temperature increases with

3.0
v 21bar
251 2 21 bar; after 7.4 kbar
' o 2 3.0kbar
o 242kbar
204 . 274kbar
%l 151
/ cm’mol 'K
1.04
0.5+
00 T T T T T 1

100 150 200 250 300 350
T/K
Figure 4. Pressure dependence of y,,T versus T behavior of [Co(CTH)(-

phendiox)]PF- H,O (2). Measurements were done at ambient pressure
(before and after release of pressure), 3.0, 4.2, and 7.4 kbar.

increasing pressure, thus indicating that the interconversion
process can be isothermally pressure-induced. When the
pressure reaches the value of 7.4 kbar, 2 is practically
diamagnetic at room temperature. The observed result is in
agreement with the physical behavior of some iron(i) and
cobalt(t1) spin-crossover complexes!® ¥l and of the [Co(phen)-
(dtbcat)(dtbsq)] complex (dtbcat=3,5-di-tert-butylcatecho-
late, dtbsq=3,5-di-fert-butylbenzosemiquinone) undergoing
valence tautomerism.' In compound 2 the long-range
interaction with I'=180cm~' at ambient pressure disappears
at 3 kbar. The strong pressure dependence observed for 2 and
the concomitant color change upon spin state change makes
this valence-tautomeric system a potential canditate for a
pressure sensor which should work after calibration at
different temperatures.

Figure 1 shows that the magnetic properties of the iodide
derivative 4 are quite similar to that of 2, the transition being
shifted by about 30 K towards higher temperature, whereas
those of the tetraphenylborate 5 are significantly different
from those of the other compounds. The y,, T versus T plot
shows that compound 5 probably undergoes a similar
transition but at much higher temperatures than the previous
compounds. This shows how a different counterion, the
tetraphenylborate, can deeply influence the intramolecular
redox process. A similar result was recently observed for a
manganese —dioxolene derivative.['”)
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The high-temperature magnetic properties of the com-
plexes reported herein are not easy to rationalize. However
they could be consistent with the existence of a weak
antiferromagnetic interaction between the cobalt(i) ion and
the semiquinonate radical ligand, as recently established by
some of us to be operative in some related octahedral
cobalt(i1) —semiquinonate complexes.'! As observed for all
the other cobalt systems undergoing valence-tautomeric
equilibria,l'” no evidence of the formation of a low-spin
Co''-semiquinonato species was found. This species is
expected to be characterized by a triplet electronic ground
state, on the basis of the orthogonality of the d,(Co) and
7*(SQ) magnetic orbitals.?”! High-field ESR spectra did not
show any evidence of the existence of such a species,?! and
this result is in full agreement with the observation of
isosbestic points in the IR spectra of 2, that is no more than
two species are involved in the interconversion equilibrium.
This result is in agreement with the results of quantum-
mechanical calculations on this system,?? and its possible
explanation has been recently discussed.!

Conclusion

Temperature- and pressure-induced intramolecular one-elec-
tron transfer equilibria at the molecular level have been
realized by using a class of ionic compounds of the formula
[Co(cth)(phendiox)]Y complexes. The magnetic measure-
ments reveal a rising paramagnetism with rising temperature
indicating a transition. The temperature-dependent IR spec-
tra show several isosbestic points, indicating the presence of
two interconverting species: the catecholato (at low temper-
atures) and the semiquinonato (at high temperatures). The
magnetic, structural, and the IR data therefore support the
existence of the valence-tautomeric equilibrium given in
Equation (1). The transition temperature of the interconver-
sion varies with the nature of the counterions Y (Y =PF,,
BPh,,I). Only the compound with the hydrated PF,~ ion
shows a long-range interaction (I"=180 cm™!). Application of
pressure increases the transition temperature by stabilizing
the Co™(LS) - phencat state with a volume smaller than that
of the Co'(HS)-phensq state. The accompanying electron
transfer alters the coulombic interaction between the anion Y
and the Co' center. On the other hand, variation of the anion
Y is expected to cause chemical pressure: the transition
temperature scales with the volume, as known from spin
transitions¥, that is as seen by replacing PFg by I. On going
from PF; to BPh,, however, which is larger and is expected to
lower the transition temperature, the opposite is observed.
This can be understood on the grounds of the changing
coulombic interaction. In the anion BPh, the electrons are less
localized than those in PF,. This alters the coulombic
interaction, which stabilizes the Co"™(LS)-phencat state,
and explains a rising transition temperature. Surprisingly,
the effect of the anion on the transition temperature is not
only governed by its volume but also by its coulombic
interaction.

Chem. Eur. J. 2001, 7, No. 18
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Experimental Section

Magnetic measurements: Magnetic susceptibility measurements at ambi-
ent pressure were performed with an applied field of 1 T on a Metronique
SQUID operating between 2 and 280 K. Magnetic susceptibility measure-
ments under hydrostatic pressure and variable-temperature were per-
formed by using the PAR 151 Foner-type magnetometer, equipped with a
cryostat operating in the temperature range 2-300 K. The hydrostatic
pressure cell made of hardened beryllium bronze with silicon oil as the
pressure transmitting medium operates in the pressure range of 1 bar < P <
13 kbar and has been described elsewhere.l?®] Hydrostaticity was estab-
lished in our previous studies of spin-crossover compounds.**-2%4 The
cylindrical sample holder is 1 mm in diameter and 5—-7 mm in length. The
pressure was measured by making use of the pressure dependence of the
superconducting transition temperature of high purity tin as an internal
standard. Experimental data were corrected for diamagnetism using
Pascal’s constants.

Middle infrared (MIR): MIR measurements were carried out on a Bruker
IFS 66v/S FTIR-spectrometer equipped with an Oxford OptistatCF
dynamic continuous flow helium cryostat with zinc selenide windows,
which allowed measurements in a temperature range from 25 to 300 K. A
globar light source was used. A DTGS detector was implemented for the
MIR range and a KBr beam splitter was employed. The sample was
mounted as a Csl pellet. The resolution of the spectra was set to 2 cm ™!, and
500 scans were accumulated for each spectrum.

Synthesis of [Co(CTH)(phendiox)]Y complexes (Y=PF,, I, BPh): A
solution of cobalt(t1) acetate (3 mmol) in methanol (50 mL) was added to a
solution of dI-CTH (3.3 mmol) under an inert atmosphere. The resulting
solution was gently warmed for 0.5 h and then mixed with a solution of
9,10-di-hydroxyphenanthrene (3 mmol) in methanol (20 mL). After the
addition of solid NaOH (6 mmol), the resulting mixture was gently warmed
for 0.5h and the volume of the resulting solution was reduced. Brown
crystals of [Co(CTH)(Phencat)] (1) precipitated; yield 75%. They were
filtered under argon, washed with ethanol-pentane mixtures, and then
dried under an argon stream. A methanol solution of 1 (1 mmol) was mixed
with a solution of ferricinium hexafluorophosphate (1 mmol) in acetone
under an argon atmosphere. The volume of the resulting solution was
reduced until crystals of [Co(CTH)(phendiox)]PF¢-H,O (2) appeared.
They were filtered, washed with ethanol-pentane mixtures and dried
under vacuum; yield 35%. Elemental analysis calcd (%) for CoCsFsHus-
N,O;P (2) (714.62): C50.42, H 6.49, N 7.84, Co 8.25; found: C 50.30, H 6.59,
N 7.72, CO 8.11. Recrystallization from dichloromethane —hexane mixtures
afforded crystals of [Co(CTH)(phendiox)]PF;-1.5CH,Cl, (3) that were
filtered and dried under argon. Elemental analysis caled (%) for
CoGC;, sCLFH,7N,O,P (3) (824): C 4592, H 5.75, N 6.80, Co 7.15; found:
C45.78, H5.71, N 6.68, Co 7.04. Aerial oxidation of methanol solutions of 1
at room temperature (10°C) followed by addition of aqueous solutions of
potassium iodide and sodium tetraphenylborate gave [Co(CTH)(phen-
diox)]I (4) and [Co(CTH)(Phendiox)]|BPh, (5), respectively, as micro-
crystalline powders; if sodium perchlorate is used unstable compounds
were obtained. These compounds were recrystallized from methanol—
water mixtures under an argon atmosphere, filtered, and dried under
argon; following this process they were stable to air. Elemental analysis
calcd (%) for CoC;, Hy,IN,O, (4) (678.54): C53.08, H 6.54, N 8.26, Co 8.69;
found: C 53.25, H 6.60, N 8.15, Co 8.52; elemental analysis calcd (%) for
CoBC;,Hy,N,O, (5) (870.87): C 74.48, H 741, N 6.43, Co 6.77; found: C
74.22, H 7.31, N 6.27, Co 6.52.

Crystal data for 3

At 198 K: CoCl;Cs5F¢N,O,P, M, =823.98, crystal size 0.4 x 0.6 x 0.6 mm,
Moy, radiation 0.71069 A, monoclinic space group C2/c (no.15), a=
20.289(4), b=12.305(3), c=29.189(8) A, f=101.30(2)°, V="7146(3) A3,
Z=38, Peaca=1.532 gcm ™3, u=8.2 cm~!. No decay was observed for 7342
reflections measured, 5470 independent reflections collected by w scans
(5.06 < 0 < 48.4°) with F?>30(F?); R,=0.067, wR,=0.176. The structure
was solved by direct methods (SIR92['**]) and refined by full-matrix least-
squares on F2 (SHELX93[*]). All the non-hydrogen atoms were treated
anisotropically. The hydrogen atoms were treated as fixed contributors in
calculated positions with isotropic thermal parameters B(H)=1.2 Beq.
Disorder of the dichloromethane molecules was detected, which was
modeled stepwise. Three different positions were included for one of the
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molecules, which were refined with complementary occupancy factors. The
largest peak and hole in the final difference map were 1.017 and
—~1118 A,

At 295 K (same crystal): a =20.291(2), b =12.649(1), c =29.681(3) A, =
101.30(1)°, V=7470.3(12) A3, peyeq = 1.465 gem=3, u="7.82 cm~". For 4181
reflections measured by o scans (5.36 <6 <47.94°), 4052 independent
reflections were collected with F?>30(F?), R,=0.086, wR,=0.239. No
decay was observed. Data were treated as previously described. Disorder of
one of the dichloromethane molecules was detected but not treated.
Largest peak and hole in the final difference map were 0.776 and
—0.445 A3, Selected bond lengths and angles at both T=198 K and
295K are given in Table 1. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Center as supplementary publication
nos. CCDC-103194 (295 K) and CCDC-103195 (198 K). 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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Olefin Metatheses in Metal Coordination Spheres: Versatile New Strategies
for the Construction of Novel Monohapto or Polyhapto Cyclic, Macrocyclic,
Polymacrocyclic, and Bridging Ligands

Johannes Ruwwe,!*?! José Miguel Martin-Alvarez,™ Clemens R. Horn,*! Eike B. Bauer,!!
Slawomir Szafert, ¢! Tadeusz Lis,!! Frank Hampel,'*! Phillip C. Cagle,"! and

John A. Gladysz*!?!

Abstract: The broad applicability of the
title reaction is established through
studies of neutral and charged, coordi-
natively saturated and unsaturated, oc-
tahedral and square planar rhenium,
platinum, rhodium, and tungsten com-
plexes with cyclopentadienyl, phos-
phine, and thioether ligands which con-
tain terminal olefins. Grubbs’ catalyst,
[Ru(=CHPh)(PCy;),(Cl),], is used at 2 —
9 mol % levels (0.0095-0.00042m, CH,-
Cly). Key data are as follows: [(’-
CsH,(CH,)(CH=CH,)Re(NO)(PPh;)-

PPh), formation of five-membered het-
erocycles (96-64%; crystal structure
E=PMe); [(#>-CsMes)Re(NO)(PPh-
((CH,)sCH=CH,),)(L)]"* nBF,~ (L/n=
CO/1, C1/0), intramolecular macrocycli-
zation (94-89%; crystal structure L =
Ch;  fac-[(CO);Re(Br)(PPhy(CH,)e-
CH=CH,),] and cis-[(Cl),Pt(PPh,-
(CH,)¢(CH=CH,),], intramolecular mac-
rocyclizations (80-71%; crystal struc-
tures of each and a hydrogenation

Keywords: Grubbs’ catalyst - mac-

product); cis-[(Cl),Pt(S(R)(CH,),CH=
CH,),], intra-/intermolecular macrocyc-
lization (R =Et, 55%/24 %; tBu, 72 %/
<4%);  trans-[(Cl)(L)M(PPh,(CH,),-
CH=CH,),] (M/L =Rh/CO, Pt/C(F;) in-
tramolecular macrocyclization (90—
83 % crystal structure of hydrogenation
product, M=Pt); fac-[W(CO);(PPh-
((CH,)sCH=CH,),);], intramolecular
trimacrocyclization (83 %) to a complex
mixture of triphosphine, diphosphine/
monophosphine, and tris(monophos-
phine) complexes, from which two iso-

(CH;)], intermolecular  metathesis
(95%);  [(’-CsHs)Re(NO)(PPh;)(E-

ning ligands
(CH,CH=CH,),)]" TfO~ (E=S, PMe, o

Introduction

The olefin metathesis reaction is making a profound impact
upon every branch of organic synthesis, and novel new
applications are being developed at an astonishing pace.[!]
However, there have been far fewer efforts in inorganic or
organometallic synthesis—in other words, olefin metatheses
in metal coordination spheres.>”! Scheme 1 illustrates repre-
sentative examples. The first is one of several reported by
Rudler and co-workers (Scheme 1 A). They were the earliest
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mers of the first type are crystallized.
The macrocycle conformations, and ba-
sis for the high yields, are analyzed.

tr ans-span-

group active in this area, although turnover numbers with
their tungsten/silane catalyst system were low (<4). Then
followed applications in ADMETP¥ and ring-opening®*!
polymerizations of unsaturated ferrocenophanes (Scheme 1B).
Sauvage subsequently described an elegant series of catenane
syntheses (Scheme 1C).*31 These processes, effected with
modern alkylidene catalyst precursors, featured high yields
and turnover numbers.

These auspicious beginnings nevertheless posed more
questions than answers. For example, do coordinatively
unsaturated substrates react as effectively as the eighteen-
valence-electron educts in Scheme 1? Are a broad spectrum
of ligands, and a range of formal charges, tolerated ? Can non-
catenated macrocycles be accessed in high yields? If all of
these answers were to be yes, olefin metathesis would have
immense utility in inorganic and organometallic synthesis. We
could envision a number of specific applications to problems
under investigation in our laboratory.

Towards these ends, we designed the series of test reactions
in Scheme 2. In general, we sought to probe whether
intermolecular reactions could be effected with simple
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A. First examples by Rudler:?!

\
a)
(OC)sW - (OC)sW

OEt OEt

B. Ferrocene-based polymers:[3]

o b F'\\
s/ s

C. Catenanes:*l

Scheme 1. Some previous examples of olefin_metathesis in metal coordi-
nation spheres. a) WOCL,/Ph,SiH,; b) [W(=CH-0-C,H,OMe)(ORy),-
(=NPh)(THF)]; ¢) [Ru(=CHPh)(PCy3),(Cl),] (D).

monoolefinic substrates as in Scheme 2 A, the competition
between ring closing metathesis and intermolecular reactions
with the various diolefinic substrates in Scheme 2B-D,
dependencies on substrate stereochemistry, such as with the
cis/trans isomers in Scheme 2C-D, and selectivity issues of
the type posed in Scheme 2E.

We selected Grubbs’ catalyst, [Ru(=CHPh)(PCys;),(Cl),]
(1), which was known to exhibit good functional group
tolerance, when we began reaction screening in 1998. We
enjoyed a very high rate of success from the outset, and

3932
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A: Joining two complexes, each with one terminal olefin

M—D/\_ + :/—\ D—M

e w0 =" Tp-m

B: Cyclization within one ligand that contains two terminal olefins

1. Small ring
2. Macrocycle
M= /NN
M-D — M0 ||
\/:

C: Cyclization between two cis ligands, each with one terminal olefin

1. Small ring
2. Macrocycle

|
[N\
D)

D 7
M—D

'\'A—D\/:

D: Cyclization between two trans ligands, each with one terminal olefin

D/\: IIJ
&A —
6\/2 D

E: Cyclization involving two or more ligands that contain two terminal olefins

!

|w)

I

)

S [ - . @
M—D M-—D
=

any ring size two le) ring size two
geometry atoms larger atoms smaller

Scheme 2. Conceptual planning: selected categories of olefin metathesis
reactions.
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M-0 ||

\ —
9(/\\\\‘\)) and/or <?>

i

selected data have been communicated.[) This full paper
provides a complete account of these and many previously
unreported data, integrating and interpreting all results in the
context of Scheme 2 and the metal/ligand compatibility
questions posed above. While our work was in progress, new
contributions appeared from other laboratories.”! These are
presented and analyzed in the Discussion section.

Results

Intermolecular reactions: For many of the metatheses in
Scheme 2, we anticipated competition between intermolecu-
lar and intramolecular pathways. We thus began with a
monoolefinic test substrate that could only give an intermo-
lecular reaction (Scheme 2A). As shown in Scheme 3, the
racemic chiral rhenium methyl complex [(7°-CsHs)Re-
(NO)(PPh;)(CH,)] ()P was treated with nBuLi to generate
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W
@ a), b) T
ON-Re~pph, ON-Re~ppn,
CHg CHs
2 5
1 | CHCl,

] 1
ON-Re~ppn, ON-Re~pphy
CHg 6 CHg

| 1
ON-Re~ppp, on-Fe~ppn,
CHg 7 CHg

Scheme 3. An intermolecular metathesis reaction. a)nBuLi, THEF,
—30°C; b) Br(CH,);CH=CH, (4); c)H, (1 atm), cat. [Rh(PPh;);(Cl)],
toluene.

the known lithiocyclopentadienyl complex [(1°-CsH,Li)Re-
(NO)(PPh;)(CH;)] (3).' Then the commercially available
a,w-bromoolefin Br(CH,){CH=CH, (4) was added. Workup
gave the alkylcyclopentadienyl complex [(17°-CsH,(CH,),-
CH=CH,)Re(NO)(PPh;)(CH,)] (5) in 54 % yield. Metathesis
substrates were characterized by IR and NMR ('H, 1°C, 3'P)
spectroscopy, and gave correct microanalyses (Experimental
Section). However, since close relatives lacking olefins have
been characterized (e.g., the methylcyclopentadienyl ana-
logue of 5),11% the spectroscopic data are not discussed.

A CH,(lI, solution of 5 (0.0095m) was treated with Grubbs’
catalyst 1 (3 mol%). After 1.5 h at reflux, workup gave the
metathesized dirhenium complex 6 shown in Scheme 3 in
95 % yield as a 23:77 mixture of Z/E isomers. Stereochemistry
was assigned on the basis of previously established *C NMR
shielding trends.'"!l Isomer ratios were measured by 'H or 3'P
NMR spectroscopy.l'?l Metathesis products were character-
ized analogously to 5, and unless noted gave correct micro-
analyses. However, no special attempts were made to separate
Z/E isomers. We sought instead to effect hydrogenations, a
process with good precedent in metal coordination spheres,['*!
including Sauvage’s catenanes. !

Accordingly, 6 and H, (1 atm) were reacted in toluene in
the presence of Wilkinson’s catalyst. Workup gave the
corresponding saturated dirhenium complex 7 shown in
Scheme 3 in 93% yield. Complex 7 was characterized
analogously to 5§ and 6. Although it would be expected to be
a mixture of meso/rac configurational diastereomers, NMR
spectra showed only a single set of signals. Other diastereo-
meric dirhenium complexes with comparable metal —metal
distances behave similarly.['¥

Intramolecular reactions: Cyclization within one ligand. Meta-
theses of the type in Scheme 2B were examined next. Sub-
strates that would give small rings were selected first, to avoid

Chem. Eur. J. 2001, 7, No. 18
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Z/E mixtures and lower the probability of intermolecular
reaction. As shown in Scheme 4, a CH,Cl, solution of the known
cationic rhenium di(allyl) thioether complex [(7’-CsHs)Re-
(NO)(PPh;)(S(CH,CH=CH,),)]* TfO~ (8, 0.0021m)["! was
treated with 1 (2 mol %) at reflux. After 3 h, NMR spectra of
the homogeneous mixture showed an essentially quantitative
reaction. Workup gave the dihydrothiophene complex [(#’-
CsH5)Re(NO)(PPh;)(SCH,CH=CHCH,)]" TfO~ (9) in 75%
yield. Interestingly, ring closing metatheses of free di(allyl)
thioether with catalysts similar to 1 fail or proceed in very low
yield,'®! presumably due to strong sulfur binding to the
alkylidene carbon or metal. Thioether ligands are easily
detached from the rhenium Lewis acid in 8 and 9.5 Hence,
the rhenium can serve as a protecting group for the metathesis
of olefinic thioethers.

The cationic rhenium di(allyl) phosphine complexes [(1°-
CsH;)Re(NO)(PPh;)(PR(CH,CH=CH,),)]* TfO- (10,
Scheme 4; R=a, Me; b, Ph) were synthesized by reac-
tions of the free phosphines and the triflate complex [(#’-
CsH;5)Re(NO)(PPh;)(OTY)], as reported for similar species

on-FRe~ppn, ON-Re~PPh,
S 1 S
O e O
8 9
TIO" @+ TiO
on-Re~pph, ON-R®~PPh,
AP 1 R/P\J
; L CH,Cl, <¢
V4
10 a,R=Me 11

b,R=Ph

Scheme 4. Metatheses within a ligand: small ring syntheses.

earlier.l'”?’ A CH,Cl, solution of 10a (0.0017M) was treated
with four portions of solid 1 (8 mol% total) over the
course of 1h at room temperature. Workup afforded the
2,5-dihydrophosphole complex [(#°-CsHs)Re(NO)(PPhs)-
(P(Me)CH,CH=CHCH,)]* TfO- (11a) in 96% yield. A
similar reaction of 10b (0.00087m CH,Cl,, 4 mol% 1) gave
spectroscopically pure 11b in 64 % yield.['s] Other phosphorus
heterocycles have been prepared by olefin metathesis,!'” but
only in one study from unprotected phosphines. The crystal
structure of 11a was determined as described in the Exper-
imental Section, and the structure of the cation is shown in
Figure 1.

Metatheses with the potential to give macrocycles were
examined next. Two new phosphine ligands were first
prepared. As shown in Equation (i), the reaction of LiPPh,%!
or commercial KPPh, and the commercial olefinic bromide 4
gave the phosphine monoolefin PPh,(CH,),CH=CH, (12) as a
viscous colorless liquid in 88% yield after workup. The
phosphine diolefin PPh((CH,);CH=CH,), (13) was obtained
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o1 : ﬁ/%//@%@
s

Figure 1. Structures of rhenium cyclic and macrocyclic monophoshine
complexes 11a-(CH,CL,) (top, cation only), (Z)-17 (middle), and (E)-17
(bottom). Key bond lengths [A] and angles [°], 11a: Re—P1 2.3768(11),
Re—P22.3594(11), Re—N1 1.764(3), P1-Re-P2 97.20(4), P1-Re-N1 91.18(9),
P2-Re-N1 92.26(9); (Z)-17 and (E)-17: Re—P 2.3836(14), Re—N 1.785(5),
Re—Cl 2.429(2), P-Re-N 90.56(14), P-Re-Cl 87.71(5), N-Re-Cl 98.91(13).

in 78% yield from Li,PPh?® and 4 [2.0 equiv; Equa-
tion (ii)].2Y Both can be stored indefinitely under inert
atmospheres, but are air sensitive (13 > 12).

Br(CHp)sCH=CHz + MNu ~ —— Nu(CH)sCH=CH, + MBr
4 Nu =12, PPh, @

27, SEt
28, StBu

2 Br(CHp)gCH=CH, + Li,PPh ——» PPh((CH,)sCH=CH,), + 2 LiBr
(i)

4 13
The acetonitrile ligand in the pentamethylcyclopentadienyl
complex [(7°-CsMe;)Re(NO)(NCCH;)(CO)]* BF,~ is dis-
placed by numerous phosphines.”’ Reaction with the phos-
phine diolefin 13 gave the target complex [(#’-
CsMes)Re(NO)(PPh((CH,)sCH=CH,),)(CO)]* BF,” (14) in
high spectroscopic yields. A chromatographic workup afford-
ed analytically pure 14 in 41 % yield. Related carbonyl
complexes are reduced by NaBH, to the corresponding
methyl complexes,? which react with strong acids HX to
give species of the formula [(77°-CsRs)Re(NO)(PAr;)(X)]. As
shown in Scheme 5, sequential reactions of 14 with LiAlIH,
and (after hydrolysis/extraction) aqueous HCl gave the

3934
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BF, é
a), b)

Ao A
ON P e-PL

|

& Ph al Ph

o)

x> N
14 15
A\ N

BF,"
a), b) .
on-Re-p

.+
-Re~ e
ON (I; P\Ph ~Ph
(¢]
/ Y
16

ca

17
c) \
ON-Re-

Py
& Ph
18

Scheme 5. Metatheses within a ligand: macrocycle syntheses. a) LiAIH,/
THF; b) aq. HCI/CH,Cl,; ¢) H, (4 atm), cat. [Rh(PPh;);(Cl)], toluene/
ethanol.

chloride complex [(#°-CsMes)Re(NO)(PPh((CH,),CH=
CH,),)(Cl)] (15) in 56 % yield.

Next, CH,Cl, solutions of 14 and 15 (0.00125-0.00070m)
were treated with 1 (4-5mol%) at room temperature
(Scheme 5). After 12—-14 h, workups gave the fifteen-mem-
bered macrocyclic phosphine complexes [(7>-CsMes)Re(NO)-
(P(Ph)(CH,),CH=CH(CH,))(CO)]* BF,” (16) and [(7*-
C;Me;)Re(NO)(P(Ph)(CH,),CH=CH(CH,))(Cl)] (17) in
94-89% yields. The former was a 44:56 mixture of C=C
isomers, and the latter a 42:58 mixture, as assayed by 'H NMR
spectroscopy.[*» )l Hence, macrocyclization is spectacularly
successful, both with cationic and neutral substrates, and in
the absence of templating functionality that seems to be
necessary for many ring closing metatheses of purely organic
substrates.[!24]

Complex 17 could also be prepared from 16, using the same
LiAIH,/HCI sequence used for the conversion of 14 to 15.1%%
Reaction of 17 and H, (ca. 5atm) in the presence of
Wilkinson’s catalyst gave the corresponding saturated macro-
cycle [(7>-CsMes)Re(NO)(P(Ph)(CH,),,)(Cl)] (18) in 72%
yield (Scheme 5). Of the preceding compounds, the most
easily crystallized proved to be olefin 17. The structure was
determined as described in the Experimental Section. Refine-
ment showed a 58:42 mixture of Z/E isomers in the lattice,*
with identical atomic coordinates for all atoms except the
macrocycle carbons. Both structures are given in Figure 1, and
analyzed below.

Intramolecular reactions: Cyclization between two cis ligands,
each with one olefin. The preceding metatheses involve
similar chiral rhenium fragments that are known to tolerate
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many types of reactions in their coordination spheres. We
sought to evaluate a wider variety of metal/ligand assemblies.
Thus, for the purposes of testing metatheses between two cis
ligands (Scheme 2 C), we turned to six-coordinate octahedral
and four-coordinate square planar substrates. Only macro-
cyclic targets were investigated.

Reactions of pentacarbonyl rhenium halides and phospho-
rus donor ligands (> 2 equiv) give facially-substituted tricar-
bonyl complexes.’l Accordingly, the reaction of [(CO)sRe-
(Br)] and the phosphine monoolefin 12 in refluxing CHCl;
afforded the target complex fac-[(CO);Re(Br)(PPh,-
(CH,)sCH=CH,),] (21) in 72 % yield after workup. As shown
in Scheme 6, a CH,CIl, solution of 21 (0.0028M) and 1

Y _
; Br > F}

r

( , ,
PhoPu,, ‘ PPhy 1 PhaPu,, ‘ .PPhg
— Re\ cHOL — Re\
oC ‘ CO CHxCl, oC ‘ CO
CcO CcO

21 22

I )

Coordinatively saturated

Coordinatively unsaturated

Br
ﬂ PhoP.. | PPh
e
cl _— cl oc™” ‘\co
"
PhsP” RPh, co

2 Clo., _ .Cl
/ Pt\
Ph,P. *PPh,
1
Clu,. o Gl 4 N
_Pt
PhoP” T PPh, —
k | (91:9)
) g o
[ |
b A PhaP, ~PPh2
cr Cl
25 26

Scheme 6. Metatheses between two cis-phosphine ligands: macrocyclic
diphosphine chelates. a) H, (1 atm), cat. 10% Pd/C, toluene/ethanol.

(2 mol %) was heated under reflux. Workup gave the seven-
teen-memblered macrocyclic chelating diphospllline complex
fac-[(CO);Re(Br)(P(Ph),(CH,){CH=CH(CH,)P(Ph),)] (22)
in an impressive 80% yield (17-20:83-80 Z/E). Hydro-
genation (1 atm, Pd/C) afforded the saturated analogue fac-
[(CO);Re(Br)(P(Ph),(CH,),,P(Ph),)] (23) in 98% yield. The
crystal structures of 22 and 23 were determined (Experimen-
tal Section), and ORTEP diagrams are given in Figure 2. The
crystal of 22 examined contained only the E isomer, although

Chem. Eur. J. 2001, 7, No. 18
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Figure 2. Structures of rhenium macrocyclic diphosphine complexes (E)-
22 (top) and 23 (bottom). Key bond lengths [A] and angles [°], (E)-22/23:
Re—P1 2.499(2)/2.487(3), Re—P2 2.534(2)/2.520(3), Re-Br 2.6614(14)/
2.6540(12), Re—C39 1.899(10)/1.949(11), Re—C40 1.912(11)/2.054(13),
Re—C41  1.901(8)/1.936(10), P1-Re-P2  97.48(7)/97.97(8), P1-Re-Br
90.90(6)/89.71(7), P1-Re-C39 88.2(3)/87.6(3), P1-Re-C40 90.0(3)/91.4(3),
P1-Re-C41 178.8(3)/177.9(3), P2-Re-Br 94.04(6)/94.04(7), P2-Re-C39
174.2(3)/174.4(3), P2-Re-C40 91.8(3)/90.8(3), P2-Re-C41 82.7(3)/83.4(3).

NMR spectra of the bulk crystalline sample showed both Z
and E isomers to be present.

Metatheses of coordinatively unsaturated substrates were
investigated. A reaction of platinum cyclooctadiene complex
[(CD),Pt(cod)] with 12 gave, in accord with much literature
precedent,?’] the  bis(phosphine) complex  cis-
[(CD,Pt(PPh,(CH,){CH=CH,),] (24) in 70% yield. The
stereochemistry of 24 and all platinum bis(phosphine) com-
pounds below could be assigned from the diagnostic J(P,Pt)
values (cis: 3652-3627 Hz, trans: 2659-2685 Hz).?l As
shown in Scheme 6, a CH,Cl, solution of 24 (0.0027M) and 1
(2 mol % ) was heated under reflux. Workup gave a substance
whose  microanalysis _ fit the target complex cis-
[(C1),Pt(P(Ph),(CH,),CH=CH(CH,),P(Ph),)] (25) in 71%
yield (<2:>98 Z/E). A second minor species could be
detected by *'P NMR (91:9 in CDCl; or acetone). Based upon
observations with other PtCl, adducts of chelating diphos-
phines,”! we suspected a monomer/dimer mixture, with the
latter involving two mutually-cis bridging diphosphines (26,
Scheme 6).

Indeed, FAB mass spectra showed strong ions with masses
corresponding to (25-Cl)* and (26-Cl)* (63%, 46%). An
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osmotic molecular weight determination established that the
major species in solution was 25 (calcd: 830.8, found (CHCL,):
844). A crystal structure (Figure 3, top) showed only (F)-25.
The unit cell dimensions of six additional crystals were
determined, and all were identical. Nonetheless, when crystals

Figure 3. Structures of platinum macrocyclic diphosphine complexes (E)-
25 (top) and 39 (middle and bottom). Key bond lengths [A] and angles [°],
(E)-25: Pt—P1 2.261(2), Pt-P2 2.2492(13), Pt—ClI1 2.337(2), Pt—CI2
2.3586(13), P1-Pt-P2 98.22(5), P1-Pt-Cl2 84.86(5), P1-Pt-Cl1 171.92(4),
P2-Pt-Cl1 89.85(5), P2-Pt-ClI2 175.93(4), Cl1-Pt-CI2 87.10(5); 39: Pt—P1
2.306(2)1, Pt—P2 2.299(2), Pt—Cl 2.359(2), Pt—C21 1.996(7), P1-Pt-P2
172.00(7), Cl-Pt-C21 174.3(2), P1-Pt-Cl 88.67(7), P1-Pt-C21 91.4(2), P2-
Pt-Cl 89.07(7), P2-Pt-C21 91.4(2).

were dissolved in acetone that had been cooled to —80°C, and
3IP NMR spectra immediately recorded, both isomers were
present. This indicates either a very rapid equilibrium, or a
devious ability of 26 to disguise itself in the solid sample.
Similar reactions with sulfur donor ligands were investi-
gated. The ethyl and tert-butyl thioethers S(R)(CH,)s-
CH=CH, (R=Et, 27; R=rBu, 28) were first prepared by
the standard procedures shown in Equation (i). Reactions
with K,[PtCl,] gave, as expected,?” the bis(thioether) com-
plexes cis-[(Cl),Pt(S(R)(CH,)sCH=CH,),] (R =Et, 29; Bu,
30) in 84-50% yields. As is evident from Scheme 7, the
ligating sulfur atoms in 29 and 30 are stereocenters. In
agreement with an extensive literature of similar complexes,

3936 ——
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Scheme 7. Metatheses between two cis-thioether ligands: macrocyclic
dithioether chelates.

33

NMR spectra showed mixtures of meso/rac (syn/anti) diaste-
reomers.2-31

A CH,(CI, solution of 29 (0.0016 M) and 1 (2 mol%) was
heated under reflux. As shown in Scheme 7, workup gave two
chromatographically separable macrocycles, both of empirical
formula [(Cl),Pt(S(Et)(CH,)sCH=CH(CH,)S(Et))]. The
mass spectrum of the more rapidly eluting complex showed
it to be the monomer 31 (57 %, Z/E 21:79). The mass spectrum
of the second complex showed it to be the dimer 32 (24 % ),!'®!
containing a thirty-four membered macrocycle. Due to the
many diastereomers resulting from the four sulfur stereo-
centers, the Z/E ratio was not quantified. Complexes 31 and
32 showed no tendency to interconvert in solution. Hence, the
latter is presumed to be derived from an intermolecular
metathesis.

A CH,CIl, solution of the fert-butyl substituted thio-
ether complex 30 (0.0012M) and 1 (2mol%) was heated
under reflux. As shown in Scheme 7, workup gave only one
macrocycle, the  monoplatinum  chelate  cis-[(Cl),-
Pt(S(Bu)(CH,),CH=CH(CH,)S(tBu))] (33), in 72% yield
(Z/E 16:84).81 Only a small amount (<4 %) of a diplatinum
complex could have gone undetected. Possible reasons for the
higher selectivity with 30 are suggested below.

Intramolecular reactions: Cyclization between two trans
ligands, each with one olefin. Ligands that span trans positions
must by definition be macrocyclic. Most examples involve
diphosphines, an important area that has been recently
reviewed.?» 3] In the majority of cases, the diphosphines
are “preformed” as opposed to generated by linking two
monophosphines in a metal coordination sphere. We sought
to attempt the synthesis of trans-spanning diphosphines by the
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route in Scheme 2D. If successful, this would represent the
first monophosphine-linking protocol yielding a hydrocarbon
tether.

The phosphine monoolefin 12, rhodium complex [Rh(u-
C1)(COD)],, and CO were combined under conditions known
to give bis(phosphine) complexes trans-[(Cl)(CO)Rh(L),].5!
Workup afforded trans-[(Cl)(CO)Rh(PPh,(CH,);CH=CH,),]
(34) in 79 % yield. As shown in Scheme 8, a CH,Cl, solution of

co co
Ph,P——Rh——PPh, PhR—Rh——PPh,
CH,Cl, .
Cl c o
4 \
34 35
a
F F )
e
F > co

PhaR——Pt——PPh; Ph,P—Rh—PPh,

CI‘ 4/\/\if<
Vi
\ 36
37
1| CH,Cl,
FE F FE F
F ) F F@F

F F

PhoR——Pt——RPh, Ph,P——Pt——PPh,

38 39

Scheme 8. Metatheses between two frans-phosphine ligands: trans-span-
ning macrocyclic diphosphine chelates. a) H, (5 atm), cat. [Rh(PPhs);(Cl)],
toluene; b) H, (1 atm), cat. 10% Pd/C, ethanol/CICH,CH,Cl.

34 (0.0027m) and 1 (5mol%) was heated under reflux.
Chromatography gave the target macrocycle trans-
[(C1)(CO)Rh(P(Ph),(CH,) CH=CH(CH,)P(Ph),)] (35) in
an astoundingly high 83% yield (Z/E 17:83). A reaction of
35 and H, (5 atm) in the presence of Wilkinson’s catalyst
afforded the saturated frans-spanning diphosphine complex
trans-[(Cl)(CO)Rh(P(Ph),(CH,),,P(Ph),)] (36) in high spec-
troscopic yields. However, due to several minor workup
complications (see Experimental Section), analytically pure
product could only be obtained in 55 % yield.

In an attempt to obtain a crystalline trans-spanning
diphosphine complex, we returned to platinum compounds.
First, the pentafluorophenyl platinum dihydrothiophene
(SR,) complex [Pt(u-Cl1)(C¢F5)(SR,)], and 12 were combined
under conditions known to give bis(phosphine) complexes
trans-[(C1)(C4Fs)Pt(L),].B4 3 Workup gave trans-[(Cl)-

Chem. Eur. J. 2001, 7, No. 18
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(C4F5)Pt(PPh,(CH,);CH=CH,),] (37) in 79 % yield. As shown
in Scheme 8, a CH,CI, solution of 37 (0.0025Mm) and 1
(6 mol %; added in two portions) was heated under reflux.
Alumina fliltration gave the target n}acrocycle trans-
[(CI)(C¢Fs)Pt(P(Ph),(CH,);CH=CH(CH,)sP(Ph),)] (38) in
90% yield (Z/E 17:83), which gave correct microanalyses.
Depending upon how the filtration was conducted, samples
contained up to 15% of a second species, as assayed by 3'P
NMR spectroscopy. This was provisionally assigned to a
diplatinum by-product derived from intermolecular meta-
thesis.

Reactions of 38 and H, (1 atm) in the presence of 10 % Pd/
C catalyst gave the saturated macrocycle trans-
[(CI)(C4Fs)Pt(P(Ph),(CH,),,P(Ph),)] (39). Yields of analyti-
cally pure material ranged from 94 % (with up to 15 % of a by-
product by 3P NMR) to 72% (no by-product). A crystal
structure was determined, and two views are given in Figure 3
(middle and bottom). The second highlights a stacking
interaction involving the pentafluorophenyl ligand and a
phenyl group on each phosphorus. It is now well established
that © -C¢Hs/-C4F5 interactions are attractive and a driving
force in many crystallizations.["

Intramolecular reactions: Cyclization involving two or more
ligands, each with two olefins. We next sought to test the
feasibility of polymacrocyclization reactions, as exemplified in
Scheme 2E. The simplest version would involve two ligands
that each contain two terminal olefins. One such metathesis
has been communicated.[®® This unexpectedly selective pro-
cess exhibits so many fascinating nuances that it will be
reported as a part of a separate, long-term study. Thus, we
conclude this paper with a reaction at the next higher level of
complexity—a substrate featuring three facially disposed
ligands, each bearing two terminal olefins. In this case, an
extensive mixture of trimacrocyclic products is obtained.

The reaction of tungsten propionitrile complex fac-
[(CO);W(NCCH,CH,);] (40)F" and phosphine diolefin 13
gave, in accord with much literature precedent,! the tris-
(phosphine) complex fac-[(CO);W(PPh((CH,);CH=CH,),);]
(41) in 71 % yield. As shown in Scheme 9, a CH,Cl, solution of
41 (0.00042M) and 1 (9 mol % or 3 mol % per product C=C)
was heated under reflux. Chromatography gave a sample of
empirical formula [(CO);W(P(Ph)((CH,)sCH=),);] (42) in
83% yield. NMR spectra indicated that all terminal olefins
had been replaced by disubstituted olefins, and a mass
spectrum showed an intense molecular ion (100 % ).'8! The
pattern of the isotope envelope (m/z 1173-1179) agreed
perfectly with that calculated. HPLC showed three over-
lapping regions of partially resolved peaks. Three limiting
structures are given in Scheme 9: 42 a, with one triphosphine,
42b, with one diphosphine and one monophosphine, and 42¢,
with three monophosphines. We conjectured that these might
correspond to the three HPLC regions. The mass spectrum
showed ions for each type of ligand (3 x 10%).

Two complexes could be crystallized from this mixture. The
crystal structures were determined, and are illustrated in
Figure 4. Both feature a forty-five membered macrocyclic
tridentate triphosphine with three E—C=C linkages (42a’,
42a”). They differ in phosphorus stereochemistry. The first
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Scheme 9. Metatheses between three fac-phosphine ligands: polymacrocyclizations. a) H, (6 atm), cat. [Rh(PPh;);(Cl)], toluene.

has all three PPh groups anti to the W(CO); moiety, while the
second has one PPh group syn. Considering all Z/E and syn/
anti permutations, there are sixteen possible stereoisomers of
42a. Complexes 42b and 42c¢ can have as many as eighteen
and four stereoisomers, respectively (the diphosphine in 42b
has three possible PPh orientations). The HPLC and P NMR
data suggested that a majority of these 38 species were
present.

Complexes 42 and H, (ca. 6 atm) were reacted in the
presence of Wilkinson’s catalyst. Workup gave the corre-
sponding mixture of saturated complexes (43) in 94 % yield,
as assayed by mass spectrometry and 'H NMR spectroscopy.
However, the HPLC trace and *'P NMR spectrum remained
complex, and further purification attempts were not success-
ful. We note in passing that analogues of 42a with much
smaller ring sizes have been prepared by free radical
cyclizations of M(CO); (M = Cr, Mo, W) adducts of allyl or
homoallyl monophosphines H,C=CH(CH,),PH,.?>*! In
some cases, the new tridentate triphosphines have been
detached from the metal.[d

3938
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Discussion

Scope of title reaction: The preceding data establish the broad
applicability of Grubbs’ catalyst 1 for effecting olefin
metatheses in metal coordination spheres. Our examples
involve neutral and charged, coordinatively saturated and
unsaturated, and octahedral and square-planar rhenium,
platinum, rhodium, and tungsten complexes with cyclopenta-
dienyl, phosphine, and thioether ligands that contain terminal
olefins. The previously described metatheses in Scheme 1
feature olefin-containing Fischer carbene, ferrocene, and
tripyridyl-based ligands. More recent reports that further
expand synthetic utility are summarized in Scheme 10.
Scheme 10B depicts a family of cross-metatheses in ferro-
cene coordination spheres. Together with other examples,*
these can be viewed as conceptual extensions of the inter-
molecular homometatheses in Schemes2A and 3.
Schemes 10C, 10D, and 1 A involve the formation of medium
or small rings within ligands, thus constituting examples of
Scheme 2B. We find the excellent yield with the highly
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Figure 4. Structures of tungsten trimacrocyclic triphosphine complexes
422’ (top) and 42a” - (C;H, )5 (bottom, solvate omitted). Key bond lengths
[A] and angles [°], 42a: W—P 2.545(2), W—C1 1.938(10), P-W-P 99.29(7),
P-W-C1 84.0(3), P-W-Cla 89.7(3), P-W-Clb 169.8(3); 42a”-(CsH,4)os:
W-P1 2.537(3), W—P2 2.554(2), W—P3 2.556(3), W—C1 1.969(9), W—C2
1.982(10), W—C3 1.981(9), P1-W-P2 96.51(8), P1-W-P3 95.69(9), P1-W-C1
82.8(2), P1-W-C2 171.4(3), P1-W-C3 92.0(3), P2-W-P3 96.13(9), P2-W-C1
89.7(3), P2-W-C2 83.9(3), P2-W-C3 170.2(3), P3-W-C1 174.1(3), P3-W-C2
92.8(3), P3-W-C3 87.8(3).

functionalized 1,3-diene iron tri(carbonyl) in Scheme 10C
particularly noteworthy. The two-fold metathesis of the
diolefinic pyridine ligands in Scheme 10 A leads to a novel
doubly trans-spanning macrocycle. This can be viewed as a
conceptual extension of the monocyclizations in Schemes 2D
and 8. However, this system is geometrically predisposed
towards trans cyclization, unlike the substrates in Scheme 8,
which are further analyzed below.

Although the yields of our metathesis reactions are high,
they are in most cases unoptimized (particularly Schemes 3 to
7). The catalyst loadings are typical of those used with organic
substrates. We view the apparent absence of side reactions
involving the chain-carrying ruthenium alkylidene as remark-
able. Deactivation was sometimes observed, but this could be
remedied by the portion-wise addition of 1. Some metatheses
of rhodium complex 34 (Scheme 8) gave minor by-products
(*'P NMR), which seem to be in part derived from the PCy;
that dissociates from 1. An independent reaction of 35 and

Chem. Eur. J. 2001, 7, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

80%

B."®l X Y X Y

Y = OH Z = Ph, CH,0Ac, CO.Me,
= CH,SiMes
2

26-70%

clre

\ MeO,C
CO,Me p-tol p-tol
90%

D.[7dl

o/ .
(OC)sCr:<_L

Scheme 10. Additional examples of olefin metathesis in metal coordina-
tion spheres.

81%

PCy; (4 equiv, CDCl;) gave the known compound trans-
[(CD(CO)RR(PCys),].1!

All of our reactions give internal olefins, which are much
less reactive towards the chain-carrying ruthenium alkylidene
than terminal olefins.*”l We therefore presume that they are
under kinetic control. However, we did not monitor product
Z/E ratios as a function of time, or attempt to anneal or
equilibrate products by treating purified samples with 1. This
represents a possible approach to enhancing the selectivities,
such as with the reaction in Scheme 9. Some of the new
second-generation ruthenium catalysts appear particularly
promising for such purposes.[® 43 4

Why are the macrocyclizations so successful? The uniformly
high yields of the many types of intramolecular macrocycliza-
tions (Schemes 5 to 9) deserve analysis. Substrate concen-
trations range from 0.0028M—in our view, not particularly
dilute—to 0.00042m, which corresponds to 0.131 g of 41 in
250 mL of CH,Cl,. Hence, factors or properties that enhance
the competitiveness of intramolecular versus intermolecular
reactions appear likely.
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Fiirstner has compared metatheses of a,w-diolefins that
lack functionality in the backbone to those with various
Lewis-basic functional groups. To account for the much higher
yields of simple monomeric macrocycles with the latter,
transient binding of the chain-carrying ruthenium alkylidene
was proposed.? In this context, consider the diolefins 14 and
15 in Scheme 5. Both lack binding sites in the intervening
(CH,)sP(CH,), chain. External to this assembly, the nitrosyl,
carbonyl, and chloride ligands are possible candidates. How-
ever, the first two are very feeble Lewis bases. Although the
chloride ligand can bind a second metal,*’l 14 shows that it is
not required for macrocyclization.

It is well known that when geminal dialkyl groups are
introduced on a methylene chain (e.g., a -CH,CR,CH,CH,-
moiety) intramolecular a,w-cyclizations are promoted.H% 47!
The alkyl groups render the energies of anti and gauche
conformations much closer, as illustrated in Scheme 11 A-B
(/I vs. III/IV). In all carbocycles (and the precursor
transition states), gauche segments are mandatory, as easily
identified in the above crystal structures. We propose that in
14 and 15, the phenyl and rhenium groups on phosphorus play
roles equivalent to those of geminal dialkyl groups in
carbocyclic systems. As illustrated in Scheme 11 C, the energy
of the macrocyclization-friendly gauche conformer VI (CH,
gauche to phenyl and CH, groups) might even be lower than
that of the anti isomer V (CH, gauche to phenyl and LM
groups). An alternative but less precise formulation would be
that bulky metal fragments restrict the conformational space
and freedom of coordinated ligands, such that the terminal
olefins in complexes such as 14 and 15 have a higher
probability of being close to each other.

With the cis-bis(phosphine) complexes 21 and 24 (Scheme 6),
the metal becomes part of the macrocyclic ring. Thus, con-
formations of the MPPh,CH,CH, segments must be analyzed,
and two of many possibilities are depicted in Scheme 11D.
Relative to model compounds with MPH,CH,CH, or MCH,-
CH,CH, segments, the phosphorus phenyl groups should
increase the fraction of molecules with cyclization-favorable
gauche conformations (e.g., VIII). Since 24 gives monoplatinum
and diplatinum macrocycles that appear to be in equilibrium
(25, 26), we do not rigorously know if intramolecular meta-
thesis is kinetically preferred. However, the cis-bis(thioether)
complex 29 yields monoplatinum and diplatinum macrocycles
that are not in equilibrium (31, 32; Scheme 7). This shows that
intramolecular macrocyclization of 29 is preferred. We
presume that 24 exhibits analogous selectivity.

In contrast to 21 and 24, the cis-bis(thioether) complexes 29
and 30 lack geminal groups. Since they give predominantly
intramolecular macrocyclization (30, {Bu > 29, Et), additional
factors that promote ring formation are likely (and further-
more operative with 21 and 24). We feel it would be
premature to speculate about these at this time. However,
the higher proportion of intramolecular metathesis with 30
can be rationalized. In an anti Pt-SR-CH,-CH, conformation,
the R group is gauche to a hydrogen atom and a methylene
group (IX, Scheme 11E). In a gauche conformation (X), the R
group is gauche to two hydrogen atoms. Hence, a tert-butyl
group should increase the fraction of molecules with gauche
conformations.

3940
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Scheme 11. Conformational factors in macrocyclizations.

With the trans-bis(phosphine) complexes 34 and 37
(Scheme 8), the phenyl groups will (as with 21 and 24)
increase the fraction of gauche M-PPh,-CH,-CH, conforma-
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tions relative to those in suitable models. As shown in
Scheme 11F, conformer XII should gain at the expense of XI.
However, there are many possible conformations about the
metal—phosphorus bonds besides those shown, and the trans
chains must localize on the same side of the metal square
plane. A greater phosphorus—phosphorus bond length must
be traversed than in the preceding examples, with increased
potential for van der Waals interactions with the metal frag-
ment. Thus, we find the success of these intramolecular
macrocyclizations particularly surprising. With 37, a -C¢Hy/
-C4F; stacking interaction as in crystalline 39 (Figure 3) might
provide a preorganizational benefit.’*) However, this would
be absent in 34. As communicated earlier,[® it is furthermore
possible to effect a double macrocyclization, akin to that of
the preorganized ortho-disubstituted pyridine complex in the
Scheme 10 A. Accordingly, the scope of and possible driving
forces for such trans-macrocyclizations remain under active
investigation. !

Macrocycle structures: The crystal structures in Scheme 1-4
exhibit a variety of macrocycle conformations, aspects of
which are relevant to the analyses in the preceding section.
For example, the Z- and E isomers of the fifteeen-membered
macrocycle 17 (Figure 1) feature gauche conformations of the
type VI (Scheme 11 C) about all four CH,P(Ph)(Re)CH,CH,
segments. The overall C34-C33-C32-C31-P-C21-C22-C23-
C24-C25-C26 conformations are quite similar, with gauche
butane segments at C21-C22-C23-C24, C22-C23-C24-C25,
and C23-C24-C25-C26. The C=C linkages (C27—C37) initiate
four carbon sequences where the conformations are distinctly
different.

The seventeen-membered macrocycles in (E)-22 (Figure 2)
and (E)-25 (Figure 3) are—despite the difference in metal
coordination numbers—very similar with respect to the P1-M-
P2 and phosphorus phenyl ring conformations. The Pt-PPh,-
C14-C13 and Pt-PPh,-C1-C2 conformations in (E)-25 are
analogous to the gauche and anti segments in VIII
(Scheme 11 D), respectively. The Re-PPh,-C14-C13 and Re-
PPh,-C1-C2 conformations in (E)-22 are both gauche. The
C14-C13-C12-C11-C10-C9 linkages are quite similar in (E)-22
and (E)-25 (anti, gauche, anti butanes). However, the C9—C8
conformations (the vinyl linkages) differ by approximately
180°, resulting in distinctly different return paths to phospho-
rus P1. The saturated macrocycle 23 is virtually identical to
(E)-22 over the C2-C1-P1-Re-P2-C14-C13-C12-C11-C10-C9
moiety.

Complex 42a’ (Figure 4) features a three-fold rotational
symmetry axis, which renders the macrocyclic rings equiva-
lent. The ring sizes and olefin geometries are the same as in
(E)-22 and (E)-25, but since there is only one phenyl group on
each phosphorus, comparisons are not as meaningful. There is
one gauche butane segment on one side of the olefin (C11-
C12-C13-C14), gauche =CH-CH,-CH,-CH, conformations on
each side of the olefin, and only anti butane segments on the
path back to tungsten. Every macrocyclic ring in the lower-
symmetry isomer 42a” has a unique conformation. The
saturated trans-spanning macrocycle in 39 (Figure 3) is
disordered, but the major isomer exhibits a very symmetrical
conformation with anti, anti, anti, and gauche butane segments
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as the methylene chain extends from each phosphorus. Both
Pt-P-CH,-CH, conformations are analogous to the gauche
linkage in XII (Scheme 11F).

When molecules are viewed at van der Waals radii, the
macrocycles contain little “empty space”. Another common
feature is that there are no marked distortions in bond lengths
or angles about the metals. For example, the trans-spanning
ligand in 22 gives a P-Pt-P bond angle (172.00(7)°) close to
180°, and comparable to the CI-Pt-C angle (174.3(2)°).
Metal-ligand bonds have lower bending force constants than
sp®—sp? carbon—carbon bonds. Hence, this is consistent with
little or no bond or angle strain within the seventeen-
membered ring (normalized to the number of atoms). Since
numerous non-macrocyclic structural models for all of the
preceding compounds are readily obtained from the Cam-
bridge crystallographic data base, we do not provide a list of
references or otherwise discuss the routine metrical param-
eters summarized in the captions.

Summary and Prospective

We have demonstrated the viability of Grubbs’ catalyst 1 for
the construction of numerous types of acyclic, cyclic, and
macrocyclic inorganic and organometallic compounds from
easily accessed precursors. Intramolecular metatheses are
always more efficient than intermolecular metatheses, even
under only modestly dilute conditions. Many of the macro-
cycles are topologically novel, and most metatheses are
remarkably selective. As one proceeds through the increas-
ingly complex paradigm in Scheme 2, product mixtures are
encountered only at the stage 2E. These are tractable in at
least some cases.® However, Scheme 9, which represents a
still higher level of complexity, gives an intractable mixture of
seemingly every possible isomer of 42a—c¢, from which we
were fortunate to acquire at least some meaningful data.
Nonetheless, this constitutes an efficient synthesis of a
combinatorial library, an area in which olefin metathesis is
seeing increasing application.[*!

The preceding data also leave a number of open questions
that will make attractive themes for future research. For
example, how are the macrocyclizations in Schemes 5 to 9
affected by the lengths of the methylene chains and the
presence of substitutents and/or heteroatoms? Do newer
second-generation ruthenium metathesis catalysts effect sig-
nificant improvements? Can chiral metathesis catalysts®™
effect kinetic resolutions of chiral organometallic substrates
(Schemes 3-5), or enantioselective syntheses of chiral prod-
ucts from achiral substrates (e.g., certain isomers of 42a—b)?
Most importantly, the stage is now firmly set for the wide-
spread and systematic application of olefin metathesis in the
targeted synthesis of complex organometallic systems. Spe-
cific applications involving multistep sequences will be
reported in the near future.PY

Experimental Section

General data: All reactions except thioether syntheses were conducted
under N, (or H,) atmospheres. Chemicals were treated as follows: acetone,
2-butanone, and CHCl;, distilled from anhydrous CaSO,; THF, diethyl
ether (ether), benzene, and toluene, distilled from Na/benzophenone;
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CH,Cl, and CsH;Cl distilled from CaH, and then P,Os; pentane and
hexane, distilled from P,0s; CICH,CH,Cl (99%, Fluka), DMF (99 %,
Fluka), methanol and ethanol, used as received; CDCl;, vacuum trans-
ferred from CaH, or P,Os; [D¢]benzene, vacuum transferred from Na;
nBuLi (Acros, 2.5 or 1.6M in hexanes), standardized;"? K,PtCl, (Strem),
water-insoluble residue removed by filtration; Br(CH,)C=CH, (4; 97 %,
Aldrich or Fluka), PPh,H (Aldrich), PPhH, (97%, Fluka),
PPh(CH,CH=CH,), (95 %, Aldrich), HSEt (Aldrich), NaS-fBu (Aldrich),
LiAlH, (97 %, Fluka), TFOH (97 %, Merck), [Ru(=CHPh)(PCy,),(Cl),] (1,
Strem), [Rh(PPh;);(Cl)] (Strem), and Pd/C (10%, Lancaster or Acros),
used as received.

IR spectra were recorded on Mattson Polaris FT or ASI React-IR 1000
spectrometers. NMR spectra were obtained on Varian 300 MHz or Jeol
400 MHz spectrometers. Mass spectra were recorded on Finnigan MAT 95
or Micromass Zabspec high resolution instruments. Microanalyses were
conducted by Atlantic Microlab or with a Carlo Erba EA1110 instrument
(in-house). Osmotic molecular weights were determined by Galbraith.

[ (35-CsH4(CH,)(CH=CH,)Re(NO)(PPh;)(CH;)] (5): A Schlenk flask was
charged with [(7°-CsHs)Re(NO)(PPh;)(CH;)] (2; 0.553 g, 0.989 mmol)
and THF (20 mL) and cooled to —30°C. Then nBuLi (2.5M, 1.10 mL,
2.7 mmol) was added dropwise with stirring over 5 min.'!l After 5h, 4
(0.43 mL, 2.56 mmol) was added with stirring. After 18 h, solvent was
removed by oil pump vacuum. The red oil was placed on top of a Celite/
silica plug (2 cm each above a frit). The red material was rinsed through the
plug with toluene. The sample was taken to dryness by oil pump vacuum.
Column chromatography (silica gel, 20:1 v/v hexane/THF) gave two
partially resolved bands (5, 2). The forerun of the first was collected and
dried by oil pump vacuum to give 5 as a red oil (0.358 g, 0.535 mmol, 54 % ).
'H NMR (300 MHz, CDCl;, 20°C): 6 =744-7.37 (m, 15H, 3Ph), 5.78 (m,
1H, CH=),5.21 (m, 1H of CsH,), 4.93 (m, 2H,=CH,), 4.61, 4.56, 4.10 (3m,
3H of C;H,), 2.18 (m, 2H, C:H,CH,), 2.00 (m, 2H, CH,CH=), 1.54-1.21
(m, 8H, 4CH,), 0.90 (d, *J(H,P)=6 Hz, 3H, ReCH,); “C{'H} NMR
(75 MHz, CDCl;, 20°C): 6 =139.1 (s, CH=), 136.5 (d, 'J(C,P) =51 Hz, i-
Ph), 133.6 (d, 2J(C,P) =11 Hz, 0-Ph), 129.8 (d, */(C,P) =3 Hz, p-Ph), 128.1
(d, 3J(C,P) =10 Hz, m-Ph),>*1 114.2 (s,=CH,), 112.6 (s, iCsH,R), 91.8, 88.8,
86.5, 84.1 (4s, other CsH,R), 33.7 (s, CH,CH=), 30.9 (s, CH,), 29.2 (s, CH,),
28.9 (s, CH,), 288 (s, CH,), 28.0 (s, CH,), —32.9 (d, %/(C,P)=7 Hz,
ReCHs;); *P{'H} NMR (121 MHz, CDCl;, 20°C):  =25.7 (s); IR (KBr):
7=1633 (NO) cm™!; MS (FAB, 3-NBA/CH,Cl,): m/z (%): 669 (100) [M]*,
654 (17) [M — CHj]*; elemental analysis caled (%) for Ci;,Hi;;NOPRe
(668.83): C 57.47, H 5.58; found: C 57.26, H 5.65.
[(H;C)(Ph;P)(ON)Re(*-CsHy(CH,)CH=CH(CH,)-1>-CsH,)Re(NO)-
(PPh;)(CH;)] (6): A Schlenk flask was charged with 5 (0.380 g,
0.568 mmol), 1 (0.015 g, 0.018 mmol, 3 mol %), and CH,Cl, (60 mL). The
solution was heated under reflux (1.5 h). Solvent was removed by rotary
evaporation. The brown foam was dissolved in a minimum of CH,Cl,. The
solution was rinsed through a Celite/silica plug (1 and 2 cm above a frit).
Solvent was removed by oil pump vacuum to give 6 as an orange solid
(0355 g, 0271 mmol, 95%; Z/E 23:775%%al). M.p. 72°C; 'H NMR
(300 MHz, CDCl;, 20°C): 6=742-735 (m, 30H, 6Ph), 535 (m, 2H,
CH=CH), 5.21, 4.61, 456, 410 (4m, 4x2H, 2C;H,), 2.19 (m, 4H,
2CsH,CH,), 1.94 (m, 4H, 2CH,CH=), 1.54-121 (m, 16H, 8CH,), 0.89
(d, 3J(H,P) =6 Hz, 6H, 2ReCHs;); BC{'H} NMR (75 MHz, CDCl;, 20°C):
0=136.5 (d, 'J(C,P) =51 Hz, i-Ph), 133.6 (d, 2/(C,P) =11 Hz, o-Ph), 130.3
(s, CH=CH), 129.7 (d, “J(C,P) =2 Hz, p-Ph), 128.1 (d, *J(C,P) =10 Hz, m-
Ph), 112.7 (s, iCsH,R), 91.7, 88.7, 86.4, 84.0 (4s, other CsH,R), 32.6 (s,
CH,CH=, E), 30.9 (s, CH,), 29.5 (s, CH,), 29.3 (s, CH,), 28.9 (s, CH,), 28.0 (s,
CH,), —32.9 (d, 2J(C,P) =7 Hz, ReCH,); *'P{'H} NMR (121 MHz, CDCl;,
20°C): d=26.0 (s); IR (KBr): #=1621 (NO) cm~'; MS (FAB, 3-NBA/
CH,CL,): m/z (%): 1310 (6) [M]*, 1295 (2) [M — CH,]*; elemental analysis
caled (%) for C¢,H;0N,O,P,Re, (1309.61): C 56.86, H 5.39; found: C 56.52,
H 5.64.

[(H;C) (Ph;P)(ON)Re(*-CsHy(CH,)-7°-CsH,)Re(NO) (PPh;) (CH,) |

(7): A Schlenk flask was charged with 6 (0.174 g, 0.133 mmol),
[Rh(PPh;);(Cl)] (0.020 g, 0.021 mmol, 15mol%), and toluene (10 mL),
flushed with H,, and fitted with a balloon of H,. The mixture was stirred for
24 h. Solvent was removed by oil pump vacuum. The residue was rinsed
through a silica plug with CH,Cl,. Solvent was removed by oil pump
vacuum to give 7 as an orange-red gum (0.162 g, 0.124 mmol, 93%).
'HNMR (300 MHz, CDCl;, 20°C): 6 =7.46-7.35 (m, 30H, 6 Ph), 5.23,4.62,
4.57, 412 (4m, 4 x2H, 2C;H,), 2.19 (m, 4H, 2C;H,CH,), 1.50-1.22 (m,
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24H, 12CH,), 0.93 (d, J(H,P)=6Hz, 6H, 2ReCH,); C{'H} NMR
(75 MHz, CDCL,, 20°C): 6=136.5 (d, J(C,P)=51 Hz, i-Ph), 133.6 (d,
2J(C,P) =11 Hz, 0-Ph), 129.7 (d, *J(C,P) =2 Hz, p-Ph), 128.1 (d, J(C,P) =
10 Hz, m-Ph), 112.7 (s, iCsH,R), 91.7, 88.7, 86.4, 84.0 (4, other CsH,R), 30.9
(s, CH,), 29.6 (s, 2 x intensity, CH,), 29.5 (s, CH,), 29.4 (s, CH,), 29.3 (s,
CH,), 281 (s, CH,), —32.9 (d, 2J(C,P)=7 Hz, ReCH;); *'P{'"H} NMR
(121 MHz, CDCl;, 20°C): 6 =26.1 (s); IR (KBr): #=1621 (NO) cm~!; MS
(FAB, 3-NBA/CH,Cl,): m/z (%): 1312 (12) [M]*; elemental analysis calcd
(%) for C,,H,,N,0,P,Re, (1311.64): C 56.78, H 5.53; found: C 56.87, H 5.70.

1
[(7°-CsH5)Re(NO)(PPh;)(SCH,CH=CHCH,)]* TfO~ (9): A Schlenk flask
was charged with [(77°-CsHs)Re(NO)(PPh;)(S(CH,CH=CH,),)]* TfO-
(8;11 0.242 g, 0.300 mmol) and CH,Cl, (140 mL). Another Schlenk flask
was charged with 1 (0.005 g, 0.006 mmol, 2 mol % ) and CH,Cl, (5 mL). The
latter solution was added by cannula to the former with stirring. The
mixture was heated under reflux (3 h) and turned light brown. A small
amount of activated charcoal was added. The suspension was swirled and
filtered through a Celite plug (2 cm). Solvent was removed by rotary
evaporation. The residue was dissolved in acetone and layered with ether.
After 48 h, red prisms of 9 were collected by filtration and dried under oil
pump vacuum (0.175 g, 0.225 mmol, 75 % ). M.p. 191 °C (decomp); '"H NMR
(300 MHz, CDCl;, 20°C): 6 =7.57-7.54 (m, 9H of 3Ph), 7.36-7.31 (m, 6 H
of 3Ph), 592 (brs, 2H, SCH,CH), 5.60 (s, 5SH, CsHs), 3.75 (m, 4H,
2SCHH'); BC{'H} NMR (75 MHz, CDCl;, 20°C): 6 =133.5 (d, 2J(C,P) =
11 Hz, o-Ph), 132.7 (d, 'J(C,P) =56 Hz, i-Ph), 132.0 (d, “/(C,P) =2 Hz, p-
Ph), 130.0 (d, *J(C,P) =11 Hz, m-Ph), 127.6 (s, SCH,CH), 93.4 (s, CsHs),
54.5 (s, SCH,); 3'P{'H} NMR (121 MHz, CDCl;, 20°C): 6 =11.5 (s); IR
(CH,Cl,/Nujol): #=1711/1708 (NO) cm~!; MS (FAB, 3-NBA/CH,Cl,): m/z
(%): 630 (100) [M]*, 544 (59) [M —SCH,CH — CHCH,]"; elemental
analysis calcd (%) for C,sH,cF;NO,PS,Re (778.82) C 43.18, H 3.36; found:
C43.16, H 3.35.

[(7°-CsHs)Re(NO)(PPh;)(PMe(CH,CH=CH,),)|* TfO~ (10a): A Schlenk
flask was charged with 2 (0.759 g, 1.36 mmol) and C¢HsCl (25 mL) and
cooled to —45°C. Then TfOH (0.120 mL, 1.36 mmol) was added with
stirring. After 5min, the cold bath was removed. After 20 min,
PMe(CH,CH=CH,), (ca. 4.0 mmol from a ca. 90 % pure ether solution>®)
was added. After 16 h, the yellow solution was concentrated to about
15 mL by oil pump vacuum. Hexane (50 mL) was added dropwise giving an
oil, which was stirred (0.5 h) and then triturated. The solid was collected by
filtration, washed with pentane (50 mL), ether (50 mL), and pentane
(10 mL), and dried by oil pump vacuum (3 d) to give 10a as a bright yellow
microcrystalline powder (1.021 g, 1.244 mmol, 92%). M.p. 177-180°C;
'"H NMR (300 MHz, CDCl;, 20°C): 6 =7.55-7.25 (m, 15H, 3Ph), 5.61 (m,
2H, 2CH=), 5.51 (s, 5H, CsHS), 5.30-4.92 (m, 4H, 2=CH,), 2.94-2.33 (m,
4H, 2PCHH'), 133 (d, Y(H,P)=9Hz, 3H, PCH;); BC{'H} NMR
(75 MHz, CDCl;, 20°C): =134.1 (d, J(C,P)=55Hz, i-Ph), 133.2 (d,
2J(C,P) =11 Hz, 0-Ph), 131.6 (d, “/(C,P) =1 Hz, p-Ph), 129.2 (d, JJ(C,P) =
11 Hz, m-Ph), 128.8 (d, 2J(C,P)=9 Hz, CH=), 128.7 (d, 2/(C,P)=9 Hz,
C'H=), 121.3 (d, 3/(C,P) =6 Hz, =CH,), 121.2 (d, 3/(C,P) =6 Hz, =C'H,),
92.0 (s, CsHs), 36.0 (d, J(C,P)=33 Hz, PCH,), 35.1 (d, J(C,P)=33 Hz,
PCH,), 12.9 (d, 'J(C,P) =35 Hz, PCH,); *'P{'H} NMR (121 MHz, CDCL,,
20°C): =122 (d, 2/(PP)=12Hz, PPh;), —278 (d, %J(P,P)=12Hz,
PMeR,); IR (KBr): #=1709 (NO) cm™!; elemental analysis calcd (%) for
C;H;;F;NO,P,SRe (820.86): C 45.36, H 4.05; found: C 45.27, H 4.15.

[(7°-CsH5)Re(NO) (PPh;) (PPh(CH,CH=CH,),)]* TfO~ (10b): Complex 2
(1.507 g, 2.701 mmol), C;HsCl (25 mL), TfOH (0.480 g, 3.20 mmol), and
PPh(CH,CH=CH,), (0.760 g, 4.00 mmol) were combined at —15°C in a
procedure analogous to that for 10a. An identical workup (final product
wash with pentane) gave 10b as a bright yellow microcrystalline powder
(1.221 g, 1.383 mmol, 51 %). M.p. 138-140°C; '"H NMR (400 MHz, CDCl;,
32°C): 0=755-701 (m, 20H, 4Ph), 5.53 (m, 2H, 2CH=), 543 (s, 5H,
CsH5), 5.32-5.08 (m, 4H, 2=CH,), 3.32-2.74 (m, 4H, 2PCHH'); BC{'H}
NMR (100 MHz, CDCl;, 32°C): 6 =134.0 (d, 'J(C,P) =55 Hz, i-PPhy),
1332 (d, 2J(C,P) =11 Hz, 0-PPh;), 133.0 (d, 'J(C,P) =56 Hz, i-PPhR,),
130.3 (d, 2/(C,P) =11 Hz, 0-PPhR;), 131.5 (s, p-PPh;), 130.8 (s, p-PPhR,),
129.3 (d, 3/(C,P) =11 Hz, m-PPhs), 129.0 (d, 3/(C,P) =11 Hz, m-PPhR,),
128.5 (d, 2J(C,P) =8 Hz, CH=), 128.3 (d, 2J(C,P) =8 Hz, C’'H=), 121.8 (d,
3J(C,P) =13 Hz, =CH,), 121.7 (d, 3J(C,P) =13 Hz, =C'H,), 92.7 (s, CsHs),
35.6 (d, J(C,P) =35 Hz, PCH,), 31.4 (d, 'J(C,P) =35 Hz, PC'H,); *'P{'H}
NMR (161 MHz, CDCl;, 32°C): 6 =10.3 (d, 2/(P,P) =10 Hz, PPh;), —19.0
(d, 2J(PP)=10 Hz, PPhR,); IR (solid): #=1702 (NO) cm™!; MS (FAB,
3-NBA): m/z (%): 734 (100) [M]" of cation; elemental analysis calcd (%)
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for C;sH3sF;NO,P,SRe (882.88): C 49.98, H 4.11, N 1.59; found: C 50.10, H
421, N 1.49. -
[(7°-CsH5)Re(NO)(PPh;)(P(Me)CH,CH=CHCH,)]* TfO- (1la): A
Schlenk flask was charged with 10a (0.204 g, 0.249 mmol) and CH,Cl,
(150 mL). Solid 1 (0.016 g, 0.017 mmol, 8 mol%) was added in four
portions over 1 h with stirring. After another hour, the mixture was filtered
through a silica plug. Solvent was removed from the filtrate by oil pump
vacuum. Column chromatography (silica gel, 10 x 2 cm, 95:5 v/v CH,Cl,/
methanol) gave a yellow eluate which was dried by oil pump vacuum to
give 11a as a yellow foam (0.193 g, 0.244 mmol, 96 % ). M.p. 76 °C; 'H NMR
(400 MHz, CDCl;, 32°C, TMS): 6 =7.55-726 (m, 15H, 3Ph), 5.78 (m, 2H,
CH=CH), 5.56 (s, 5H, CsH;), 2.63 (m, 3H of PCHH' + PC'HH'"), 2.17 (m,
1H of PCHH' + PC'HH'), 1.62 (d, %J(H,P) =10 Hz, 3H, PCH;); *C{'H}
NMR (100 MHz, CDCl;, 32°C, TMS): 6 =133.9 (d, 'J(C,P) = 56 Hz, i-Ph),
133.2 (d, 2J(C,P) =11 Hz, o0-Ph), 131.6 (d, */(C,P) =1 Hz, p-Ph), 129.3 (d,
3J(C,P) =11 Hz, m-Ph), 128.9 (s, CH=), 128.3 (s, C’'H=), 91.9 (s, CsHj5), 38.8
(d, J(C,P)=35Hz, PCH,), 353 (d, J(C,P)=33 Hz, PCH,), 174 (d,
1J(C,P) =34 Hz, PCH,;); *P{'H} NMR (161 MHz, CDCl;, 32°C): 6 =13.8
(d, 2J(P,P) =14 Hz, PPh;), —15.8 (d, 2J(PP) =14 Hz, PMeR;); IR (KBr):
7=1695 (NO) cm~!; MS (FAB, 3-NBA/CH,Cl,): m/z (%): 644 (100) [M]*
of cation; elemental analysis calcd (%) for C,0H,FsNO,P,SRe (792.77): C
43.94, H 3.69, N 1.77; found: C 44.33, H 3.97, N 1.46.
[(7°-CsH5)Re(NO)(PPh;)(P(Ph)CH,CH=CHCH,)]* TfO- (11b): Com-
plex 10b (0.100 g, 0.130 mmol), CH,Cl, (150 mL), and solid 1 (0.006 g,
0.005 mmol, 4 mol% in two portions) were combined in a procedure
analogous to that given for 11a. An identical workup gave 11b as a yellow
foam (0.071 g, 0.083 mmol, 64%). M.p. 80°C;l'¥l 'TH NMR (400 MHz,
CDCl;, 32°C, TMS): 6 =7.49-7.02 (m, 20H, 4Ph), 5.74 (m, 2H, CH=CH),
5.43 (s, 5H, CsHs), 3.11-2.78 (m, 4H, 2PCH,); “C{'H} NMR (100 MHz,
CDCl;, 32°C, TMS): d=134.8 (d, 'J(C,P)=49 Hz, i-PPhR;), 133.7 (d,
1J(C,P) =56 Hz, i-PPh;), 133.1 (d, 2/(C,P) =11 Hz, o-PPhy/PPhR;), 131.6
(d, *J(C,P) =2 Hz, p-PPh;), 130.8 (s, p-PPhR;), 129.8 (d, *J(C,P) =10 Hz,
m-PPh;), 129.2 (d, 3J(C,P) =10 Hz, m-PPhR;), 129.1 (s, CH=), 129.0 (s,
CH=), 92.5 (s, CsHs), 39.9 (d, 'J(C,P) =34 Hz, PCH,), 34.6 (d, 'J(C,P) =
33Hz, PC'H,); *P{'H} NMR (161 MHz, CDCl;, 32°C): =11.7 (d,
2J(P,P) =12 Hz, PPh;), —1.4 (d, *J(P,P) =12 Hz, PPhR;); IR (solid film):
7=1695 (NO) cm~!; MS (FAB, 3-NBA): m/z (%): 706 (100) [M]* of cation.
PPh,(CH,);CH=CH, (12):?1 A Schlenk flask was charged with PPh,H
(3.210 g, 1724 mmol) and THF (90 mL). Then nBuLi (2.5M in hexanes;
72 mL, 18 mmol) was added dropwise with stirring. The solution turned
orange-red.?® After 10 min, a solution of 4 (3.130 g, 16.38 mmol) in THF
(10 mL) was added. The sample turned light yellow. After 3 h, solvent was
removed by oil pump vacuum to give a white solid suspended in an oil.
Hexane (30 mL) was added, and the mixture was passed through a silica
plug (2 cm). Solvent was removed by oil pump vacuum. The residue was
distilled under vacuum to give 12 as a viscous colorless liquid (4.515 g,
15.23 mmol, 88 % ). Procedures using KPPh, (Fluka, 0.5M in THF) gave
equivalent results. 'H NMR (300 MHz, CDCl;, 20°C): 6 =7.45-732 (m,
10H, 2Ph), 5.79 (m, 1H, CH=), 5.02-4.91 (m, 2H, =CH,), 2.07-1.99 (m,
4H, CH,CH=+PCH,), 1.45-1.27 (m, 8H, 4 CH,); *C{'H} NMR (75 MHz,
CDCl;,20°C): 0 =139.3 (s, CH=), 139.2 (d, 'J(C,P) = 16 Hz, i-Ph), 132.9 (d,
2J(C,P) =19 Hz, o0-Ph), 128.6 (d, 3J/(C,P)=9 Hz, m-Ph), 128.6 (s, p-Ph),
114.4 (s,=CH,), 34.0 (s, CH,CH=), 31.3 (d, J(C,P) =13 Hz, PCH,),*"1 29.0
(s, 2xintensity, CH,CH,CH,CH=CH,), 282 (d, 3J/(C,P)=11Hpz,
PCH,CH,CH,), 26.1 (d, */(C,P)=16Hz, PCH,CH,); *'P{'"H} NMR
(161 MHz, CDCl;, 32°C): 6 = —15.8 (s); elemental analysis calcd (% ) for
CyH,sP (296.39): C 81.05, 8.50; found: C 81.02, H 8.44.

PPh((CH,);CH=CH,), (13):?!] A Schlenk flask was charged with PPhH,
(0.938 g, 8.52 mmol) and THF (40 mL) and was cooled to 0°C. Then nBuLi
(1.8 in hexanes, 10.1 mL, 18 mmol) was added dropwise with stirring over
10 min.®! After another 10 min, a solution of 4 (3.260 g, 17.06 mmol) in
THF (5 mL) was added. The cold bath was removed. After 2 h, solvent was
removed by oil pump vacuum. The residue was filtered through a silica plug
(3 cm) with hexane (3 x 20 mL). The filtrate was taken to dryness by oil
pump vacuum. The residue was distilled (1072 bar, 111-115°C) to give 13
as a viscous colorless liquid (2.200¢g, 6.657 mmol, 78%). 'H NMR
(400 MHz, CDCl;, 32°C): 6=7.63 (m, 1H of Ph), 749 (m, 2H of Ph),
734 (m,2H of Ph), 5.79 (m,2H,2 CH=),4.90 (m, 4H,2=CH,), 1.98 (m, 4H,
2CH,CH=), 1.69 (m, 4H, 2PCH,), 1.42-1.08 (m, 16H, 8 CH,); “C{'H}
NMR (100 MHz, CDCl;, 32°C): 6 =139.4 (m, i-Ph), 139.1 (s, CH=), 132.6
(d, 2J(C,P) =18 Hz, 0-Ph), 128.2 (d, 3/(C,P) = 20 Hz, m-Ph), 128.4 (s, p-Ph),
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1142 (s, =CH,), 34.0 (s, CH,CH=), 31.3 (d, J(C,P) = 11 Hz, PCH,),1¥" 29.0
(s, 2xintensity, CH,CH,CH,CH=CH,), 285 (d, 3J/(C,P)=11Hz,
PCH,CH,CH,), 26.1 (d, ¥(CP)=15Hz, PCH,CH,); *P{'H} NMR
(161 MHz, CDCl,, 32°C): 6= —23.8 (s); MS (FAB, 3-NBA/CH,CL): m/z
(%): 331 (100) [M]*; elemental analysis calcd (%) for C,,H;sP (330.49): C
79.95, 10.67; found: C 79.95, H 9.90.

[(°-CsMe;s)Re(NO)(PPh((CH,)(CH=CH,),)(CO)]* BF,~ (14): A Schlenk
flask was charged with [(77°-CsMes)Re(NO)(NCMe)(CO)]* BF,~ (0.190 g,
0.374 mmol), 13 (0.103 g, 0.312 mmol), and CICH,CH,CI (20 mL), and fitted
with a condenser. The solution was heated under reflux (15 h). Solvent was
removed by oil pump vacuum. Column chromatography (silica gel, 20 x
2 cm, CH,Cl,) gave a red by-product band. The eluent was changed to 97:3
vlv CH,Cl,/methanol (yellow band containing some 14) and then 92:8 v/v
CH,Cl,/methanol. Solvent was removed from the last series of fractions by
oil pump vacuum to give spectroscopically pure 14 (0.101 g, 0.127 mmol,
41%). An analytical sample was obtained by further column chromatog-
raphy (silica gel, 7:3 v/v CH,Cl,/acetone). '"H NMR (400 MHz, CDCl,,
32°C, TMS): 6 =756 -7.45 (m, SH, Ph), 5.74 (m, 2H, 2 CH=), 4.92 (m, 4H,
2=CH,), 2.37 (m, 4H, 2PCH,), 2.01 (m, 4H, 2CH,CH=), 1.93 (s, 15H,
Cs(CH,)s), 1.45-1.25 (m, 16 H, 8 CH,); “*C{'H} NMR (100 MHz, [D¢]ben-
zene, 32°C): § =203.8 (d, 2J(C,P) =8 Hz, ReCO), 139.0 (s, CH=), 131.7 (d,
J(C,P) =53 Hz, i-Ph,), 129.9 (d, 2/(C,P) =11 Hz, 0-Ph), 128.6 (d, *J(C,P) =
10 Hz, m-Ph), 127.8 (s, p-Ph), 114.5 (s, =CH,), 106.1 (s, C5(CH,)s), 34.0 (s,
CH,CH=), 30.6 (d, /(C,P) =8 Hz, CH,), 30.4 (d, J(C,P) =11 Hz, CH,), 28.9
(s, 2 x intensity, CH,), 28.8 (s, CH,), 24.0 (s, CH,), 9.7 (s, Cs(CHs)s); *'P{'H}
NMR (161 MHz, CDCl;, 32°C): 6 =0.4 (s); IR (solid film): 7 =1984 (CO),
1722 (NO) cm™!; MS (FAB, 3-NBA/CH,Cl,): m/z (%): 710 (100) [M]* of
cation; elemental analysis caled (%) for C3;HsBF,NO,PRe (796.75): C
49.75, H 6.33, N 1.76; found: C 49.81, H 6.59, N 1.73.

[(7*-CsMes)Re(NO)(PPh((CH,)(CH=CH,),)(C)] (15): A Schlenk flask
was charged with 14 (0.300 g, 0.377 mmol) and THF (20 mL). Then LiAIH,
(0.047 g, 1.243 mmol) was added with stirring. After 2 h, small amounts of
water were added until gas evolution ceased. Solvent was removed by oil
pump vacuum. Then CH,Cl, (ca. 20 mL) was added, and the sample
filtered. Aqueous HCI (12N; 0.20 mL, 2.4 mmol) was added with stirring.
After 0.5 h, the sample was concentrated and filtered through a silica plug
(3 cm). Solvent was removed from the filtrate by oil pump vacuum to give
15 as dark red solid (152 mg, 0.213 mmol, 56%). M.p. 162 —174°C;
'H NMR (400 MHz, CDCl;, 32°C, TMS): 6 =7.72-7.63 (m, 2H of Ph),
715-700 (m, 3H of Ph), 5.83-5.66 (m, 2H, 2CH=), 5.06-4.92 (m, 4H,
2=CH,), 2.76-2.38 (m, 4H, 2PCH,), 2.00-1.84 (m, 4H, 2CH,CH=), 1.53
(s, 15H, Cs(CH3)s), 1.37-1.00 (m, 16H, 8 CH,); “C{'H} NMR (100 MHz,
CDCl,, 32°C, TMS): 6 =139.0 (s, CH=), 131.7 (d, 2/(C,P) =12 Hz, 0-Ph),
131.1 (partially obscuredd, 'J(C,P) = 50-56 Hz, i-Ph), 129.7 (s, p-Ph), 128.7
(d, 3J(C,P) =11 Hz, m-Ph), 114.6 (s, =CH,), 99.4 (s, C5(CH,)s), 34.0 (s,
CH,CH=),31.3 (d, J(C,P) =13 Hz, CH,), 29.1 (d, J(C,P) =9 Hz, CH,), 28.8
(s, CHy), 26.3 (s, CH,), 23.2 (s, CH,), 10.1 (s, Cs(CH,)s); *'P{'H} NMR
(161 MHz, CDCl;, 32°C): 6=-69 (s); IR (solid film): #=1637
(NO) em™!; MS (FAB, 3-NBA): m/z (%): 717 (100) [M]*; elemental
analysis caled (%) for C;,Hs,CINOPRe (717.38): C 53.58, H 7.02, N 1.95;
found: C 53.40, H 6.81, N 1.59.

[(37°-CsMe;)Re(NO)(P(Ph)(CH,)(CH=CH(CH,))(CO)]* BF,” (16): A
Schlenk flask was charged with 14 (0.150 g, 0.188 mmol), CH,Cl,
(150 mL) and 1 (0.0064 g, 0.0078 mmol, 4 mol % ). The sample was stirred
for 14 h, and filtered through a Celite plug (2 cm). Solvent was removed by
oil pump vacuum to give 16 as a dark solid of >98 % spectroscopic purity
(0.142 g, 0.178 mmol, 94%; Z/E (tentative)®l 44:561%<l). Extensive
attempts to obtain analytically pure samples were unsuccessful. M.p.
68°C;181 'TH NMR (400 MHz, CDCl;, 32°C, TMS): 6 =7.56-7.45 (m, 5H,
Ph), 5.42-5.38/5.36-5.26 (2m, 2H, E/Z CH=CH, 56:44), 2.43 (m, 4H,
2PCH,),2.10 (m,4H, 2 CH,CH=), 1.97/1.96 (25, 15H, C5(CH3)s), 1.50-1.21
(m, 16H, 8 CH,); “C{'H} NMR (100 MHz, CDCl;, 32°C, TMS): 6 =203.7
(brs, ReCO) 137.3/137.0 (2s, CH=), 134.7-126.8 (PPh signals), 99.1/99.0
(2s, C5(CH3)5), 36.0/35.4 (2s, CH,CH=), 32.9-21.9 (CH, signals), 10.1/10.0
(2s, C5(CHa)s5); 'P{'H} NMR (161 MHz, CDCl;, 32°C): 6 =—0.71/—0.85
(2s, ZIE, 44:56); IR (solid film): 7= 1980 (CO), 1718 (NO) cm~'; MS (FAB,
3-NBA/CH,Cl,): m/z (%): 682 (100) [M]* of cation.

[(ﬂs-CsMes)Re(NO)(ll’(Ph)(CHz)sCH:CH(CHz)s)(Cl)] an

A A Schlenk flask was charged with 15 (0.074 g, 0.105 mmol), 1 (0.0042 g,
0.0051 mmol, 5 mol %), and CH,Cl, (150 mL). The sample was stirred for

0947-6539/01/0718-3943 $ 17.50+.50/0 3943





FULL PAPER

J. Gladysz et al.

12 h, concentrated by oil pump vacuum to ca. 5 mL, and filtered through a
silica plug (3 cm). Solvent was removed by oil pump vacuum to give 17 as a
dark red solid (0.065 g, 0.094 mmol, 89 % ).

B: Complex 16 (0.160 g, 0.208 mmol), THF (10 mL), LiAIH, (0.028 g,
0.735 mmol), CH,Cl, (ca.20 mL),”! and aqueous HCI (12N, 0.10 mL,
1.2 mmol) were combined in a procedure analogous to that given for 15. An
identical workup gave 17 as dark red solid (0.110 g, 0.160 mmol, 76 %; Z/E
(tentative, range for both syntheses)?’ 41-43:59-5765%<). M.p. 165—
172°C; '"H NMR (400 MHz, CDCl;, 32°C, TMS): 6 =7.60-7.26 (m, 5H,
Ph), 5.34-5.30/529-5.21 (2m, 2H, E/Z CH=CH, 59:41), 2.65-2.10 (m,
4H,2PCH,),2.05-1.81 (m,4H, 2 CH,CH=), 1.56/1.55 (25, 15 H, C5(CH,)s),
1.51-1.18 (m, 16 H, 8 CH,); “C{'H} NMR (100 MHz, CDCl;, 32°C, TMS):
0=131.3 (2overlapping d, i-Ph), 131.24/131.15 (CH=), 131.1 (d, 2J(C,P) =
14 Hz, o-Ph), 129.6 (d, */(C,P) =16 Hz, m-Ph), 128.0 (s, p-Ph), 99.4 (s,
Cs(CHs)s), 32.4/31.9 (2s, CH,CH=), 29.7-24.0 (CH, signals), 9.9/9.8 (2s,
Cs5(CHs)5); *'P{'H} NMR (161 MHz, CDCl;, 32°C): 6 = —8.42/ — 8.81 (25,
ZIE, 43:57); IR (solid film): #=1637 (NO)cm™!; MS (FAB, 3-NBA/
CH,CL,): m/z (%): 689 (100) [M]*; elemental analysis caled (%) for
C3H,cCINOPRe (689.33): C 52.27,H 6.73, N 2.03; found: C 52.17, H 7.05, N
1.90.

[(7°-CsMes)Re(NO)(P(Ph)(CH,),)(Cl)] (18): A Fischer—Porter bottle
was charged with 17 (0.075 g, 0.108 mmol), freshly degassed ethanol/
toluene (30 mL, 1:1 v/v), and [Rh(PPh;);(Cl)] (0.0074 g, 0.005 mmol,
7 mol %). The mixture was stirred under H, (60 psig, 36 h). Solvent was
removed by oil pump vacuum, and CH,Cl, (12 mL) was added. The sample
was filtered through a silica plug (2 cm) and concentrated to about 1 mL.
Hexane was added, and solvent was removed by oil pump vacuum to give
18 as a red powder (0.053 g, 0.077 mmol, 72%). M.p. 180-182°C (DSC,
183.6°C); '"H NMR (400 MHz, CDCl;, 32°C, TMS): 6 =7.61-7.24 (m, 5H,
Ph), 2.49-2.02 (m, 4H, 2PCH,), 1.61 (s, 15H, C5(CH;)s), 1.51-1.16 (m,
24H, 12CH,); *C{'H} NMR (100 MHz, CDCl;, 32°C, TMS): 6 =134.2 (d,
2J(C,P) =10 Hz, o-Ph), 131.2 (d, *J(C,P) =23 Hz, m-Ph), 130.3 (m, i-Ph),
128.1 (s, p-Ph), 99.4 (s, Cs(CH,)s), 29.7-22.0 (unresolved and diastereo-
topic CH, signals), 9.9 (s, Cs(CHs)s); *'P{'H} NMR (161 MHz, CDCl;,
32°C): 0=-8.35 (s); IR (solid film): 7=1640 (NO)cm™!; MS (FAB,
3-NBA): m/z (%): 691 (100) [M]*, 386 (90) [M — (PPh(CH,).)]*;
elemental analysis caled (%) for C;H,CINOPRe (691.35): C 52.12, H
7.00, N 2.03; found: C 52.17, H 7.05, N 1.90.

Jfac-[(CO);Re(Br)(PPh,(CH,)(CH=CH,),] (21): A Schlenk flask was
charged with 12 (0.750 g, 2.530 mmol), CHCl; (20 mL), and [(CO)sRe(Br)]
(0.514 g, 1.266 mmol),*®! and fitted with a condenser. The mixture was
heated under reflux (56 h; monitored by IR). Solvent was removed by
rotary evaporation. Column chromatography (silica gel, 1:1 v/v CH,Cl/
hexane) gave a product band which was taken to dryness by rotary
evaporation. The colorless oil solidified over the course of one week, and
was dried by oil pump vacuum to give 21 as a white powder (0.863 g,
0.915 mmol, 72%). M.p. 101-102°C; '"H NMR (300 MHz, CDCl;, 20°C):
0=744-1734 (m, 20H, 4Ph), 5.76 (m, 2H, 2CH=), 4.99-4.90 (m, 4H,
2=CH,),2.56 (m,2H,2PCHH'), 2.00-1.88 (m, 6H, 2 CH,CH=+2PCHH’),
1.59-0.89 (m, 16H, 8CH,); “C{'H} NMR (75 MHz, CDCl;, 20°C): 6 =
190.2, 189.5 (2t, 1:2, 2J(C,P)=25Hz, ReCO), 139.2 (CH=), 134-132
(complex, i-Ph), 133.3,133.0 (2 virtual t, J(C,P) =5 Hz,*) 0-Ph), 130.2 (s, p-
Ph), 128.5 (m, m-Ph), 114.5 (s, =CH,), 33.8 (s, CH,CH=), 30.9 (virtual t,
J(C,P)=6Hz, CH,), 28.9 (s, CH,), 28.7 (s, CH,), 26.5 (virtual t, J(C,P) =
14 Hz, CH,), 24.1 (brs, CH,); *'P{'"H} NMR (121 MHz, CDCl;, 20°C): 6 =
—84 (s); IR (CDCly/Nujol): 7=2035/2029, 1952/1948, 1906/1906 (CO)
cm~'; MS (FAB, 3-NBA/CH,Cl,): m/z (%): 942 (8) [M]*, 914 (50) [M —
COJ*, 886 (28) [M —2CO]J*, 863 (100) [M —Br]*, 835 (43) [M —Br—
COJ*; elemental analysis caled (%) for C;HsBrOsP,Re (942.92): C
54.77, 5.34; Ifound: C 54.62, H 5.36. .

Sfac-[(CO);Re(Br)(P(Ph),(CH,)CH=CH(CH,),P(Ph),)] (22): A Schlenk
flask was charged with 21 (0.286 g, 0.303 mmol) and CH,Cl, (110 mL).
Another Schlenk flask was charged with 1 (0.005 g, 0.006 mmol; 2 mol %)
and CH,Cl, (10 mL). The latter solution was added by cannula to the
former with stirring. The mixture was heated under reflux (3 h). Solvent
was removed by rotary evaporation. Column chromatography (silica gel,
CH,Cl,) gave a product band which was taken to dryness by rotary
evaporation to give 22 as a white powder (0.221 g, 0.242 mmol, 80%; Z/E
17-20:83 - 800+ 3%al). M.p. 184185 °C; 'H NMR (300 MHz, CDCl;, 20 °C):
0=762-723 (m, 20H, 4Ph), 539 (m, 2H, CH=CH), 2.77 (m, 2H,
2PCHH'),2.07 (m, 6H,2PCHH'+2 CH,CH=), 1.56-1.18 (m, 16 H, 8 CH,);
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BC{'H} NMR (75 MHz, CDCl;, 20°C, E isomer unless noted): 6 =190.0,
189.3 (2t, 1:2, 2J(C,P) =28 Hz, ReCO), 131.1 (CH=CH), 134-133 (com-
plex, i-Ph), 133.2, 132.8 (2 virtual t, J(C,P) = 5 Hz,® 0-Ph), 130.1, 130.1 (2s,
p-Ph), 128.7,128.3 (2virtual t, J(C,P) =4 Hz, m-Ph), 32.3 (s, CH,CH=(E)),
30.5 (virtual t, J(C,P) =6 Hz, CH,), 29.5 (s, CH,CH=(Z)) 29.2 (s, CH,, Z at
28.0), 28.7 (s, CH,, Z at 27.0), 25.5 (virtual t, J(C,P) =12 Hz, CH,), 24.4
(brs, CH,); *P{'"H} NMR (121 MHz, CDCl;, 20°C): 6=-8.2 (s); IR
(CDCly/Nujol): 7 =2033/2031, 1950/1952, 1904/1900 (CO) cm~!; MS (FAB,
3-NBA/CH,CL,): m/z (%): 914 (17) [M]*, 886 (70) [M — CO]*, 858 (42)
[M —-2CO]*, 835 (100) [M —Br|*, 807 (25) [M —Br— CO]*; elemental
analysis calcd (%) for C,;H,;BrO;P,Re (914.87): C 53.83, 5.07; found: C
53.81, H 5.10.

fac-[(CO);Re(Br)(P(Ph),(CH,){,P(Ph),)] (23): A Schlenk flask was
charged with 22 (0.035 g, 0.038 mmol), 10% Pd/C (0.004 g, 0.004 mmol),
and toluene/ethanol (20 mL, 1:1 v/v), flushed with H,, and fitted with a
balloon of H,. The suspension was stirred overnight. Solvent was removed
by oil pump vacuum. The residue was extracted with CH,Cl,. Column
chromatography (silica gel, CH,Cl,) gave a product band which was taken
to dryness by rotary evaporation to give 23 as a white powder (0.034 g,
0.037 mmol, 98 %). M.p. 186-188°C; 'H NMR (300 MHz, CDCl;, 20°C):
0=767-722 (m, 20H, 4Ph), 2.87-2.83 (m, 2H, 2'), 2.13-2.06 (m, 2H,
2PCHH'), 1.38-1.19 (m, 24H, 12CH,); *C{'H} NMR (75 MHz, CDCl,,
20°C): 6=190.1, 189.6 (2t, 1:2, 2J(C,P) =28.7, ReCO), 134133 (complex,
i-Ph), 133.3, 132.7 (2virtual t, J(C,P) =5 Hz,* 0-Ph), 130.2, 130.1 (2s, p-
Ph), 128.7, 128.3 (2virtual t, J(C,P) =5 Hz, m-Ph), 30.5 (virtual t, J(C,P) =
6 Hz, CH,), 27.82 (s, CH,), 27.79 (s, CH,), 27.5 (s, CH,), 26.8 (s, CH,), 25.9
(virtual t, J(C,P) =12 Hz, CH,), 23.8 (brs, CH,); *'P{'"H} NMR (121 MHz,
CDCl;, 20°C): 6 =—8.2 (s); IR (CDCly/Nujol): #=2032/2036, 1951/1958,
1904/1903 (CO) cm~'; MS (FAB, 3-NBA/CH,CL,): m/z (%): 916 (13) [M]*,
888 (96) [M — CO]J, 860 (79) [M —2CO]*, 837 (100) [M — Br]*, 809 (53)
[M —Br—CO]J*; elemental analysis caled (%) for C,H,BrO;P,Re
(916.88): C 53.71, 5.28; found: C 53.76, H 5.30.

cis-[(C1),Pt(PPh,(CH,)CH=CH,),] (24): A Schlenk flask was charged
with [(Cl),Pt(COD)] (0.160 g, 0.432 mmol)® and CH,Cl, (10 mL). A
solution of 12 (0.260 g, 0.877 mmol) in CH,Cl, (5mL) was added via
cannula with stirring. After 5 h, the mixture was filtered through a Celite
plug (3 cm). Solvent was removed by oil pump vacuum. The oily residue
was washed with hexane (3 x 5mL). Column chromatography (alumina,
benzene) gave a product band which was taken to dryness by oil pump
vacuum to give 24 as a white powder (0.257 g, 0.299 mmol, 70 % ). M.p. 98 —
100°C; '"H NMR (300 MHz, CDCl;, 20°C): 6 =7.51-722 (m, 20H, 4Ph),
5.75 (m, 2H, 2CH=), 4.99-4.89 (m, 4H, 2=CH,), 2.30-2.10 (m, 4H,
2PCH,), 1.99-1.92 (m, 4H, 2CH,CH=), 1.60-1.45 (m, 4H, 2PCH,CH,),
1.27-1.15 (m, 12H, 6 CH,); “C{'H} NMR (75 MHz, CDCl;, 20°C): 6 =
139.1 (CH=), 133.6 (virtual t, J(C,P) = 5 Hz, 0-Ph), 131.0 (s, p-Ph), 129.8 (d,
1J(C,P) =64 Hz, i-Ph), 1284 (virtual t, J(C,P)=5 Hz, m-Ph), 114.5 (s,

=CH,), 33.8 (s, CH,CH=), 30.8 (virtual t, J(C,P)=8 Hz, CH,), 28.8 (2s,
2CH,), 28.6 (brs, CH,), 25.2 (s, CH,); *'P{'H} NMR (121 MHz, CDCl,,
20°C): 6 =176 (s, J(P,Pt) =3652 Hz);®'l MS (FAB, 3-NBA/CH,CL,): m/z
(%): 858 (2) [M]+, 823 (100) [M—CI]*, 489 (80) [M—2Cl—
Ph,P(CH,),CH=CH,]|*; elemental analysis calcd (%) for C,Hs,CLP,Pt
(858.77): C 55.94, 5.87; found: C 55.77, H 5.82.

cis-[(C1),Pt(P(Ph),(CH,)CH=CH(CH,),P(Ph),)] (25): A Schlenk flask
was charged with 24 (0.257 g, 0.299 mmol) and CH,Cl, (110 mL). Another
Schlenk flask was charged with 1 (0.005 g, 0.006 mmol, 2mol%) and
CH,CIl, (10 mL). The latter solution was added by cannula to the former
with stirring. The mixture was heated under reflux (3 h), concentrated to
about 3 mL, and purified by chromatography on a short silica gel column
(CH,CL,). Solvent was removed by oil pump vacuum to give 25 as a white
powder (0.177 g, 0.213 mmol, 71 %; Z/E <2:> 9855%3%)), M.p. 246 -248°C;
'"H NMR (300 MHz, CDCl;, 20°C): 6 =7.44—-7.20 (m, 20H, 4Ph), 5.44 (m,
2H, CH=CH), 2.16-2.06 (m, 8H, 2PCH,+2CH,CH=), 2.03-1.92, 1.60—
1.35 (2m, 16H, 8 CH,); “C{'H} NMR (75 MHz, CDCl;, 20°C): 6 =133.3
(virtualt, J(C,P)=5Hz, o-Ph), 133.6-133.1 (complex, i-Ph), 1315
(CH=CH), 130.9 (s, p-Ph), 128.3 (virtual t, J(C,P) =5 Hz, m-Ph), 32.2 (s,
CH,CH=(E)), 30.6 (virtual t, J(C,P) =9 Hz, CH,), 29.3 (virtual t, J(C,P) =
10 Hz, CH,), 29.1 (s, CH,), 28.4 (s, CH,), 27.3 (brs, CH,); ¥P{'H} NMR
(121 MHz, CDCl;, 20°C): 6 =79 (s, 9%, "J(P,Pt) = 3631 Hz,[® assigned to
dimeric compound 26 as described in the text), 7.7 (s, 91%, J(P,Pt)=
3627 Hz);/*l MS (FAB, 3-NBA/CH,CL,): m/z (%): 1625 (46) [M — Cl]* for
26, 795 (63) [M — CI]* for 25, 757 (100); osmometry (CHCI,): calcd for 25
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830.8; found 844; elemental analysis calcd (%) for C3sH,sCLP,Pt (830.71):
C 54.94, 5.58; found: C 54.91, H 5.57.

S(Et)(CH,)CH=CH, (27): A flask was charged with NaOH (0.600 g,
15.0 mmol), water (ca. 4 mL, to give a solution), ethanol (15 mL), and
HSEt (0.930 g, 15.0 mmol), fitted with a condenser, and cooled in an ice
bath. A solution of 4 (2.850 g, 14.91 mmol) in ethanol (5 mL) was added
with stirring over 20 min. The suspension was heated under reflux (4 h) and
stirred at room temperature (12 h). Water (5 mL) and ether (15 mL) were
added. The phases were separated, and the aqueous phase extracted with
ether (2 x 10 mL). The combined organic phases were dried (Na,SO,).
Solvent was removed by rotary evaporation and the residue vacuum
distilled (48—51°C) to give 27 as a colorless liquid (2.270 g, 13.17 mmol,
88%). 'HNMR (300 MHz, CDCl;, 20°C): 6 =5.79 (m, 1H, CH=), 4.92 (m,
2H, =CH,), 2.51 (q, 3J(H,H) =7.5 Hz, 2H, SCH,CH,), 2.50 (t, 3J(H,H) =
8.1 Hz,2H, SCH,CH,), 2.02 (m,2H, CH,CH=), 1.57 (m, 2H, CH,), 1.34 (m,
6H, 3CH,), 1.23 (t, 3J(H,H) =7.5 Hz, 3H, CH;); “C{'H} NMR (75 MHz,
CDCl;, 20°C): 6 =138.9 (s, CH=), 114.2 (s,=CH,), 33.6 (s, CH,CH=), 31.6
(s, SCH,), 29.5 (s, SC'H,), 28.7 (s, 2 x intensity, CH,), 28.6 (s, CH,), 25.8 (s,
CH,), 14.7 (s, CH;); MS (80 eV, EI): m/z (%): 172 (25) [M]*, 143 (100),
[M — CH,CH;]*; elemental analysis caled (%) for CH,S (172.33): C
69.70, H 11.70; found: C 69.72, H 11.58.

S(rBu)(CH,)(CH=CH, (28): A flask was charged with NaS-rBu (0.920 g,
8.20 mmol) and DMF (20 mL) and cooled to 0°C. A solution of 4 (1.110 g,
5.808 mmol) in DMF (5 mL) was added with stirring over 20 min. The
mixture was heated to 100°C (1 h) and cooled to room temperature. Water
(15 mL) was added with stirring. The phases were separated, and the
aqueous phase extracted with ether (3 x 15 mL). The combined organic
phases were washed with water (5 x 10 mL) and dried (Na,SO,). Solvent
was removed by rotary evaporator and the oil vacuum distilled (79-82°C)
to give 28 as a colorless liquid (0.812 g, 4.05 mmol, 70%). 'H NMR
(300 MHz, CDCl;,20°C): 6 =5.78 (m, 1 H, CH=), 4.94 (m, 2H,=CH,), 2.49
(t, *J(H,H)=75Hz, 2H, SCH,), 2.02 (m, 2H, CH,CH=), 1.53 (m, 2H,
CH,), 1.37 (m, 6H, 3CH,), 1.30 (s, 9H, C(CHs),); *C{'"H} NMR (75 MHz,
CDCl;,20°C): 6 =139.0 (s, CH=), 114.2 (s,=CH,), 41.8 (s, C(CH;)5), 33.7 (s,
CH,CH=), 31.0 (s, C(CHys)3), 29.8 (s, CH,), 29.1 (s, CH,), 28.8 (s, 2 x in-
tensity, CH,), 28.3 (s, CH,); MS (80 eV, EI): m/z (%): 200 (11) [M]*, 185
(19) [M — CH5;]*, 143 (47) [M — C(CH,);]*, 57 (100) [C(CH3);]*; elemental
analysis caled for C,H,,S (200.38): C 71.93, H 12.07; found: C 71.94, H
12.24.

cis-[ (C1),Pt(S(Et)(CH,)(CH=CH,),] (29):Pl A flask was charged with 27
(0.364 g,2.11 mmol), methanol (3 mL), and a solution of K,[PtCl,] (0.385 g,
0.928 mmol) in water (5 mL). The mixture was stirred (14 h), and a yellow-
brown oil separated. Solvent was removed by rotary evaporation. The
residue was washed with ethanol (2 x 5 mL), dried by oil pump vacuum,
dissolved in CH,Cl, (2 mL), and added to a small amount of silica. Solvent
was removed by oil pump vacuum, and the yellow powder added to the top
of a dry silica column. The column was rinsed with hexane and hexane/THF
(gradient ending at 60:40 v/v). A yellow band was dried by oil pump
vacuum to give 29 as a yellow oil (0.479 g, 0.784 mmol, 84 %). '"H NMR
(300 MHz, CDCl;, 30°C): 6 =5.76 (m, 2H, 2CH=), 497 (m, 4H, 2=CH,),
3.24/3.10-2.40 (2m, 2H+6H, 2SCHH'R +2SCHH'R’), 2.02 (m, 4H,
2CH,CH=), 1.83 (m, 4H, 2SCH,CH,), 1.55-1.33 (m, 18H, 6 CH, + 2CH,);
BC{'H} NMR (75 MHz, CDCl;, 20°C, syn/anti isomers): 0 = 138.9/138.7
(2s, CH=), 114.5/114.4 (2s, =CH,), 37.6 (brs, SCH,), 35.7 (brs, SC'H,),
33.61/33.57 (2s, CH,CH=), 30.6 (s, 2 x intensity, CH,), 28.6/28.5 (2s, 1 and
2 x intensity, CH,), 27.6/27.5 (2s, CH,), 12.76/12.72 (2s, CH;); MS (FAB,
glycerol/2-NPOE/CH,Cl,): m/z (%): 611 (6) [M+H]*, 575 (12) [M —Cl]*,
353 (36) [M—2Cl—RSR']*; elemental analysis caled (%) for
CyH,CLS,Pt (610.65): C 39.34, H 6.60; found: C 39.60, H 6.61.

cis-[ (C1),Pt(S(rBu)(CH,)(CH=CH,),] (30):3'] A flask was charged with 28
(0.462 g,2.31 mmol), methanol (8 mL), and a solution of K,[PtCl,] (0.326 g,
0.793 mmol) in water (10 mL). The mixture was stirred (48 h) and then
centrifuged. The supernatant was removed from a yellow oily precipitate
by pipette. Column chromatography (silica gel, twice: first 3:1 v/v hexane/
THF; second 1:1 v/v hexane/CH,Cl,) gave a yellow band which was dried
by oil pump vacuum to give 30 as a yellow waxy solid (0.261 g, 0.392 mmol,
50%). '"H NMR (300 MHz, CDCl;, 20°C): 6 =5.76 (m, 2H, 2CH=), 4.94
(m, 4H, 2=CH,), 3.39 (brm, 2H, 2SCHH"), 2.18 (brm, 2H, 2SCHH’), 2.02
(m, 4H, 2CH,CH=), 1.96-1.61 (brm, 4H, 2SCH,CH,), 1.54 (s, 18H,
2C(CHs)3), 1.51-1.29 (m, 12H, 6 CH,); BC{'H} NMR (75 MHz, CDCl;,
20°C): 6=138.9 (s, CH=), 114.3 (s, =CH,), 515 (s, C(CH,);), 33.7 (s,

Chem. Eur. J. 2001, 7, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

CH,CH=), 30.0 (s, C(CHs)3), 29.6 (s, SCH,), 28.7 (s, 2 x intensity, CH,), 28.6
(s, CH,), 272 (s, CH,); MS (FAB, 3-NBA/CH,Cl,): m/z (%): 666 (12) [M]*,
631 (22) [M—CIJ*, 394 (50) [M —2Cl—RSR'[*, 394 (93) [M—2Cl—
RSR’— C(CHs;);]*, 57 (100) [C(CHs;);]*; elemental analysis caled (%) for
C24H43C1252Pt (666.76): C 43.23, H 7.26; found C43.21, H 7.32.

cts-[(Cl)th(S(Et)(CHZ)GCH:CH(CHZ)SS(Et))] (31):*1 A Schlenk flask
was charged with 29 (0.200 g, 0.327 mmol) and CH,Cl, (200 mL) and fitted
with a condenser. The solution was heated under reflux, and a solution of 1
(0.006 g, 0.007 mmol, 2 mol %) in CH,Cl, (200 mL) was added. After 2 h,
the sample was concentrated to 5 mL and filtered through a silica plug
(3 cm). A small amount of silica was added to the filtrate. Solvent was
removed by oil pump vacuum and the yellow powder added to the top of a
dry silica column. The column was rinsed with hexane/THF (gradient: start,
90:10 v/v; end, 60:40 v/v). Two yellow bands were collected and dried by oil
pump vacuum, giving 31 (faster moving; 0.104 g, 0.179 mmol, 55%; Z/E
21:79154 5%y and 32 (0.045 g, 0.039 mmol, 24 % )" as yellow gums.

Data for 31: 'H NMR (300 MHz, CDCl;,20°C): d =5.34 (m,2H, CH=CH),
3.24 (m, 2H, 2SCHH’), 3.05-2.40 (brm, 6 H, remaining SCHH'"), 1.94 (m,
4H, 2CH,CH=), 182 (m, 4H, 2SCH,CH,), 1.55-133 (m, 18H,
6CH,+2CH,;); “C{'H} NMR (75 MHz, CDCl;, 20°C, syn/anti isomers
not assigned): 6 =130.4, 130.2, 130.1 (3s, CH=CH), 37.5, 35.7 (2s, SCH,),
32.1 (s, CH,CH=(F)), 30.6, 30.2 (2s, CH,), 29.3 (s, CH,CH=(Z, tentative)),
28.6,28.5 (25, CH,), 275, 27.1 (2s, CH,), 12.7 (s, CH;); MS (FAB, 3-NBA/
CH,Cl,): m/z (%): 582 (13) [M]*, 547 (19) [M — CI]*, 509 (18) [M —2Cl]*,
480 (14) [M — 2Cl1 — CH,CHj;]*, 447 (22) [M —2Cl — SCH,CH;]*; elemen-
tal analysis calcd (%) for C;gH;CL,S,Pt (582.52): C 37.11, H 6.23; found: C
3741, H 6.28.

Data for 32: 'H NMR (300 MHz, CDCl;, 20°C): =529 (m, 4H,
2CH=CH), 321 (m, 4H, 2SCHH’), 3.05-2.40 (brm, 12H, remaining
SCHH'),1.95 (m,8H, 4CH,CH=), 1.83 (m, 8H,4SCH,CH,), 1.66 - 1.33 (m,
36H, 12CH,+4CH;); “C{'H} NMR (75 MHz, CDCl;, 20°C, synlanti
isomers present but unassigned): 6 =130.3, 130.2, 130.0, 129.8, 129.7, 129.5
(6s, CH=CH), 37.5, 35.7,34.1 (3s, SCH,), 32.4,32.1 (2s, CH,CH=(E)), 30.6,
30.2 (2s, CH,), 29.4,29.3 (2s, CH,CH=(Z, tentative)), 28.6 (s, 2 x intensity,
CH,), 28.5, 27.6, 275, 27.0 (4s, CH,), 12.8 (s, 2 x intensity, CH;); MS (FAB,
3-NBA/CH,CL,): m/z (%): 1128 (10) [M — CI]*.

cis-[(C1),Pt(S(rBu)(CH,){CH=CH(CH,),S(1Bu))] (33):P!] A Schlenk flask
was charged with 30 (0.154 g, 0.231 mmol) and CH,Cl, (200 mL) and fitted
with a condenser. The solution was heated under reflux, and a solution of 1
(0.005 g, 0.006 mmol, 2 mol %) in CH,Cl, (5 mL) was added. After 2 h, the
sample was concentrated to 3 mL and filtered through a silica plug (3 mL).
Column chromatography (silica gel, CH,Cl,) gave a yellow band which was
dried by oil pump vacuum to give 33 as a yellow gum (0.106 g, 0.166 mmol,
72 %; ZIE 16:8455%5%1) 181 TH NMR (300 MHz, CDCl;, 20°C): 6 =5.30 (m,
2H, CH=CH), 338 (brm, 2H, 2SCHH’'), 2.05-198 (m, 6H,
2SCHH'+2CH,CH=), 1.54 (s, 18H, 2C(CH,);), 1.32 (m, 16H, 8CH,);
BC{'H} NMR (100 MHz, CDCl;, 30°C): 6=130.3 (s, CH=CH), 51.5 (s,
C(CH,);), 32.5 (s, CH,CH=(E)), 30.3 (s, SCH,), 30.1 (s, C(CHs;);), 29.6 (s,
CH,CH=(Z, tentative)), 29.4 (s, CH,), 28.8 (s, CH,), 28.7 (s, CH,), 27.3 (s,
CH,); MS (80eV, EI): m/z (%): 638 (3) [M]", 508 (4) [M—2Cl—
C(CH;);]", 452 (5) [M—-2Cl—-2C(CH;);]", 420 (3) [M-2Cl—
SC(CH;); — C(CHa);] ", 315 (14) [M —PtCl, — C(CH;);] ", 259 (38) [M —
PtCl, — 2C(CHs;);]*, 57 (100) [C(CH;)5]*.

trans-[ (C1)(CO)Rh(PPh,(CH,)CH=CH,),] (34): A Schlenk tube was
charged with 12 (1.000 g, 3.37 mmol), CH,Cl, (13 mL), hexane (13 mL),
and [Rh(u-Cl)(COD)], (0.415 g, 0.842 mmol).l®) Then CO was bubbled
through the deep orange solution (50 min; volatilized solvent periodically
replaced; color change to deep yellow). Solvent was removed by oil pump
vacuum. Column chromatography (silica gel, 7 x 2.5 cm, CH,Cl,) gave a
yellow band which was dried by rotary evaporation. Pentane (4 mL) was
added, and the sample kept at —24°C. After 2d, a yellow powder was
collected by filtration and dried by oil pump vacuum to give 34 (1.008 g,
1.33 mmol, 79%). M.p. 64-66°C; 'H NMR (400 MHz, CDCl;, 32°C,
TMS): 6 =7.73-7.68 (m, 8H of 4Ph), 7.38 - 7.34 (m, 12H of 4 Ph), 5.82-5.72
(m, 2H, 2CH=), 4.98-4.89 (m, 4H, 2=CH,), 2.55-2.51 (m, 4H, 2PCH,),
2.02-1.96 (m, 4H, 2 CH,CH=), 1.62-1.58 (m, 4H, 2PCH,CH,), 1.43-1.25
(m, 12H, 6 CH,); BC{'H} NMR (100 MHz, CDCl;, 32°C, TMS): 6 =187.8
(dt, 'J(C,Rh) =80, 2J(C,P) =15 Hz, CO), 139.1 (s, CH=), 134.0 (virtual t,
J(C,P)=21Hz,® i-Ph), 133.4 (virtual t, J(C,P) =6 Hz, 0-Ph), 129.8 (s, p-
Ph), 1282 (virtualt, J(C,P)=6Hz, m-Ph), 1142 (s, =CH,), 33.7 (s,
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-CH,CH=), 31.1 (virtual t, J(C,P) =6 Hz, CH,), 28.73 (s, CH,), 28.69 (s,
CH,), 272 (virtual t, J(C,P)=14 Hz, CH,), 24.9 (s, CH,); *P{'H} NMR
(161 MHz, CDCl,, 32°C): 6 =25.1 (d, 'J(P,Rh) = 125.1 Hz) and (161 MHz,
[DDMSO, 32°C): 6=259 (d, J(PRh)=122.9Hz) and (161 MHz,
CH,Cl, 32°C) 223 (d, Y(PRh)=1250Hz); IR (CDCl): #=1970
(CO) ecm™1; MS (FAB, 3-NBA): m/z (%): 760 (3) [M+H]"*, 730 (85) [M —
COl*, 723 (30) [M-Cl]*, 695 (42) [M—CO-ClI]*, 397 (90)
[Rh(Ph,P(CH,),CH=CH,)]*, 297 (100) [Ph,P(CH,);CH=CH,|*; elemental
analysis caled (%) for C,;Hs,CIOP,Rh (759.1): C 64.87, H 6.64; found: C
64.74, H 6.34.

trans-[ (C1)(CO)Rh(P(Ph),(CH,),CH=CH(CH,),P(Ph),)] (35): A Schlenk
flask was charged with 34 (0.080 g, 0.105 mmol), CH,Cl, (39 mL) and 1 (ca.
half of 0.0043 g, 0.0052 mmol, 5 mol %), and fitted with a condenser. The
solution was heated under reflux. After 2 h, the remaining 1 was added.
After 2 h, solvent was removed by rotary evaporation. Column chroma-
tography (silica gel, 14 x 2.5 cm, 3:1 v/v CH,Cl,/hexane) gave a yellow band
which was dried by oil pump vacuum to give 35 as a yellow powder (0.064 g,
0.088 mmol, 83 %; Z/E 17:8355%5%1). M.p. 145-146°C (decomp); 'H NMR
(400 MHz, CDCl;, 32°C, TMS): 6 =7.81-776 (m, 8H of 4Ph), 7.37-7.24
(m, 12H of 4Ph), 5.38-5.35/5.34-5.30 (2m, 2H, Z/E CH=CH, 17:83),5%
2.56-2.53 (m, 4H, 2PCH,), 2.01 (m, 4H, 2CH,CH=), 1.90 (m, 4H,
2PCH,CH,), 1.42-1.23 (m, 12H, 6 CH,) and ([Ds]benzene, analogous
conditions/assignments) 7.90 - 7.86 (m, 8 H), 7.13-7.07 (m, 12H), 5.59 - 5.54/
5.54-5.50 (2m, 2H, Z/E 11:89), 2.76-2.71 (m, 4H), 2.20-2.15 (m, 8H),
1.48-1.32 (m, 12H); “C{'H} NMR (100 MHz, CDCl;, 32°C, TMS): 6 =
1876 (d, 'J(C,Rh) =73 Hz, CO), 134.6 (virtual t, J(C,P) =21 Hz,® i-Ph),
133.2 (virtual t, J(C,P) =7 Hz, o-Ph), 131.0 (s, CH=CH), 129.8 (s, p-Ph),
128.2 (virtual t, J(C,P) =5 Hz, m-Ph), 31.9 (s, CH,CH=(E)), 31.6 (virtual t,
J(C.P)=17Hz, CH,),29.2 (s, CH,CH=(Z)), 28.9 (s, CH,), 28.5 (s, CH,), 27.8
(virtual t, J(C,P) =15 Hz, CH,), 26.7 (s, CH,); 'P{'"H} NMR (161 MHz,
CDCl,;, 32°C): 6 =26.3/25.51% (2d, 'J(PRh) =125.0/125.0 Hz, 16:84); IR
(solid film): 7=1961 (CO) cm~'; MS (FAB, 3-NBA): m/z (%): 731 (4)
[M]*+, 702 (50) [M — CO]J*, 695 (40) [M — CI]*, 665 (30) [M — CO —Cl]*,
565 (4) [Ph,P(CH,);CH=CH(CH,)(PPh,]*; elemental analysis calcd (%)
for C;H,CIOP,Rh (731.1): C 64.07, H 6.34; found: C 64.33, H 6.51.
1

trans-[ (C1)(CO)Rh(P(Ph),(CH,),,P(Ph),)] (36): A Fischer— Porter bottle
was charged with 35 (0.144 g, 0.156 mmol), [Rh(PPh;);(Cl)] (0.021 g,
0.0023 mmol, 14 mol %), and toluene (23 mL), and flushed several times
with H,. The mixture was stirred under H, (75 psig, 20 h). Solvent was
removed by oil pump vacuum. Column chromatography (silica gel, 8 x
2.5 cm, 3:1 v/v CH,Cly/hexane) gave a yellow band which was dried by oil
pump vacuum to give 36 as a yellow powder (0.063 g, 0.086 mmol, 55%). In
some cases, an oil was obtained which solidified when stored in a
refrigerator. If spectra showed small amounts of 35, the hydrogenation
was repeated (10% Pd/C in toluene/ethanol gave comparable results).
'"H NMR (400 MHz, [D¢]benzene, 32°C, TMS): 6 =7.83-7.75 (m, 8H of
4Ph), 7.14-6.96 (m, 12 H of 4 Ph), 2.66-2.63 (m, 4H, 2PCH,), 1.97 (m, 4H,
2PCH,CH,), 1.70-1.22 (m, 20H, 10CH,); *C{'H} NMR (100 MHz,
CDCl,, 32°C, TMS): 6 =134.4 (virtual t, J(C,P) =20 Hz,® i-Ph), 133.1
(virtual t, J(C,P) =6 Hz, o-Ph), 129.8 (s, p-Ph), 128.2 (virtual t, J(C,P) =
5 Hz, m-Ph), 30.7 (virtualt, J(C,P)=7 Hz, CH,), 29.7 (s, CH,), 27.8 (s,
CH,), 27.6 (s, CH,), 27.2 (s, CH,), 26.8 (s, CH,), 25.1 (s, CH,); *'P{'"H} NMR
(161 MHz, [D¢]benzene, 32°C): §=26.22/26.1914 (2d, 'J(P,Rh)=125.5/
124.9 Hz); IR (solid film): 7=1968 (CO) cm!'; MS (FAB, 3-NBA): m/z
(%): 734 (10) [M+H]*, 704 (40) [M — CO]*, 697 (35) [M — Cl]*, 665 (50)
[M —CO-Cl]*, 567 (100) [Ph,P(CH,),,PPh,]*; elemental analysis calcd
(%) for C3H,3CIOP,Rh (733.1): C 63.90, H 6.60; found: C 63.80/63.69, H
7.00/6.23 (same sample).

trans-[ (C1)(C4Fs)Pt(PPh,(CH,)(CH=CH,),] (37): A Schlenk flask was
charged with [Pt(u-Cl)(C¢Fs)(SR,)], (0.478 g, 0.493 mmol; SR, = tetrahy-
drothiophene),P¥ 12 (0.720 g, 2.43 mmol) and CH,Cl, (30 mL). The
mixture was stirred (16 h) and filtered through a Celite plug (1 cm) and a
decolorizing charcoal plug (2 cm). Solvent was removed by oil pump
vacuum to yield 37 as a colorless oil (0.769 g, 0.776 mmol, 79 % ) which was
spectroscopically pure and used for further chemistry. For the analytical
sample, the Celite/carbon filtrations were replaced by column chromatog-
raphy (alumina, 10 x 2.5 cm, CH,Cl,; 71% yield). 'H NMR (400 MHz,
CDCl;, 32°C, TMS): 6 =7.50-7.46 (m, 8H of 4Ph), 732-7.22 (m, 12H of
4Ph), 5.84-5.74 (m, 2H, 2CH=), 5.01-4.90 (m, 4H, 2=CH,), 2.60-2.54
(m, 4H, 2PCH,), 2.05-2.00 (m, 4H, 2CH,CH=), 1.97-1.85 (m, 4H,
2PCH,CH,), 1.44-1.30 (m, 12H, 6 CH,); *C{!H} NMR (100 MHz, CDCl;,
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32°C, TMS)I®1 § = 138.9 (s, CH=), 133.0 (virtual t, J(C,P) = 6 Hz® 0-Ph),
130.8 (virtualt, J(C,P)=28 Hz, i-Ph) 1302 (s, p-Ph) 128.0 (virtualt,
J(C,P) =6 Hz, m-Ph), 114.3 (s, =CH,), 33.7 (s, CH,CH=), 31.3 (virtual t,
J(C,P)=7Hz, CH,), 28.8 (s, 2 x intensity, CH,), 26.0 (virtual t, J(C,P) =
17 Hz, CHy), 25.6 (s, CH,); *'P{'H} NMR (161 MHz, CDCl,, 32°C): 6 =
16.6 (s, J(P.Pt) =2659 Hz);1" IR (neat oil): #=3080, 2930, 2856, 1502,
1463, 1436, 1104, 1061, 1000, 953, 911, 803, 741, 690 cm~!; MS (FAB,
3-NBA): miz (%): 989 (3) [M]*, 954 (30) [M — CI]*, 785 (20) [M — Cl —
CF]*, 489  (80)  [Pt(Ph,P(CH,)CH=CH,)]*, 297  (100)
[Ph,P(CH,)CH=CH,]|"; elemental analysis calcd (%) for C,Hs,CIFsP,Pt
(990.4): C 55.79, H 5.09; found: C 55.87, H 5.17.

trans-[ (C1)(C4Fs)Pt(P(Ph),(CH,),CH=CH(CH,);P(Ph),)] (38): A two-
necked flask was charged with CH,Cl, (60 mL), 1 (ca. half of 0.008 g,
0.009 mmol, 7mol %), and 37 (0.150 g, 0.151 mmol), and fitted with a
condenser. The solution was heated under reflux. After 2 h the remaining 1
was added. After 3 h, solvent was removed by rotary evaporation. The
residue was filtered through an alumina plug (5 cm) with CH,Cl,. Solvent
was removed by oil pump vacuum to give 38 as a pale pink solid (0.131 g,
0.136 mmol, 90 %; Z/E 17:83554 5. M.p. 193-195°C; 'H NMR (400 MHz,
CDCl;, 25°C, TMS): 6 =7.46—7.40 (m, 8H of 4Ph), 7.30-7.26 (m, 12H of
4Ph), 5.38-5.27 (m, 2H, CH=CH), 2.66-2.59 (m, 4H, 2PCH,), 2.25 (m,
4H,2CH,CH=),2.05 (m, 4H, 2PCH,CH,), 1.48-1.42 (m, 12H, 6 CH,) and
([Dg]benzene, analogous conditions/assignments) 7.67 -7.60 (m, 8 H), 7.03 -
6.99 (m, 12H), 5.56-5.53/5.52-5.49 (2m, 2H, Z/E 17:83), 2.73-2.69 (m,
4H), 2.49 (m, 4H), 2.19-2.18 (m, 4H), 1.57-1.38 (m, 12H); *C{'"H} NMR
(100 MHz, CDCl;, 32°C, TMS)Il § =132.7 (virtual t, J(C,P) = 6 Hz,*! o-
Ph), 131.8 (virtual t, J(C,P) =28 Hz, i-Ph), 131.1 (s, CH=CH), 130.1 (s, p-
Ph), 128.0 (virtual t, J(C,P) =6 Hz, m-Ph), 32.0 (s, CH,CH=(E)), 31.9 (s,
CH,), 28.9 (s, CH,), 28.6 (s, CH,), 272 (s, CH,), 26.8 (virtual t, J(C,P) =
17 Hz, CH,); *'P{'H} NMR (161 MHz, CDCl;, 32°C): 6 =17.3/16.3[% (25,
LJ(P,Pt) =2679/2685 Hz);®I IR (solid film): # = 3057, 2926, 2853, 1502, 1459,
1436, 1104, 1058, 957, 803, 737, 690 cm~'; MS (FAB, 3-NBA): m/z (%): 961
3) [M]*, 926 (55) [M—Cl]*, 757 (20) [M —Cl—CgFs]*, 566 (35)
[Ph,P(CH,)CH=CH(CH,)(PPh,]*; elemental analysis calcd (%) for
C,H,4CIFsP,Pt (962.3): C 54.92, H 4.82; found: C 55.19, H 5.00.

trans-[ (C)(C¢F5)Pt(P(Ph),(CH,),,P(Ph),)] (39)

A. A Schlenk flask was charged with 38 (0.100 g, 0.104 mmol), 10% Pd/C
(0.011 g, 0.010 mmol Pd), CICH,CH,Cl (6 mL), and ethanol (6 mL),
flushed with H,, and fitted with a balloon of H,. The mixture was stirred
for 72 h. Solvent was removed by rotary evaporation, and the residue
filtered through an alumina plug (1.5 cm) with CH,Cl,. Solvent was
removed by oil pump vacuum to give 39 as a white powder (0.094 g,
0.098 mmol, 94 %). M.p. 162-164°C; '"H NMR (400 MHz, CDCl;, 25°C,
TMS): 6 =7.47-7.42 (m, 8H of 4Ph), 7.31-7.27 (m, 12H of 4Ph), 2.67-2.61
(m, 4H, 2PCH,), 2.13-2.10 (m, 4H, 2PCH,CH,), 1.50-1.23 (m, 20H,
10CH,); BC{'H} NMR (100 MHz, CDCl;, 32°C, TMS)!® ¢=132.8
(virtual t, J(C,P) =6 Hz,) m-Ph), 131.4 (virtual t, J(C,P) =28 Hz, i-Ph),
130.1 (s, p-Ph), 1279 (virtualt, J(C,P)=5Hz, m-Ph), 31.0 (virtualt,
J(C,P)=7Hz, CH,), 277 (s, CH,), 276 (s, CH,), 272 (s, CH,), 26.5 (s,
CH,), 26.2 (virtual t, J(C,P) =17 Hz, CH,), 25.7 (s, CH,); *'P{!H} NMR
(161 MHz, CDCl;, 25°C): 6 =17.1/16.714 (2, J(P,Pt) =2670/2663 Hz);/*!
IR (solid film): ¥ = 3057, 2926, 2856, 1502, 1459, 1436, 1104, 1061, 957, 803,
741, 691 cm~!'; MS (FAB, 3-NBA): m/z (%): 964 (14) [M]*, 928 (100) [M —
ClI]*, 760 (50) [M — Cl — C¢Fs]*, 565 (16) [Ph,P(CH,),,PPh,]*; elemental
analysis calcd (%) for C,HCIFsP,Pt (964.3): C 54.80, H 5.02; found: C
5491, H 5.23.

B. Complex 38 (0.237 g, 0.246 mmol), 10 % Pd/C (0.026 g, 0.024 mmol Pd),
CICH,CH,CIl (13mL), ethanol (13mL), and H, were combined as in
procedure A. Column chromatography of the reaction residue (alumina,
11 x 2.5 cm, 1:1 v/v CH,Cl,/hexane) gave a product band which was dried
by oil pump vacuum to give 39 as a white powder (0.185 mg, 0.191 mmol,
72 % ). The "H NMR and mass spectra were identical with those above. The
P NMR spectrum showed only one signal. 3'P{'H} NMR (161 MHz,
CDCly/[Dg]benzene 25/32°C): 6 =17.0/17.1 (s, J(PPt) =2672/2673 Hz).l°!

Jfac-[(CO);W(PPh((CH,)(CH=CH,),);] (41): A Schlenk flask was charged
with [(CO);W(NCCH,CH,;);] (40; 0.310 g, 0.716 mmol),*” 13 (0.727 g,
2.20 mmol), and CH,Cl, (50 mL). The mixture was stirred (2 h). Solvent
removed by oil pump vacuum. Column chromatography (silica gel, 5:1 v/v
pentane/CH,Cl,) gave a yellow band which was dried by oil pump vacuum
to give 41 as a yellow solid (0.642 g, 0.510 mmol, 71%). M.p. 58-61°C;
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Table 1. General crystallographic data.

11 CH,Cl, 17 (E)-22 23

formula CyyHyF;NO,P,ReS - CH,Cl, C;H,CINOPRe C,H,BrO;P,Re C,H,;sBrO;P,Re

My 877.66 689.33 914.83 916.84

diffractometer Nonius MACH3 Kuma KM4 Nonius CAD-4 Nonius MACH3

T [K] 173(2) 120(2) 291(2) 173(2)

2 [A] 0.71073 0.71073 0.71073 0.71073

crystal system triclinic monoclinic monoclinic monoclinic

space group Pl P2/n P2/c P2/c

aA] 9.324(2) 12.113(5) 18.788(6) 18.692(4)

b [A] 13.835(3) 19.950(6) 10.092(3) 10.078(2)

c[A] 13.896(3) 13.158(6) 20.495(7) 20.105(4)

a [ 65.30(3) 90 90 90

AN 86.26(3) 109.20(4) 96.83(3) 97.09(3)

v [°] 85.47(3) 90 90 90

v [A% 1622.5(6) 3002.8(21) 3859(2) 3758.3(13)

V4 2 4 4 4

Pearca [Mgm3] 1.796 1.525 1.575 1.620

u [mm™1] 4.127 4.21 4.304 4.419

F(000) 864 1392 1824 1832

crystal size [mm?] 0.30 x 0.30 x 0.30 02x0.2x0.2 0.40 x 0.31 x 0.22 0.20 x 0.15 x 0.05

0 limit [°] 2.65 to 24.97 2.04 to 25.00 2.00 to 25.00 2.26 to 24.97

index ranges (4, k, [) —11to11; —16 to 16; —14to 1; 0 to 23; 0to22;0to 11; 0to22; —11 to 0;
—16to 16 —15to 15 —24t024 —23t023

reflections collected 11874 6212 6971 6801

independent reflections 5683 5285 6753 6587

reflections [/ > 20([)] 5299 3468 5094 4164

data/restraints/parameters 5683/0/513 5285/27/308 6753/1/434 6587/28/429

GOF on F? 0.997 1.170 1.000 1.211

final R indices [I > 20(])] R1=0.0202, R1=0.0754, R1=0.0537, R1=0.0501,
wR2 =0.0485 wR2=0.0584 wR2=0.1389 wR2=0.1123

R indices (all data) R1=0.0231, R1=0.0248, R1=0.0822, R1=0.1167,
wR2 =0.0497 wR2 =0.0645 wR2 =0.1486 wR2=0.1347

Ap (max) [e A-3] 0.893 1.128 1.443 1.679

'H NMR (400 MHz, [D¢]benzene, 32°C): 6 =727, 714, 6.52 (3m, 15H,
3Ph), 576 (m, 6H, 6CH=), 498 (m, 12H, 6=CH,), 221 (m, 12H,
6CH,CH=), 1.91 (m, 12H, 6PCH,), 1.62—0.94 (m, 48H, 24 CH,); “C{'H]}
NMR (100 MHz, CDCl,, 32°C): 6 =212.2 (d, 2/(C,P) = 53 Hz, W(CO)5),
140.7 (m, i-Ph), 139.1 (s, CH=), 130.4 (s, p-Ph), 128.3 (m, o-Ph), 127.9 (m, m-
Ph), 114.2 (s, =CH,), 33.7 (s, CH,CH=), 31.0 (s, CH,), 29.0 (br, tentative,
CH,), 28.8 (s, CH,), 28.7 (s, CH,), 23.5 (s, CH,); *'P{'H} NMR (161 MHz,
CDCL, 32°C): 6=-76 (s, J(P,W) =215 Hz);*!l IR (solid film): #=1915,
1810 (CO) cm™'; MS (FAB, 3-NBA/CH,CL): m/z (%): 1259 (10) [M]*, 1231
(2) [M-COJ*, 1120 (5) [M-CO-GCgHyl", 926 (10) [M—
PhP(CH,),CH=CH,),]*, 332 (100) [PhP(CH,),CH=CH,),]; elemental
analysis caled (%) for CgH,4s05P5W (1259.36): C 65.81, H 8.40; found: C
65.81, H 8.60.

Jac-[(CO);W{P(Ph)((CH,)(CH=),};] (42; mixture of macrocycles a, b, ¢ in
Scheme 9): A Schlenk flask was charged with 41 (0.131 g, 0.104 mmol) and
CH,(Cl, (250 mL), and fitted with a condenser. The solution was heated
under reflux, and about half of a solution of 1 (0.008 g, 0.009 mmol, 9 mol %
or 3 mol % per product C=C) in CH,Cl, (4 mL) was added. After 2 h, the
remaining 1 was added. After another 2 h, solvent was removed by rotary
evaporation. The residue was filtered through a silica plug (2 cm) with
CH,Cl,. The filtrate was concentrated to a yellow solid. Column
chromatography (silica gel, 3:1 v/v pentane/CH,Cl,) gave a yellow band
which was dried by oil pump vacuum to give 42 as a yellow powder (0.098 g,
0.083 mmol, 83 %). M.p. 205°C (decomp);!'"®! 'TH NMR (400 MHz, CDCl;,
32°C): 6=73-6.4 (m, 15H, 3Ph), 5.30 (m, 6H, 3CH=CH), 2.04 (m, 12H,
6CH,CH=), 2.00-1.80 (m, 12H, 6PCH,), 1.60-0.94 (m, 48H, 24CH,);
BC{'H} NMR (100 MHz, CDCl;, 32°C): 6=131.2-1278 (Ph and CH=
signals), 34.0—-23.2 (CH, signals); 3'P{'"H} NMR (161 MHz, CDCl;, 32°C):
0=-3.0to —8.0 (m); IR (solid film): #=1922, 1818 (CO) cm~'; MS (FAB,
3-NBA/CH,CL,): m/z (%): 1174 (100) [M]*, 1146 (40) [M — CO]*+, 1118 (15)
[M—-2CO]J*, 905 (10) [(P(Ph)(CH,)CH=CH(CH,),);]", 814 (10) [M —
(P(Ph)(CH,),CH=CH(CH,),), —2CO]*, 605 (10) [(P(Ph)(CH,);CH=
CH(CH,),),]*. 303 (25) [P(Ph)(CH,)CH=CH(CH,) ] *.
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Jac-[(CO);W{P(Ph)((CH,);CH,),};] (43; mixture of macrocycles): A Fisher—
Porter bottle was charged with 42 (0.110 g, 0.094 mmol), [Rh(PPh;);(Cl)]
(0.005 g, 0.005 mmol, 5mol%), and toluene (10 mL). The mixture was
stirred under H, (90 psig; 2d), concentrated to 1 mL, and rinsed through a
silica plug (2 cm) with CH,Cl,. The filtrate was dried by oil pump vacuum
to give 43 as a yellow powder (0.104 g, 0.088 mmol, 94 %). M.p. 159°C
(decomp); '"H NMR (400 MHz, CDCl;, 32°C): 6=740-6.35 (m, 15H,
3Ph), 2.02-1.79 (m, 12H, 6 PCH,), 1.50-1.00 (m, 72H, 36 CH,); *C{'H}
NMR (100 MHz, CDCl;, 32°C): 6 =131.0-128.1 (Ph signals), 34.0-23.2
(CH, signals); *'P{'H} NMR (161 MHz, CDCl;, 32°C): 6=-3.0 to —8.0
(m); IR (solid film): 7 = 1915, 1816 (CO) cm~'; MS (FAB, 3-NBA/CH,Cl,):
mlz (%): 1180 (70) [M]*, 1152 (20) [M — CO]*, 1124 (10) [M —2CO]*;
elemental analysis calcd (%) for C;3sHoyO3P;W (1181.22): C 64.06, H 8.45;
found: C 63.99, H 8.48.

Crystallography: A CH,Cl, solution of 11 was layered with hexane and kept
at4°C. After 2 d, yellow prisms of 11+ (CH,Cl,) were collected by filtration.
Red prisms of 17 were grown by slow evaporation of a CH,Cl, solution
(room temperature). One was polished with xylene to a spherical shape.
Colorless prisms of (E)-22 and (E)-25 were obtained by slow evaporation of
CH,Cl,/hexane solutions (days, room temperature). Colorless prisms of 23
were obtained by slow evaporation of a CH,Cl,/ethanol solution (weeks,
room temperature). A toluene solution of 39 was layered with ethanol and
kept at —20°C. After two days, a colorless prism was removed. Colorless
needles of 42a’ were grown by slow evaporation of a CH,Cl, solution (room
temperature). The sample was not homogeneous (powder and other crystal
morphologies were present), and was recrystallized from CH,Cl,/hexane to
give another heterogeneous sample, from which a colorless prism of 42a” -
(C¢Hy4)os was extracted.

Data were collected as summarized in Table 1. Cell parameters were
determined and refined from 15 reflections for 11+ (CH,Cl,), 23, and 25, 73
reflections for 17, 25 reflections for (E)-22, and 50 reflections for 42a’ and
42a" - (C¢H,4)os5. Cell parameters for 39 were obtained from 10 frames
using a 10° scan and refined with 9668 reflections. Space groups were
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(E)-25 39 2 42a"-(CH,4)os
formula CyH,CLP,Pt C,,H,sCIP,FPt Cs3Ho305PsW Cs3Ho305PsW-0.5CH,
My, 830.68 964.33 1175.13 1218.22
diffractometer Nonius MACH3 Nonius KappaCCD Kuma KM4 Kuma KM4
T [K] 173(2) 173(2) 95(2) 100(2)

2 [A] 0.71073 0.71073 0.71073 0.71073
crystal system triclinic monoclinic hexagonal triclinic
space group Pl C2lc P3 P1

a[A] 10.105(2) 31.7963(7) 18.900(8) 10.659(4)

b [A] 13.837(3) 10.7342(3) 18.900(8) 16.353(5)
c[A] 14.100(3) 24.9213(6) 9.842(3) 20.183(7)

a [°] 71.32(3) 90 90 109.78(3)
AN 85.11(3) 102.2800(10) 90 97.90(3)

v [°] 71.25(3) 90 120 103.00(3)
VA% 1768.1(6) 8311.2(4) 3045(2) 3136.9(19)
V4 2 8 2 2

Peatca [Mgm 3] 1.560 1.541 1.282 1.290

u [mm™1] 4.235 3.570 2.017 1.960

F(000) 832 3856 1228 1278

crystal size [mm?] 0.30 x 0.30 x 0.20 02x02x0.1 0.20 x 0.15 x 0.05 0.15 x 0.06 x 0.04
0 limit [°] 2.44 to 24.97 1.31 to 27.50 2.99 to 26.99 3.32 t0 27.50

index ranges (4, k, [)

—12to 11; —16 to 15;
—~16t0 0

—41to41; —12to —13;
—32to —32

—25t012;0to 25;
0to12

—11to 13; —21 to 21;
—23t0 23

reflections collected 6481 15944 14105 21612
independent reflections 6206 9273 3555 13477
reflections [/ > 20([)] 5423 4884 3224 6634
data/restraints/parameters 6206/0/388 9273/44/486 3555/0/211 13477/64/658
GOF on F? 1.034 0.998 1.277 0.994
final R indices [/ > 20(/)] R1=0.0274, R1=0.0435, R1=0.1018, R1=0.0833,
wR2 =0.0656 wR2=0.0913 wR2=0.1576 wR2 =0.0875
R indices (all data) R1=0.0375, R1=0.1207, R1=0.1196, R1=0.1695,
wR2=0.0705 wR2=0.1278 wR2=0.1647 wR2=0.1041
Ap (max) [e A-3] 1.631 1.885 1.374 1.451
determined from systematic absences and subsequent least-squares refine- Acknowledgements

ments. Lorentz, polarization, and empirical absorption corrections were
applied (11 (CH,CL,), (E)-22, 23, and (E)-25, ¢ scans; 17, 42a’, and 42a” -
(C¢H,4)p s, numerical by use of SHELX-76%1; 39, otherl®).

The structures of 11-(CH,Cl,), 23, and (E)-25 were solved by direct
methods (SHELXS-86). The parameters were refined with all data by full-
matrix-least-squares on F? (SHELXL-93).) Non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were fixed in idealized
positions (riding model). Two atoms of 23 showed displacement disorder
(C3/C3" and CS5/CS5’), which could be solved and refined to a 87:13
occupancy ratio. The structure of 39 was similarly solved and refined
(SHELXS-97, SHELXL-97).! Two atoms showed displacement disorder
(C10/C10" and C11/C11’), which could be solved and refined to a 55:45
occupancy ratio. The immediately adjacent atoms gave larger thermal
ellipsoids, but two distinct positions could not be resolved.

The structures of 17, 42a’, and 42a” - (CsH,,),5 were solved by standard
heavy atom techniques (SHELXS-97) and refined with SHELXL-97. Non-
hydrogen atoms were refined with anisotropic thermal parameters, except
the following which showed non-positive definition: C21—C27, C31-C37,
C21A—C27A, and C31A—C37A of 17 (cocrystallizing Z/E isomers that refined
to a 58:42 ratio); C(14A), C(15A), C(16A), C(17A), C(27A), C(26A),
C(25A),C(24A), and C(23A) of 42a” - (CsH,,), 5. The hydrogen atoms were
fixed in idealized positions (riding model). The structure of (E)-22 was
similarly solved and refined (MOLEN VAX packagel® and SHELX-97).

Scattering factors, and Af’ and Af” values, were taken from literature.[”"]

All data (except structure factors) have been deposited with the Cambridge
Crystallographic Data Centre in association with earlier communications
((E)-22,1621 23 1621 ( E)-25,162] 39 [6] 42 9'[M]) or as supplementary publications
CCDC-148294 (11-(CH,CL)), CCDC-148297 (17), and CCDC-148298
(42a” - (C4Hyy)o5).- 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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Thermal Rearrangements of 2-Vinylcyclopropylidene to Cyclopentadiene and
Vinylallene: A Theoretical Investigation

Santiago Olivella**! and Niria Lopez*!™!

Abstract: In an attempt to clarify the
favored rearrangement reaction of vi-
nylcyclopropylidenes, the prototype
thermal rearrangements of singlet 2-vi-
nylcyclopropylidene (1) leading to 1,3-
cyclopentadiene (2) and 1,2,4-penta-
triene (vinylallene) (3) were investigat-
ed by means of ab initio quantum-
mechanical electronic-structure calcula-
tions. The B3LYP functional with the
6-31G(d) basis set was employed for
geometry optimization of the equilibri-
um and transition-state structures rele-
vant to the two reaction pathways and
for computing their harmonic vibration-
al frequencies. Final energies were eval-
uated by single-point calculations at the
CCSD(T) level of theory with the
6-311+ G(3df,2p) basis set. The rear-
rangement of s-cis 1 to 2 is found to
occur by a three-step pathway. The first

step involves the formation of a non-
classical carbene (5), which is an internal
t complex between the m molecular
orbital of the double bond and the
empty p atomic orbital of the carbene
carbon. In the second step, the non-
planar five-membered ring geometry of
5 flattens to reach the planar structure of
3-cyclopentenylidene (4). The last step is
the 1,2-migration of a a-hydrogen atom
to the carbene center in 4. The rate-
determining step for the rearrangement
of s-cis 1 to 2 is the formation of 5, with a
predicted global AG*(220 K) of only
0.6 kcalmol~!. The rearrangement of
s-trans 1 to 2 requires an initial con-

Keywords: ab initio calculations
allenes carbenes cyclopenta-
dienes - reaction mechanisms

[a] Prof. S. Olivella
Centre de Recerca en Quimica Teorica i

version of s-frans 1 to the s-cis con-
former, with a predicted AG*(220 K) of
1.8 kcalmol~!. The transition structure
for the ring-opening of s-trans 1 into
s-trans 3 (AG*(220 K) =4.7 kcalmol!)
is more energetic than that for the ring-
opening of s-cis 1 into s-cis 3 (AG*-
(220 K) =2.5 kcalmol~') due to larger
repulsive nonbonded H---H interac-
tions in the former transition structure.
On the basis of these results, it is
suggested that if the reaction of 1,1-di-
bromo-2-vinylcyclopropane with meth-
yllithium at —78°C leads to the initial
formation of carbene 1, then the reac-
tion should yield 2 as the main product
together with small amounts of 3. This
theoretical prediction nicely agrees with
experimental findings.
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It is well established that 1,1-dibromocyclopropanes react
with methyllithium yielding allenes as the major or exclusive
products (the Doering—Moore - Skattebgl'*] method for
synthesizing allenes). In clear contrast, reactions of 1,1-
dibromo-2-vinylcyclopropane derivatives with methyllithium
yield cyclopentadienes as the main product together with
small amounts of allenic compounds,* as shown in the

example below.
%CH:CHZ @ +  CHp=C=CH-CH=CH,
Br

Br 86% 14%

CHaLi

It is conceivable that these reactions, which take place at
temperatures even as low as —78°C, involve cyclopropyl-
idenes as initial intermediates. While the formation of free
cyclopropylidenes from 1,1-dibromocyclopropanes is ques-
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tionable, such species may be accessed from other reactions.!
Therefore, from the perspective of gaining fundamental
insights into the chemistry of substituted cyclopropylidenes,
it is interesting to investigate the hypothetical® thermal
rearrangements of vinylcyclopropylidenes affording allenes
and cyclopentadienes. Scheme 1 shows the prototype rear-
rangements of 2-vinylcyclopropylidene (1) leading to 1,3-
cyclopentadiene (2) and 1,2,4-pentatriene (vinylallene) (3).

/ 2
Y)

Do
R

AND/OR ——— /

Scheme 1.

Abstract in Catalan: En un intent de clarificar el mode afavorit
de transposicio dels vinilciclopropilidens, les transposicions
termiques prototipus del 2-vinilciclopropilide singlet (1) a 1,3-
cclopentadie (2) i 1,2,4-pentatrie (vinilal.le) (3) es van investi-
gar emprant calculs mecano-quantics ab initio de Iestructura
electronica. El funcional B3LYP amb la base 6-31G(d) es va
utilitzar per a optimitzar la geometria de les estructures
d’equilibri i dels estats de transicio rellevants dels dos camins
de reaccio i calcular les seves freqiiencies vibracionals harmo-
niques. Les energies finals es van avaluar mitjancant calculs
puntuals a nivell de teoria CCSD(T) amb la base 6-311+
G(3df,2p). Es troba que la transposicio de s-cis 1 a 2 t€ lloc a
traves d’un mecanisme en tres pasos. El primer pas implica la
formacio d’un carbe no classic (5), que €s un complex m intern
entre 'OM 7 del doble enllac i 'OA p vuit del carboni
carbenic. En el segon pas, la geometria no plana de I'anell de
cinc baules de 5 s’aixafa per a assolir lestructura plana
convencional del 3-ciclopentenilide (4). El darrer pas €s la
migracio 1,2 de I’'atom d’hidrogen en posicio o respecte al
centre carbenic de 4. El pas determinant de la velocitat de
reaccio per la transposicio de s-cis 1 a 2 ¢€s la formacio de 5,
amb una AG*(220 K) global calculada de tan sols 0.6 kcal -
mol™. La transposicid de s-trans 1 a 2 requereix la conversid
previa del s-trans 1 al conf ormer s-cis, amb una AG*(220 K)
calculada de 1.8 kcalmol™. L’estructura de transicio per
Papertura d’anell del s-trans 1 a s-trans 3 (AG*(220 K) =
4.7 kcalmol™) €s més energetica que per Uapertura d’anell
del s-cis 1 a s-cis 3 (AG*(220 K) =2.5 kcalmol™) degut a que
les interaccions H --- H no enllacants repulsives son m és grans
en la primera estructura de transicio. En base a aquests
resultats, es suggereix que si la reaccio del 1,1-dibromo-2-
vinilciclopropa amb metil liti a —78°C conduis a la formacio
inicial del carb \1, aleshores la reaccio hauria de donar 2 com a
producte principal juntament amb petites quantitats de 3.
Aquesta prediccio teorica esta d’acord amb els resultats
experimentals.
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While the 1— 3 rearrangement is straightforwardly inter-
preted on the assumption of an initial homolytic cleavage of
the B,y-C—C bond with respect to the carbene center leading
to the subsequent allene formation,® the 1— 2 rearrange-
ment is commonly believed to be a stepwise process starting
with a 1,3-sigmatropic rear-
rangement to form a new car-
bene, 3-cyclopentenylidene (4), @
in which the carbene carbon has . .
kept its identity.”) This inter- 4 5
mediate could then undergo fast
1,2-hydrogen atom shift to 2.

The 1— 4 carbene —carbene rearrangement on the singlet-
state potential-energy surface (PES) was studied from the
theoretical point of view by Schoeller and Brinker® by using
the semiempirical MINDO/3 method.”’ These authors found
that the reaction is initiated by the interaction between the nt
molecular orbital (MO) of the double bond and the empty p
atomic orbital (AO) of the carbene carbon. This interaction,
which causes an energy stabilization, is followed by the
opening of the three-membered ring leading to the formation
of a nonclassical (7 complex) 3-cyclopentenenylidene inter-
mediate (5), with strong ring puckering. The MINDO/3
calculations of Schoeller and Brinker predict an energy of
activation of 13.8 kcalmol~! for the 1 — 5 rearrangement and
a small energy barrier (not reported) for the subsequent
conversion of 5 into the classical carbene 4.

Although there are no data available concerning the
activation energy for the ring-opening of 1 to 3, recent density
functional theory (DFT) and ab initio calculations predict an
activation energy of around 5 kcalmol~! for the ring-opening
of the parent compound cyclopropylidene to allene.'”) Since it
is unlikely that the substitution of a hydrogen atom in
cyclopropylidene by a vinyl group would increase the
activation energy of the three-membered ring-opening, the
MINDO/3 computed activation energy of 13.8 kcal mol for
the 1— 5 rearrangement indicates an overwhelming prefer-
ence for the ring-opening of 1 yielding 3 over the rearrange-
ment of 1 to 2. The fact that the reaction of 1,1-dibromo-2-
vinylclcyclopropane with methyllithium at — 78 °C yields 86 %
of 2 and 14 % of 3, suggest the reaction does not involves the
initial formation of carbene intermediate 1. Another possi-
bility is that MINDO/3 calculations overestimate the energy
barrier for the 1 — 2 rearrangement.

To the best of our knowledge no ab initio calculations have
been reported on the prototype thermal rearrangements 1 — 2
and 1 — 3. In an attempt to clarify which of these competitive
rearrangements is more favorable, here we report the first
theoretical investigation of the mechanism and the energetics
of both reactions using ab initio quantum-mechanical elec-
tronic-structure calculations. Specifically, we report a com-
plete characterization of 15 stationary points on the CsHg
singlet-state PES, including predictions of geometrical struc-
tures, harmonic vibrational frequencies, absolute entropies,
and relative energies of minima and transition structures.
Energy differences between the 1—2 and 1— 3 reaction
paths are obtained and rationalized in terms of the structural
features shown by the intermediates and transition structures
involved.
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Methods and Computational Details

The geometries of the relevant stationary points on the CsHj singlet-state
PES were optimized by carring out current DFT calculations with the
Becke three-parameter hybrid functional'!! combined with the Lee, Yang,
and Parr (LYP) correlation functional,l') and designed B3LYP,"*! with the
d-polarized split-valence 6-31G(d) basis set!'! employing analytical gra-
dient procedures.!'>: %1 All the stationary points were characterized by their
harmonic vibrational frequencies as minima or saddle points. Connections
of the transition structures between designated minima were confirmed by
intrinsic reaction coordinate (IRC) calculations!'”) at the B3LYP/6-31G(d)
level by using the second-order algorithm of Gonzalez and Schlegel.l's]

The relative energy ordering of the stationary points located at the B3LYP/
6-31G(d) level was determined from single-point energies calculated at the
QCISD(T) (quadratic configuration interaction including all single and
double excitations with a perturbative estimation of all connected triple
excitations)"”! and CCSD(T) (coupled-cluster including all single and
double excitations with a perturbative estimation of all connected triple
excitations)®! levels of theory with core electrons excluded from correla-
tion treatment (frozen core approximation). The QCISD(T) and CCSD(T)
calculations were carried out with the triple split-valence 6-311 + G(3df,2p)
basis set, which includes a single diffuse sp shell on heavy atoms, triple
d-polarization and a single additional f-polarization on heavy atoms and
double p-polarization on hydrogen atoms.?'! The results of QCISD(T)
calculations were found to be close to those of the CCSD(T) method, the
mean absolute difference between the energies being 0.45 kcalmol~! and
the greatest difference being 0.55 kcalmol~'. Since QCISD(T) could be
regarded as a simplified approximate form of CCSD(T), relative energies
discussed in the text refer to energies at the CCSD(T)/6-311 + G(3df,2p)
level unless stated otherwise.

Zero-point vibrational energies (ZPVEs) were determined from harmonic
vibrational frequencies calculated at the B3LYP/6-31G(d) level of theory
scaled by 0.9806.12! Our best total energies at 0 K correspond to the sum of
energies at the CCSD(T)/6-311 + G(3df,2p) level and the ZPVE correc-
tions. Thermal corrections to enthalpy and Gibbs free energy values, as well
as the absolute entropies, were obtained from scaled harmonic frequencies
by assuming ideal gas behavior, and moments of inertia were obtained by
standard methods.?’! A standard pressure of 1 atm was taken in the entropy
calculations. All the calculations were performed with the GAUSSIAN 94
program package.?!]

Results and Discussion

2-Vinylcyclopropylidene: We have found two equilibrium
geometries for 1, designated by Rl-cis and Rl-trans (Fig-
ure 1), that correspond to the s-cis and s-trans conformers of 1,
respectively. Relative energies
obtained at the B3LYP/6-

LCIC2CAC5 = 61.5
3 L03C2C4C5=03

1478

R1-cix

LCIC2CAC5=-137.0
LCIC2CAC5= 1525

Rl-trans

Figure 1. Selected parameters of the B3LYP/6—-31G(d) optimized geo-
metrie of s-cis-2-vinylcyclopropylidene (R1-cis) and s-trans-2-vinylcyclo-
propylidene (R1-trans). Distances are given in angstroms and angles in
degrees.

than Rl-trans. In particular, the enthalpy of Rl-cis is
1.4 kcalmol~! lower than that of R1-trans. The lower energy
of Rl-cis can be attributed to the stabilizing interaction
between the double bond and the carbene carbon atom.? In
R1-cis the double bond is most suitably oriented for overlap
with the empty p atomic orbital (AO) of the carbene carbon.

31 G(d), QCISD(T)/6—311 + Table 1. Relative energies [kcalmol™'] calculated at different levels of theory for B3LYP/6 —31G(d)-optimized
G(3df2p), and CCSD(T)/6- ~ Struetures
311 + G(3df2p) levels of calcu-  structure B3LYP/6-31G(d) QCISD(T)/6-311 + G(3df,2p) CCSD(T)/6-311 + G(3df,2p)
lation are summarized in Ta-  Ri-cis 0.0 0.0 0.0
ble 1. Table 2 gives the relative  TSl-cisitrans 33 34 3.4
energies at 0 K (AE), as well as TRSIZ'C””’ ans iz ‘1“; ‘1“2
. . -trans . B .
the rela'Flve .enthalples (AH) TS1 04 Y 04
and relative Gibbs free energies 11 197 —217 ~218
(AG) calculated at 220 K. This  TS2 158 -171 -172
is the temperature (—78°C) at 12 —260 - 25~§ =252
. . . TS3 —21.7 —22. —22.5
which t}le reaction of 1,1-d1br.o- Pl _982 967 — 969
mo-2-vinylclcyclopropane with gy i 31 34 3.4
ethereal methyllithium, is nor-  P2-cis —69.7 —65.1 —65.2
mally carried out. At all levels — TS4-trans 4.8 6.1 6.1
of theory Rl-cis is predicted to ~ P2-frans —724 =675 —67.6
TS5-cis/trans —65.1 —61.8 —61.8

be somewhat less energetic

Chem. Eur. J. 2001, 7, No. 18
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Table 2. Calculated relative energies [kcalmol™'] for B3LYP/6-31G(d)-
optimized structures.?!

structure AE (0K) AH (220 K) AG (220 K)
R1-cis 0.0 0.0 0.0
TS1-cis/trans 2.8 2.6 3.1
TS2-cis/trans 33 3.1 3.6
R1-trans 1.4 1.4 1.3
TS1 0.1 -0.3 0.6
1 -19.8 -203 —-19.3
TS2 —16.1 -16.7 —155
) v —24.7 —249 —24.0
TS3 —22.7 —232 —22.1
P1 —-93.8 —-944 -92.9
TS4-cis 2.9 2.7 2.5
P2-cis —64.1 —64.0 —64.3
TS4-trans 5.8 5.6 6.0
P2-trans —66.4 —66.9 —66.9
TS5-cis/trans —61.1 —-61.3 —60.9

[a] Obtained from total energies calculated at the CCSD(T)/6-311+
G(3df,2p) level of theory and B3LYP/6-31G(d) harmonic vibrational
frequencies scaled by 0.9806.

This assertion is supported by the the fact that in R1-cis the
C—C double bond (1.344 A) is somewhat longer than the
value (1.331 A) calculated at the B3LYP/6-31G(d) level for
the singlet ground-state of ethene. The AG of Rl-trans is
calculated to be 1.3 kcal mol ! higher than that of R1-cis. Thus
the s-cis conformation of 1 is the predominant one at 220 K.

The s-cis and s-trans conformers of 1 can be interconverted
through rotation about the C—C single bond adjacent to the
C—C double bond. We have found two transition structures,
designated by TS1-cis/trans and TS2-cis/trans (Figure 2), for

LCIC2CAC5=T71.2
LOC3C2CAC5 = 1394

TS1-cis/irans

LCIC2C405 = 15401

LO3C2CAMC5=5824

T82-cisfirans

Figure 2. Selected parameters of the B3LYP/6-31G(d) optimized geo-
metries of the transition structures (TS1-cis/trans and TS2-cis/trans) for the
interconversion of the s-cis and s-trans conformers of 2-vinylcyclopropyl-
idene. Distances are given in angstroms and angles in degrees.
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the interconversions of the R1-cis and R1-trans structures. At
all levels of theory, TS1-cis/trans is calculated to be somewhat
less energetic than TS2-cis/trans. This result can be under-
stood by considering the distances between the double bond
and the carbene carbon in these transition structures. In TS1-
cis/trans this distance is shorter than in TS2-cis/trans, and the
double bond is most suitably oriented to overlap with the
empty p AO of the carbene carbon. As expected, this overlap
is weaker than in Rl-cis and, therefore, leads to an energy
stabilization in TS1-cis/trans that is lower than in R1-cis. In
fact, the energy difference between R1-trans and Rl-cis is
1.8 kcalmol~!, whereas that between TS2-cis/trans and TS1-
cis/trans is only 0.6 kcal mol~.

Thermal rearrangement of 2-vinylcyclopropylidene to cyclo-
pentadiene: In agreement with the MINDO/3 calculations by
Schéeller and Brinker,®! we found that the thermal rearrange-
ment of 1 to 2 takes place through a stepwise mechanism
involving the formation of the intermediate carbenes 5 and 4.
The optimized structures of these carbenes, designated by I1
and 12, respectively, are given in Figures 3 and 4. It is worth
noting that R1-cis can rearrange directly to I1 as a result of the
adequate orientation of the double bond with respect the

LC1C2C4C5=54..5
£C3C2C4C5=04

LCIC302C4 =392

11 ()

Figure 3. Selected parameters of the B3LYP/6-31G(d) optimized geo-
metries of the transition structure (TS1) for the rearrangement of s-cis-2-
vinylcyclopropylidene to the m-complex carbene intermediate and the
equilibrium structure of this intermediate (I1). Distances are given in
angstroms and angles in degrees.
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1 LCIC3C2C4=288

TS2(C,)

12(Ca,)

Figure 4. Selected parameters of the B3LYP/6-31G(d) optimized geo-
metries of the transition structure (TS2) for the rearrangement of the 7-
complex carbene intermediate and the equilibrium structure of 3-cyclo-
pentenylidene (I2). Distances are given in angstroms and angles in degrees.

carbene carbon in this equilibrium structure, while in the case
of R1-trans this rearrangement requires an initial conversion
of R1-trans into R1-cis.

The rearrangement R1-cis — I1 is predicted to be exoergic
by 21.8 kcalmol~. This rearrangement is found to take place
via the transition structure designated by TS1 (Figure 3) with
a B3LYP/6-31G(d) calculated potential energy barrier of only
0.4 kcalmol~!. On the other hand, the CCSD(T)/6-311 +
G(3df,2p) calculations predict TS1 to lie 0.4 kcalmol~! below
the energy of R1-cis. This result indicates that the B3LYP/6-
31G(d) optimized geometry of TS1 is somewhat different to
that obtained from a geometry optimization at the CCSD(T)/
6-311 + G(3df,2p) level. A free energy of activation at 220 K
(AG*) of only 0.6 kcalmol™ is calculated for the R1-cis — I1
rearrangement. Since the enthalpy of activation at 220 K
(AH*) is calculated to be —0.3 kcalmol~!, it is clear that the
predicted positive value of AG* arises from the expected S
decrease (4.2 eu) in passing from R1-cis to TS1.

The equilibrium geometry of I1 shows that the carbon
atoms form a nonplanar (C; symmetry) five-membered ring.
As pointed by Schoeller and Brinker,®! this nonplanar
arrangement of the carbon atoms is due to the formation of
an internal w complex between the m MO of the double bond
and the empty p AO of the carbene carbon in which the n
electrons are delocalized over the C1, C2, and C4 carbon
atoms.”?"! The abnormally long C2—C4 bond length of 1.363 A
is consistent with a nonclassical bonding between the latter
three atoms. The folding angle between the C3-C2-C4-C5 and
C3-C1-C5 planes (hereafter designated by v) is calculated to
be 99.6° in I1. This value reflects a delicate balance between
two opposing factors: the increase of y, which diminishes the
ring strain in I1, and the decrease of y, which augments the
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energy stabilization arising from the nonclassical bonding
between the double bond and the carbene center.

The rearrangement of the nonclassical carbene structure I1
to the conventional carbenic structure I2 takes place through
the transition structure designed by TS2 (Figure 4). The
geometry of TS2 is close to that of I1, the main structural
difference being the flattening of the five-membered ring
(y=129.9°) in TS2. From the relative energies given in
Table 1, a potential energy barrier of 4.6 kcalmol~! is obtained
for the I1 — I2 rearrangement. Such a barrier arises from the
substantial decrease of the nonclassical bonding in passing
from I1 to TS2. As might have been expected, the bond length
of the C—C double bond in I2 (1.337 A) is significantly shorter
than in I1 (1.363 A). This geometrical feature indicates a
substantial decrease of the interaction between the double
bond and the carbene carbon in the classical carbene structure
I2. The relative energy of 12 is calculated to be 3.4 kcalmol !
lower than that of I1. Therefore, the loss of the nonclassical
bonding (internal s complex) stabilization energy in I2
appears to be counterbalanced by a reduction of the strain
energy and the gain in stabilization energy due to the
hyperconjugative interaction of the four occupied vicinal
CH bonding orbitals with the formally vacant p AO of the
carbene carbon.

The last step of the thermal rearrangement of 1 leading to
the formation of product 2, involves the 1,2-migration of a a-
hydrogen atom to the carbene center in 4. Such a 1,2-H shift
takes place through the transition structure designated by TS3
(Figure 5), with a calculated energy of activation at 0 K (AE¥)

LCIC5C4C2 =33

TS3

P15,

Figure 5. Selected parameters of the B3LYP/6-31G(d) optimized geo-
metries of the transition structure (TS3) for the 12-hydrogen shift in
3-cyclopentenylidene and the equilibrium structure of 1,3-cyclopentadiene
(P1). Distances are given in angstroms and angles in degrees.
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energy profile shown in Figure 6. According to this profile, the
rate-determining step of such a stepwise mechanism is the
formation of the nonclassical carbene intermediate I1 through
the transition structure TS1, with a predicted AG* of only
0.6 kcalmol~!. This small AG* is in contrast with the MINDO/
3 computed activation energy of 13.8 kcalmol~! for the 1—5
rearrangement. The larger activation energy predicted by
MINDO/3 might be ascribed to fact that this semiempirical
method underestimates the strain energy of cyclopropane by
4 kcalmol™! and overestimates the stabilizing interaction
between the double bond and the carbene carbon atom.B
Therefore one is tempted to conclude that at the MINDO/3
level carbene 11is too low in energy compared to the transition
structure for the 1 — 5 rearrangement.

As noted above, the thermal rearrangement of the s-trans
conformer of 1 yielding 2 requires an initial conversion of R1-
trans into Rl-cis. Assuming that this conversion takes place
through the less energetic transition structure, namely TS1-
cis/trans, the lowest energy pathway for the thermal rear-
rangement of the s-trans conformer of 1 yielding 2 can be
described by the stepwise mechanism R1-trans — TS1-cis/
trans — R1-cis — TS1 — 11 — TS2 — 12 — TS3 — P1, which is
summarized in the schematic free energy profile shown in
Figure 7. Since the R1-trans — Rl-cis process involves a
higher AG* (1.8 kcalmol!) than the R1-cis — I1 rearrange-
ment (0.6 kcalmol™!), it is inferred that the rate-determining
step of the thermal rearrangement of the s-trans conformer of
1 to produce 2 is its conversion into the s-cis conformer.

Thermal rearrangement of 2-vinylcyclopropylidene to vinyl-
allene: As in the case of the parent cyclopropylidene
compound, the thermal rearrangement of 1 to 3 takes place
through a one-step mechanism consisting in the ring-opening

of only 2.0 kcalmol~L. It appears, therefore, that the inter-
mediate carbene 4 is a shallow minimum on the PES.
prototypical 1,2-H migration in singlet :CHCH; leading to
CH,=CH, by using ZPVE corrected MP4/6-311G(d,p) ener-
gies calculated at the MP2/6-31G(d)-optimized geometries
calculations by Ma and Schaefer,?® by using CCSD(T)/
TZ2P(f,d) energies determined at the CCSD(T)/TZ2P-opti-
mized geometries, predicted a free energy of activation of
1.9 kcalmol~! at 220 K obtained from the AGs of Table 2.
Recently, Nicolaides et al.*l calculated a AH* of 7.6 kcalmol
at 298 K for the 1,2-H shift in
ing to 2, by using the G2(MP2,
SVP) approach. This enthalpy
.. of activation is notably larger
at 220 K obtained from the AHs
of Table 2 for the 1,2-H-shift of the carbene isomer 4 also
leading to 2. These results can be understood by comparing
the energetically most stable isomer to be the one in which the
double bond can conjugate with the carbene carbon atom. In
fact, Nicolaides et al.?’! have predicted the heat of formation
carbene 4. Since it is quite likely that the transition structures
of the 1,2-H shifts 4 —2 and 6 — 2 have similar energies, it
follows that the enthalpy of activation for the former
The most salient geometrical feature of the optimized
structure of product 2, designated by P1 (Figure 5), is the
slightly longer (0.012 A) bond
C2—C4 double bonds relative
to the the C2-C4 double bond ~ “5¢
in 12, and the short C4—C5 and canmo
(1470 A). These geometrical
features are consistent with
the expected conjugation be-
P1. From the calculated AHs of
Table 2, the 1,2-H migration
4 —2 is predicted to be exoer-
This high exoergicity is ascribed
to the energy stabilization aris-
ing from the restoration of the
carbenic carbon.
The lowest energy pathway
Rl-cis—TS1—-11—-TS2 —
found for the thermal rear-
rangement of the s-cis confor-
mer of 1 leading to 2 is sum-

Evanseck and Houk?” carried out a theoretical study on the
and obtained a AE* of 0.6 kcalmol~!. More recent ab initio
1.5 kcalmol™! at 298 K, which is close to the value of
2-cyclopentenylidene (6) lead-
6 than the value of 1.7 kcalmol~!
the relative energies of the isomers 4 and 6. One would expect
at 298 K of carbene 6 to be 9.1 kcalmol~! lower than that of
rearrangement should be smaller than for the latter one.
length of the CI1-C3 and
C1-C5 single bond lengths
tween the two double bonds in
gic by 69.5 kcalmol~! at 220 K.
electron octet in the former
I2—-TS3—P1 that we have
marized in the schematic free

3956 ——
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P1

0

Figure 6. Schematic free-energy profile showing the structures concerning the thermal rearrangements of s-cis-2-
vinylcyclopropylidene (R1-cis) to cyclopentadiene (P1) and to cis-vinylallene (P2-cis). Relative free-energy
values at 220 K were obtained from total energies calculated at the CCSD(T)/6—311 + G(3df,2p) level and scaled
harmonic vibrational frequencies computed at the B3LYP/6-31G(d) optimized geometries.
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Figure 7. Schematic free-energy profile showing the structures concerning the thermal rearrangements of s-trans-2-vinylcyclopropylidene (R1-trans) to
cyclopentadiene (P1) and to trans-vinylallene (P2-trans). Relative free-energy values at 220 K were obtained from total energies calculated at the
CCSSD(T)/6-311 + G(3df,2p) level and scaled harmonic vibrational frequencies computed at the B3LYP/6-31G(d) optimized geometries.

of the three-membered ring by homolytic cleavage of the C—C
bond opposite to the carbene site. We have found two
transition structures for this rearrangement, designated by
TS4-cis and TS4-trans (Figure 8). TS4-cis connects R1-cis with
the optimized structure of the s-cis conformer of 3, designated
by P2-cis (Figure 9), whereas TS4-trans connects Rl-trans
with the optimized structure of the s-trans conformer of 3,
designated by P2-trans (Figure 9). The IRC calculations
showed that the ring-opening of both Rl-cis and Rl-trans
starts disrotatorily with a nonsyncronous motion of the
methylene and CH(CH=CH,) groups leading to the corre-
sponding transition structures. We found that in both path-
ways the methylene group rotates faster than the
CH(CH=CH,) group and that the latter group reverses its
sense of rotation relative to the methylene group after the
transition structure is passed. The overall motion then
becomes conrotatory until the relative orientation of these
groups is similar to that in either P2-cis or P2-trans. These
results agree with those found for the ring-opening of cis- and
trans-2,3-dimethylcyclopropylidene,l'®! except that in these
carbenes the initial disrotarory motion of both CH(CHs;)
groups is synchronous, keeping either C, symmetry (cis
conformer) or C, symmetry (trans conformer).

The optimized geometries of TS4-cis and TS4-trans are very
similar to those of R1-cis and R1-trans, but with an elongated
C2—C3 bond. At all levels of theory, TS4-cis is calculated to be
less energetic than TS4-trans. This result can be understood by
considering the short H---H distances between the hydrogen
atoms of the cyclopropylidene and vinyl units of these
transition structures. Whereas in TS4-cis the shortest H---H
distance, 2.424 A, is found between the H atoms bonded to C2

Chem. Eur. J. 2001, 7, No. 18
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LCIC2C405 =33 .4
LC3C2C4C5=-33.1

&4

TS4-cis

LCIC20AC5 = -157.5

LC3C2CACS = 146.5

TSd-iruns

Figure 8. Selected parameters of the B3LYP/6-31G(d) optimized geo-
metries of the transition structures for the ring-opening of s-cis-2-vinyl-
cyclopropylidene (TS4-cis) and s-trans-2-vinylcyclopropylidene (TS4-
trans). Distances are given in angstroms and angles in degrees.
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P2-cis
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Figure 9. Selected parameters of the B3LYP/6-31G(d) optimized geo-
metries of cis-vinylallene (P2-cis) and trans-vinylallene (P2-trans). Dis-
tances are given in angstroms and angles in degrees.

and C4, in TS4-trans we found a distance as short as 2.106 A
between the H atom bonded to C4 and one of the H atoms
bonded to C3, in addition to a distance of 2.436 A between the
H atom bonded to C2 and the one of the H atoms bonded to
C3. Therefore the higher energy of TS4-trans (6.1 kcalmol!)
relative to that of TS4-cis (3.4 kcalmol™!) can be ascribed to
the larger repulsive nonbonded H---H interactions in the
former transition structure. In this regard, it is worth noting
that the S calculated for TS4-trans (65.8 eu) and TS4-cis
(66.5 eu) (Table S2, Supporting Information) also reflect the
higher steric hindrance of the former transition structure.
From the AE of Table 2, we obtain the AE*s of 2.9 and
4.4 kcalmol! for the ring-opening of R1-cis and Rl-trans,
respectively. These energies of activation are somewhat
smaller than that calculated for the ring-opening of the parent
cyclopropylidene (around 5 kcalmol!).l'% Tt is worth noting
that Bettinger et al.'! have reported that the ring-opening
activation energy of cyclopropylidene is lowered to almost
zero by 2,3-cis-dimethyl substitution and to 4.2 kcalmol~! by
2,3-trans-dimethyl substitution.

As might be expected on the basis of the lower steric
repulsive interactions in P2-trans, this conformer is predicted
to be somewhat less energetic than P2-cis. From the AHs of
Table 2, P2-trans is found to lie 2.9 kcalmol~! lower in energy
than P2-cis, and the ring-opening of the s-cis and s-trans
conformers of 1 leading to s-cis and s-trans conformers of 3 is

3958
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predicted to be exoergic by 63.9 and 68.2 kcalmol~!, respec-
tively. These values compare well with the reported reaction
enthalpies, ranging from —64.1 to —69.3 kcalmol~!, calcu-
lated for the parent cyclopropylidene.l'*] Such a large
exoergicities are ascribed to the energy stabilization arising
from restoring the electron octet in the former carbenic
carbon and the release of the three-membered ring strain
energy in 1.

The s-cis and s-trans conformers of 3 can be interconverted
through rotation about the C2—C4 single bond. We have
found a transition structure, designated by TS5-cis/trans
(Figure 10), that connects structures P2-cis and P2-trans.

LCIC2C4C5 = -98.1

1.307 1.310

TSE-cisitrans
Figure 10. Selected parameters of the B3LYP/6-31G(d) optimized geom-
etry of the transition structure (TS5-cis/trans) for the interconversion of cis-
and trans-vinylallene. Distances are given in angstroms and angles in
degrees.

The conversion of P2-cis into P2-trans involves a AG*
(3.3 kcalmol~!) which is only 0.2 kcalmol~! larger than that
(3.1 kcalmol!) predicted for the conversion of Rl-cis into
R1-trans. Since the 1— 3 rearrangement is found to be a
highly exoergic process, the interconversion of the s-cis and
s-trans conformers of 3 should take place very easily even at
low temperatures.

To facilitate the comparison between the reaction paths of
the competing thermal rearrangements of 1 yielding 2 and 3,
the AGs calculated for the ring-opening of Rl-cis and R1-
trans are summarized in the left of Figures 6 and 7, respec-
tively. Interestingly, although the global AG* for the 1—2
rearrangement is found to be 1.2 kcalmol~! lower for the s-cis
conformer of 1, the difference between the AG* predicted for
the 1— 3 and 1— 2 rearrangements are found to be 1.9 and
2.9 kcalmol~!' for the s-cis and s-trans conformers of 1,
respectively. Therefore, it can be concluded that whether or
not 1is generated predominantly in the the s-trans conforma-
tion, the rearrangements of 1 at —78°C should yield 2 as the
main product together with small amounts of 3. In the
hypothetical case the reaction of 1,1-dibromo-2-vinylclcyclo-
propane with methyllithium at —78°C leads to the initial
formation of carbene 1, our theoretical results indicate that
reaction should yield 2 as the main product together with
small amounts of 3. This prediction nicely agrees with
experimental results.
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Conclusion

We have examined the thermal rearrangements of singlet
2-vinylcyclopropylidene (1) leading to 1,3-cyclopentadiene (2)
and 1,3-cyclopentadiene (2) by using ab initio quantum-
mechanical electronic-structure calculations. The s-cis con-
former of 1 is predicted to be slightly (around 2 kcalmol1)
less energetic than the s-trans conformer, due to a stabilizing
interaction between the double bond and the carbene carbon
atom. We find that the thermal rearrangement leading to 2 is
the preferred intramolecular reaction of 1. In the case of the
s-cis conformer, such a rearrangement takes place through a
three-step pathway, with a predicted global AG of
—92.7 kcalmol~!. The first step (AG*=0.6 kcalmol~! and
AG =—19.2 kcalmol ") involves the formation of a nonclass-
ical carbene (5) with a nonplanar (C, symmetry) equilibrium
structure, which is an internal & complex between the 1 MO of
the double bond and the empty p AO of the carbene carbon.
The second step (AG*=3.8kcalmol™! and AG=
—4.7 kcalmol ') involves the flattening of the five-membered
ring in 5 to reach the conventional planar structure of
3-cyclopentenylidene (4). The last step (AG*=1.9 kcalmol~!
and AG = —68.9 kcalmol ') involves the 1,2-migration of a a-
hydrogen atom to the carbene center in 4. The rate-
determining step of the overall stepwise mechanism is found
to be the formation of the nonclassical carbene 5, with a
predicted AG* of only 0.6 kcalmol~!. Furthermore, we find
the rearrangement of the s-trans conformer of 1 leading to 2
requires an initial conversion to the s-cis one (AG*=
1.8 kcalmol~! and AG = — 1.3 kcalmol ).

The thermal rearrangement of 1 to 3 occurs through a one-
step mechanism that involves the homolytic cleavage of the
C—C bond opposite to the carbene site. In both conformers of
1 such a ring-opening starts with a nonsyncronous disrotatory
motion of the methylene and CH(CH=CH,) groups until the
transition structure is reached. The CH(CH=CH,) group
reverses its sense of rotation relative to the methylene group
after the transition structure is passed, so the overall motion
then becomes conrotatory until the relative orientation of
these groups is similar to that in 3. The transition structure for
the ring-opening of the s-trans conformer of 1 to the s-trans
conformer of 3 (AG*=4.7kcalmol™! and AG=
—68.3 kcalmol™') is more energetic than that for the ring-
opening of the s-cis conformer of 1 to the s-cis conformer of 3
(AG*=2.5kcalmol™! and AG=-64.3kcalmol™) due to
larger repulsive nonbonded H -+ H interactions in the former
transition structure. As a consequence of the high exoergicity
predicted for ring-opening of both conformers of 1, the
conversion of the s-cis conformer of 3 into the s-trans one
(AG*=3.4 kcalmol™' and AG=—2.6kcalmol™) and the
reverse process (AG* = 6.0 kcal mol~") should take place very
easily even at low temperature.

Finally, we note that if the reaction of 1,1-dibromo-2-
vinylclcyclopropane with methyllithium at —78°C proceeds
through initial formation of carbene 1, the above computa-
tional results indicate that this reaction should afford 2 as the
main product together with small amounts of 3. This
theoretical prediction is consistent with the experimentally
observed results.
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carbene/alkene complex. To address this question, we have inves-
tigated the reaction pathway for the addition of cyclopropylidene to
ethylene at the B3LYP/6-31G(d) level. A shallow minimum repre-
senting a cyclopropylidene/ethylene complex and a corresponding
transition structure for spiro-pentane formation were located on the
potential energy surface. The shortest C(carbene)— C(ethylene) dis-
tance (r1) was 3.253 A in cyclopropylidene/ethylene complex, whereas
12, the longer C(carbene)—C(ethylene) distance, was 3.855 A. In the
transition structure, the corresponding distances were r1 =3.086 and
12=3.700 A. The AH(298 K) of the cyclopropylidene/ethylene com-
plex and the transition structure with respect to that of cyclopropyl-
idene and ethylene were calculated to be —1.3 and —1.0 kcalmol ™},
respectively. On the other hand, the formation of the cyclopropyl-
idene/ethylene complex from cyclopropylidene and ethylene was
calculated to involve a AS(298 K) of —17.6 eu and a AG(298 K) of
3.9 kcal mol . Therefore, our calculations do not predict formation of
stable 1:1 cyclopropylidene/ethylene intermolecular complexes at
room temperature in the gas phase. In sharp contrast, the stabilizing
interaction between the double bond and the carbene center in the
intramolecular carbene/alkene complex R1-cis is not out-weighted by
the entropic effects because the AS(220 K) in forming R1-cis from R1-
trans is only — 0.3 eu (see Table S2 Supporting Information). Regard-
ing the intramolecular carbene/alkene complex 5, we note that this

[27]
(28]
[29]

(30]

species is a true minimum on the energy, enthalpy, and free-energy
surfaces. The formation of the internal complex 5 from the conven-
tional carbene 4 also involves a AS(220 K) of only —0.4 eu (see
Table S2 Supporting Information). Therefore, although the stabilizing
interaction between the T MO of the double bond of an alkene and the
empty p AO of carbene center may lead to the formation of a local
minimum on the potential-energy surface, corresponding to a carbene/
alkene complex, this minimum disappears for an intermolecular
complex due to the large entropy decrease accompanying its
formation from the separated components. However, it is likely that
an intramolecular carbene/alkene complex may be a local minimum
on the free-energy surface because its formation involves a small
entropy decrease.
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Abstract: The eastern and western diaryl ether portions of the macrocyclic bastadins,

natural products from the marine sponge lanthella sp., have been assembled as
[CpRu]* complexes. In an HPLC study, aminopropyl-functionalised silica was found
as a very suitable stationary phase for the chromatographic separation of the different
cationic ruthenium sandwich complexes. It is now possible for the first time to
effectively monitor and purify [CpRu]* complexes and to carry them through several

synthetic steps.

Introduction

Diaryl ethers constitute a very important structural element
of biologically active natural products. Most prominently, the
peptide antibiotic vancomycin is clinically used in cases of
bacterial resistance against B-lactam antibiotics.'! Other
examples include K-13, a potent inhibitor of the angiotensin I
converting enzyme® and the OF4949 series of aminopepti-
dase inhibitors.’] The marine sponge lanthella sp. is the source
of unique macrocyclic tyrosine derivatives! which have been
synthesised through low-yielding phenol oxidation,’*®! the
iodonium salt method,* and Ullmann-type coupling.’
Bastadin 5 (1, Figure 1) has the interesting biological activity
of inhibiting the Ca?* uptake into the sarcoplasmatic retic-
ulum, being antagonised by the important immunosuppres-
sant natural product FK506.[

Among the synthetic routes to diaryl ethers,[”) the nucleo-
philic attack of phenolates at [CpRu]"-complexed chloroar-
enes, pioneered by Nesmeyanov®! and Segal,®! and utilised
by Moriarty,’>®! Pearson,’>d Rich,”] and Matassa,’! is
unique. Ruthenium sandwich complexes are readily formed
even from electron-poor arenes, are inert against arene
exchange, and can be handled under non-anhydrous con-
ditions. Therefore, the [CpRu]* fragment may be suitable for
the stable metal-labelling of aromatic amino acids in peptides.
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Figure 1. Bastadin 5 (1) from the marine sponge lanthella basta and the
ruthenium-complexes 2 and 3 (anion hexafluorophosphate) representing
the western and eastern partial structures.

Results and Discussion

Surprisingly only very rarely chromatography was used to
purify charged ruthenium complexes.'’”] Their limited use in
organic synthesis may be the result of their difficult purifica-
tion and, if desired, demetalation. As a consequence, the
analytical and preparative separation of the charged sandwich
complexes from each other is of fundamental importance for
the success of [CpRu]" complexes in both organic synthesis
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and bioinorganic chemistry.''l Despite more than 20 papers
on the application of [(1°-Cp)Ru(#°®-arene)]* complexes to
the synthesis of peptide-like diaryl ethers” no general
protocol yet exists for the purification of charged ruthenium
sandwich complexes by chromatography.

The [CpRu]™-complexed diaryl ethers 2 and 3 (Figure 1)
represent the western and eastern halves of the bastarane
skeleton. Figure 2 completes the series of sandwich com-
plexes, ordered by increasing polarity, which have been
synthesised and subjected to a detailed chromatographic
study.

The synthesis of the [CpRu]"-complexed diaryl ethers 2—6
is outlined schematically in Scheme 1. The appropriate
phenolate, generated using KO¢Bu/[18]crown-6 in THF, was
added to the [CpRu]*-complexed chloroarenes 7,°9 8, 10,2
and 13. The new compounds 8, 9, and 13 were obtained by
treatment with [CpRu(CH;CN),]PF,!¥! in dichloroethane. As
concluded from the elemental analyses, the counteranion
PF,~ always remained associated with the ruthenium cation
after chromatography on aminopropyl silica. The phenol
complex 111 was obtained from O-trimethylsilylphenol and
did not form a zwitterion.['*]

The usual work-up of [CpRu] " complexes combines column
filtration on alumina, followed by precipitation upon addition
diethyl ether. Of course, mixtures of different sandwich
complexes are hardly separated by that procedure. Instead,
the separation and purification problem is circumvented by
photochemical demetalation immediately following the diaryl
ether coupling. The reasons of the frequently low yields
obtained over these two steps remain to be resolved.

The idea to investigate aminopropyl-functionalised silica as
a stationary phase for a true chromatography of the inert,
positively charged ruthenium sandwich complexes resulted
from the consideration that ionic interactions should be
minimal on basic stationary phases that cannot be deproto-
nated. It was expected that the free amino groups would not
attack the [CpRu]™ complexes, because of the clean Boc
deprotection of chloroarene 8 to the equally stable, free
amine.

Figure 3 gives retention volumes of the [CpRu]*-com-
plexed diaryl ethers 2, 4, 5, 6, of the chloroarenes 7, 8, 10, 13,
and of [CpRu(benzene)]PF, (12) obtained by preparative
HPLC. Compound 3 has been omitted, because it was
obtained as a mixture of diastereomers showing a double-

Abstract in Portuguese: Os eteres de diarila correspondentes
as porgoes oeste e leste das bastadinas ciclicas, produtos
naturais da esponja marinha lanthella sp., foram obtidos como
complexos ciclopentadienila de ruténio. Atravées de um estudo
com cromatografia liquida de alta eficiencia (CLAE), foi
descoberto que a silica gel funcionalizada com propil amina €
uma fase estaciondria muito apropriada para a separa¢do
cromatogrdfica de complexos sanduiche cationicos de ruténio.
Pela primeira vez € possivel o monitoramento de reagoes que
envolvem complexos ciclopentadienila de ruténio, assim como
a purificagdo dos mesmos, o que possibilita seu uso por vdrias
etapas sinteticas.
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Figure 2. Ruthenium sandwich complexes 2, 4—13 (anion hexafluorophos-
phate), grouped by increasing HPLC retention volumes on aminopropyl
silica as stationary phase. The bold and dotted lines indicate separation
using iPrOH/CH;CN (4:1) and (8:1) as mobile phases, respectively. For
details see Experimental Section.
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Scheme 1. Outline of the synthesis of the [CpRu]*-complexed diaryl
ethers 2—6 via SyAr reaction (Figure 2), followed by chromatographic
purification on aminopropyl silica. Details see Experimental Section.

peaked band. In all cases the products were separable from
the respective starting materials. The mobile phase iPrOH/
CH;CN (4:1) allowed the separation (resolution > 1.5) of the
less polar (2, 4—8) from the more polar compounds (9-13), as
indicated by the bold line in Figure 2. The less polar mobile
phase iPrOH/CH,;CN (8:1) differentiated between the diaryl
ethers (2, 4-6) and the chloroarenes 7 and 8 (dotted lines in
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Figure 2). Using pure iPrOH as eluent the diaryl ethers 2 and
4 were separated from 5 and 6. Even compounds 4, 8, and 13
were separated completely by preparative HPLC in one
injection employing iPrOH/CH;CN (12:1) as mobile phase
(flow rate 15 mLmin~!, column diameter 25 mm, length
250 mm, 10 mg of each compound). Aminopropyl silica
appears to act in the normal-phase model'” when using
iPrOH/CH;CN mixtures as mobile phases. While elution of
the investigated [CpRu]" complexes shows considerable
heading, [Cp*Ru(z°-anisole) |PF is eluted with tailing.['°!

As a spin-off, the new separation protocol solves earlier
reported problems concerning the removal of [18]crown-6,['"]
which accelerates the formation of 2-6 using KOrBu as
base.l'l On aminopropyl-functionalised silica, [18]crown-6
elutes later than the diaryl ethers 2—6 when toluene/CH;CN
(3:1) or iPrOH/CH;CN (18:1) are used as mobile phases.
Furthermore, the frequently observed impurity [CpRu-
(benzene]PF, (12, transparent circles in Figure 3), is effec-
tively removed on the diaryl ether level employing amino-
propyl silica.

4 12
180 13
10
3 | -
E 160
£ 8
140
g :
8 o0l
S 120 5
[ 2
100 §
80 T T T

T
4:1 81 12:1 181
maobile phase (PrOH:CHLCN)

Figure 3. Preparative HPLC separation of the [CpRu]*-complexed diaryl
ethers (grey squares) from the corresponding chloroarenes (black trian-
gles). Retention volumes (HPLC) are given for different iPrOH/CH;CN
mixtures as mobile phases (stationary phase aminopropyl silica, column

length 25 cm, column diameter 2.5 cm, particle size 25-40 um, flow rate
15 mLmin™').

The HPLC results are directly reflected in the behaviour of
the sandwich complexes on aminopropyl silica TLC plates.
The kinetic stability of the complexes can be estimated by the
fact that the characteristic, reddish staining of compounds 2 -
13 on the TLC treated with 1,10-phenanthroline in ethanol
only occurs after intense heating.

In summary, one of the central obstacles of ruthenium-
mediated diaryl ether synthesis and work-up has been over-
come for the first time. Ruthenium-complexed synthetic
intermediates can now be conveniently analysed by TLC
and be carried through several synthetic steps. Aminopropyl
silica may be generally recommended for the separation of
cationic metal complexes. Double amide formation of depro-
tected analogues of the ruthenium-complexed diaryl ethers 2
and 3, aiming at the regioselective synthesis of the bastarane
skeleton is currently investigated.

Chem. Eur. J. 2001, 7, No. 18
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Experimental Section

General: All reactions were carried out under an argon atmosphere with
distilled, non-anhydrous solvents. Yields refer to purified compounds.
Reagents were purchased from Aldrich, Acros, Alfa, and Fluka at high
commercial quality and were used without further purification. Reactions
were controlled by thin-layer chromatography (0.25 mm E. Merck alumina
plates NH, F,5S). TLCs were analysed under UV light (4 =254 nm),
followed by heating after treatment with 1,10-phenanthroline (2M dipping
solution in EtOH). E. Merck Al,O; 90 standardised (activity grade 11111,
particle size 63-200 um) and E. Merck aminopropyl silica LiChroprep
NH, (particle size 40—63 um) were used for preparative column chroma-
tography. The HPLC experiments were performed at 25°C using a Merck-
Hitachi L6200A Intelligent Pump System. The column was a preparative E.
Merck Hibar Pre-Packed Column RT 250-25, customised packing
LiChroprep NH, (length 25cm, diameter 2.5cm, particle size 25-
40 um). CH;CN and iPrOH were HPLC grade. The detector used was a
KONTRON ultraviolet spectrophotometer Uvitron 730S LC and the
integrator was a Merck-Hitachi D-2500 Chromato-Integrator. The peaks
were detected at A =254 nm, the flow rate was 15 mL min~!, each injection
contained 10 mg of sample. NMR spectra were recorded on Bruker WM
250, AM 360, and AM 500 spectrometers. The NMR shifts were calibrated
using TMS as internal reference and assigned on the basis of HSQC and
HMBC experiments. The multiplicities are: s=singlet, d=doublet, t=
triplet, q=quartet, m=multiplet and br=broad. All infrared spectra
were recorded on a Perkin—Elmer 1600 series FT-IR spectrometer. The
UV/Vis spectra were recorded using a Hewlett-Packard UV-spectropho-
tometer HP 8452 diode array system. Fast atom bombardment (FAB) mass
spectra were recorded on a JEOL JMS-700 mass spectrometer. Only the
three predominant isotopes are listed. Melting points were determined with
a Reichert melting point microscope and are uncorrected. Elemental
analyses were performed at the automatic microanalysator Foss-Heraeus
Vario EL.

General procedure for the preparation of the ruthenium sandwich
complexes: At 70°C, [CpRu(CH;CN);]PF"*l (concentrated from a CH;CN
solution immediately prior to use) was added to a solution of the respective
chlorobenzene derivative (1 equiv) in 1,2-dichloroethane (20 mL) and the
reaction mixture was heated under reflux for 4 h. After concentration, the
residue was dissolved in CH;CN and pre-purified by column filtration
(alumina, CH;CN). The product was purified by column chromatography
(aminopropyl silica, iPrOH).

[17%-4-Chloro-1-[2-N-[ (tert-butoxy)carbonylJaminoethyl]benzene](*-cy-
clopentadienyl)ruthenium hexafluorophosphate (8): Prepared from [2-(4-
chloro-phenyl)-ethyl]-carbamic acid fert-butyl ester (1.1g, 2.4 mmol).
Colourless needles (/PrOH; 910 mg, 65% ). M.p. 127°C (decomp); TLC:
R;=0.46 (iPrOH); HPLC retention volumes: 103 mL (CH;CN), 95 mL
(iPrOH/CH,CN 1:1), 95 mL (;PrOH/CH;CN 2:1), 97 mL (iPrOH/CH;CN
4:1), 123 mL (PrOH/CH;CN 8:1), 132 mL (iPrOH/CH;CN 12:1), 141 mL
(iPrOH/CH,CN 18:1), 230 mL (:PrOH); '"H NMR (360 MHz, CDCL;): 6 =
6.47 (d, J=6.1 Hz, 2H; 5-CH,,), 6.31 (d, J=6.3 Hz, 2H; -CH,,), 5.47 (s,
5H; Cp), 5.20 (brt, 1H; CH,NH), 3.37 (dt, J=6.7, 6.7 Hz, 2H; CH,NH),
2.73 (t, J=6.7 Hz, 2H; CH,CH,NH), 1.39 (s, 9H; OC(CH;);); 3C NMR
(90.6 MHz, CDCl,): 0 =156.10 (C=0), 104.83 (5-C,Cl), 103.86 (1-C,,CH,),
86.85 (y-C,H), 86.66 (y-C,H), 82.74 (Cp), 79.60 (OC(CH,);), 40.80
(CH,NH), 33.90 (CH,CH,NH), 28.32 (OC(CH,);); IR (KBr): ¥=23369,
3125, 3096, 2987, 2937, 1684, 1524, 1453, 1369, 1281, 1251, 1176, 1094,
839cm™'; UV/Vis (CH;CN): A, (¢)=224 (11000), 200 nm
(46000mol-'dm*cm™t); MS (FAB+, NBA): m/z (%) 421/422/424 (61/
100/78) [M]*; HRMS (FAB): calcd for C3H,5*CINO,!?Ru [M]*: 422.0463,
found 422.0449; elemental analysis calcd (%) for C;sH,;CIF(NO,PRu
(566.87): C 38.14, H 4.09, N 2.47; found C 37.86, H 4.30, N 2.27.

[1%-(1-Methoxy-4-methyl)benzene](n°-cyclopentadienyl)ruthenium hexa-
fluorophosphate (9): Prepared from 4-methylanisol (69.0 mg, 0.07 mL,
0.565 mmol). Colourless powder (197 mg, 80%). M.p. 147-148°C (de-
comp); TLC: R;=0.26 (iPrOH); HPLC retention volumes: 108 mL
(CH;CN), 104 mL (iPrOH/CH;CN 1:1), 107 mL (iPrOH/CH;CN 2:1),
116 mL (iPrOH/CH;CN 4:1), 126 mL (;PrOH/CH;CN 8:1), 138 mL
(iPrOH/CH,CN 12:1), 150mL (iPrOH/CH,CN 18:1); 'H NMR
(360 MHz, [Dglacetone): 6 =6.34 (d, J=6.7 Hz, 2H; »-CH,,), 6.26 (d,
J=6.7Hz,2H; n-CH,,), 5.48 (s, 5H; Cp), 3.84 (s, 3H; OCH};), 2.35 (s, 3H;
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CHj); ¥C NMR (90.6 MHz, [Dg]acetone): 6 =134.73 (5-C,,OCHj3), 100.46
(y-C,.CHs,), 86.27 (3-C,.H), 81.13 (Cp), 74.67 (y-C,.H), 57.71 (OCHj;), 19.69
(7-Co,CH,); IR (KBr): 7= 3118, 1549, 1491, 1446, 1264, 1011, 840 cm™%; UV/
Vis (CH,CN): A (e)=280 (10800), 226 (15600), 200 nm
(61600mol-'dm*cm1); MS (FAB +, NBA): m/z (%): 288/289/291 (61/
100/60) [M]*; HRMS (FAB): calcd for C;3H,50'?Ru [M]*: 289.0170, found
289.0159; elemental analysis caled (%) for C;;H;sF;OPRu (433.30): C
36.04, H 3.49; found C 35.64, H 3.50.

[17%-(1-Chloro-2-methoxy)benzene](5°-cyclopentadienyl)ruthenium hexa-
fluorophosphate (13): Prepared from 2-chloroanisol (116 mg, 0.10 mL,
0.825 mmol). Colourless needles (iPrOH; 300 mg, 80 % ). M.p. 147-149°C
(decomp); TLC: R;=0.24 (iPrOH); HPLC retention volumes: 109 mL
(CH,CN), 100 mL (;PrOH/CH;CN 1:1), 114 mL (;PrOH/CH,CN 2:1),
126 mL ({PrOH/CH;CN 4:1), 143mL (iPrOH/CH;CN 8:1), 167 mL
((PrOH/CH,CN 12:1), 183 mL (iPrOH/CH;CN 18:1); 'H NMR
(360 MHz, [D¢]acetone): 6 =6.78 (d, J=5.7Hz, 1H; 5-CH,,), 6.69 (d,
J=6.0Hz,1H;5-CH,), 6.25 (t,J=5.5 Hz, 1H; »-CH,,), 6.21 (t,J =5.4 Hz,
1H; »-CH,,), 5.58 (s, SH; Cp), 4.06 (s, 3H; OCHj;); *C NMR (91 MHz,
[DgJacetone): 6 =132.30 (y-C,OCH;), 96.46 (5-C,Cl), 86.81 (y-C,H),
84.52 (y-C,H), 83.90 (y-C,H), 81.50 (Cp), 72.71 (y-C,H), 58.13 (OCHs);
IR (KBr): #=3109, 1521, 1465, 1435, 1276, 1011, 841, 823, 557 cm~'; UV/Vis
(CH3CN): A (8)=232 (4000), 204 nm (26500mol-!dm*cm~'); MS
(FAB +, NBA): m/z (%): 308/309/311 (61/100/78) [M]*; HRMS (FAB):
caled for C,,H;,*CIO'™Ru [M]*: 308.9620, found 308.9642; elemental
analysis caled (%) for C,H,,CIF;OPRu (453.71): C 31.77, H 2.67; found C
31.85, H 2.81.

General procedure for the preparation of the diaryl ether ruthenium
sandwich complexes: The respective phenol (1.0 equiv) was added to a
solution of KO#Bu (1.0 equiv) and [18]crown-6 (0.1 equiv) in THF (15 mL).
After 30 min the mixture was cooled to 0°C and transferred to a pre-cooled
(—78°C) solution of the respective ruthenium aryl complex (1.0 equiv) in
THF (20 mL). After 1 h the reaction was slowly brought to 20°C. After
16 h, the reaction mixture was filtered and concentrated. The residue was
purified by chromatography (aminopropyl silica, toluene/CH;CN 3:1).
[57%-1-[[5-[2-N-[ (tert-butoxy)carbonyl Jaminoethyl]-2-methoxy |phenoxy]-
4-[2-N-[ (tert-butoxy)carbonyl J]aminoethyl]benzene](°-cyclopentadien-
yDruthenium hexafluorophosphate (2): Prepared from 8 (100 mg,
0.17mmol) and from N-Boc-4-O-methyldopamine®!  (45.0 mg,
0.17 mmol). After column chromatography the product was dissolved in
iPrOH at 60°C, followed by slow precipitation after addition of trace
amounts of diethyl ether at RT to yield the title compound (81 mg, 60 % ).
M.p. 80-81°C (decomp); TLC: R;=0.49 (iPrOH); HPLC retention
volumes: 109 mL (CH;CN), 95 mL (;PrOH/CH;CN 1:1), 95 mL (iPrOH/
CH,CN 2:1), 96 mL (iPrOH/CH,;CN 4:1), 101 mL (iPrOH/CH;CN 8:1),
102 mL (;PrOH/CH,;CN 12:1), 110 mL (iPrOH/CH;CN 18:1), 172 mL
(iPrOH); '"H NMR (360 MHz, CDCl;): 6 =713 (d, J=8.7 Hz, 1H; CH,,),
700 (d,/=84Hz, 1H;CH,),6.88 (s, 1H; »-CH,,), 6.12 (d,/=6.0 Hz, 2H;;
n-CH,,), 6.01 (d, J=5.7Hz, 2H; n-CH,,), 5.34 (s, 5H; Cp), 4.95 (m, 1H;
CH,NH), 4.36 (t,/=7.1Hz, 1H; CH,NH), 3.81 (s, 3H; OCH;), 3.34 (brd,
4H; CH,NH), 2.77 (brt, J=6.7 Hz, 2H; CH,CH,NH), 2.67 (brt, 2H;
CH,CH,NH), 1.40 (s, 18 H; OC(CHj);); *C NMR (90.6 MHz, CDCL,): 6 =
156.15 (C=0), 155.99 (C=0), 149.59 (C,,OCHj;), 140.33 (C,O(n-Ph)),
133.12 (CH,C,), 132.76 (3-C,,OPh), 128.46 (C,H), 122.37 (C,H), 113.41
(C,H), 101.18 (»-C,,CH,), 84.81 (3-C,H), 82.74 (Cp), 79.43 (OC(CHs;)5),
79.19 (OC(CHs;)3), 74.77 (y-C,H), 55.98 (OCHj;), 41.80 (CH,NH), 41.00
(CH,NH), 35.38 (CH,CH,NH), 33.70 (CH,CH,NH), 28.37 (OC(CHs);),
28.33 (OC(CHs)3); IR (KBr): 7 = 3440, 3354, 2979, 1700, 1512, 1477, 1367,
1274,1233, 1171, 1122, 841 cm~'; UV/Vis (CH;CN): 4,,,, (£) =282 (30400),
222 (43500), 196 nm (120900 mol~'dm?*cm~'); MS (FAB +, NBA): m/z
(%): 652/653/655 (62/100/56) [M]*, 596/597/599 (5/7/4) [M — C,Hg]*;
HRMS (FAB): caled for C;H;O6N,'?Ru [M]*: 653.2174, found
653.2144; elemental analysis calcd (%) for C;,H,3FgN,OsPRu (797.74): C
48.18, H 5.43, N 3.51; found C 4746, H 5.68, N 3.20.

[17%-D,L-1-[[5-D,L-[2-[ N-[ (tert-butoxy)carbonyl J]amino]-3-0xo0-3-methoxy-
propyl]-2-methoxy]phenoxy]-4-[2-[ N-[ (tert-butoxy)carbonyl]amino]-3-
oxo-3-methoxypropyl]benzene](5°-cyclopentadienyl)ruthenium hexa-
fluorophosphate (3): Prepared from 7 (100 mg, 0.16 mmol) and N-Boc-
4'-O-methyl-p,L-dopa methyl ester?!) (52 mg, 0.16 mmol). After column
chromatography the product was recrystallised yielding colourless needles
(iPrOH; 87 mg, 60 % ). M.p. 98-100°C (decomp); TLC: R;=0.51 (iPrOH);
'"H NMR (360 MHz, CDCl,): 6 =7.09 (dd, J=84, 2.3 Hz, 1H; CH,,), 7.00
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(d,J=8.4 Hz, 1H; CH,,), 6.83 (d,J =2.3 Hz, 1 H; CH,,), 6.17 (t, J = 8.7 Hz,
1H; 5-CH,,), 6.05 (m, 2H; 5-CH,y), 5.97 (t, J= 6.7 Hz, 1 H; -CH,,), 5.43
(m, 1H; CHNH), 5.35 (s, 5H; Cp), 5.09 (m, 1H; CHNH), 4.51 (m, 1H;
CH,CH(NH)CO), 4.42 (m, 1 H; CH,CH(NH)CO), 3.83 (s, 3H; COOCHj),
381 (s, 3H; COOCH,), 374 (s, 3H; PhOCH;), 3.12 (brdd, 1H;
PhCHHCH), 3.00-2.93 (m, 2H; PhCHHCH), 2.82 (dd, /=134, 8.7 Hz,
1H; PhCHHCH), 1.41 (s, 9H; OC(CH,)y), 1.40 (s, 9H; OC(CH,)y);
BC NMR (90.6 MHz, CDCLy): 6 =172.06 (C=0), 170.89 (C=0), 155.46
(C=0), 15543 (C=0), 150.21 (C,OCH;), 140.21 (C,O(»-Ph)), 132.93
(CH,C,), 13021 (3-C,;OPh), 129.23 (C,.H), 122.96 (C,.H), 113.44 (C, H),
98.95 (7-CuCH,), 85.72 (3-C.H), 85.58 (7-C.H), 81.13 (Cp), 80.46
(OC(CHs;)3), 80.41 (OC(CHs);), 74.86 (3-C,H), 7476 (3-C,H), 56.04
(PhOCHs), 54.60 (CH,CH(NH)CO), 53.06 (COOCH,), 52.55 (COOCHs),
3783 (CH,CH(NH)CO), 36.69 (CH,CH(NH)CO), 2830 (OC(CH.),),
2826 (OC(CH,),); IR (KBr): #=3419, 2979, 1743, 1717, 1710, 1700, 1513,
1477, 1368, 1275, 1235, 1166, 1023, 843, 558 cm™'; UV/Vis (CH;CN): A0«
(£)=278 (11400), 224 (23100), 196nm (66600mol'dm3cm'); MS
(FAB +, NBA): miz (%): 768/769/771 (61/100/56) [M]*; HRMS (FAB):
caled for CyH,,0,(N,'2Ru [M]*: 769.2274, found 769.2299.

[5%-1-[4-[2-N-[ (tert-butoxy)carbonylJaminoethyl]phenoxy]-4-[2-N-[ (tert-
butoxy)carbonylJaminoethyl]benzene](n5-cyclopentadienyl)ruthenium
hexafluorophosphate (4): Prepared from 8 (87 mg, 0.15 mmol) and from N-
Boc-tyramine (35 mg, 0.15 mmol). After column chromatography the product
was recrystallised yielding colourless needles (iPrOH; 70 mg, 60 % ). M.p.
117-118°C (decomp); TLC: R;=0.70 (iPrOH); HPLC retention volumes:
97 mL (CH;CN), 89 mL (PrOH/CH;CN 1:1), 90 mL (iPrOH/CH;CN 2:1),
88 mL ({PrOH/CH;CN 4:1), 92 mL (iPrOH/CH;CN 8:1), 96 mL (iPrOH/
CH,;CN 12:1), 100 mL (iPrOH/CH;CN 18:1), 149 mL (iPrOH); 'H NMR
(360 MHz, CDCl;): 0 =732 (d, /J=8.5Hz, 2H; CH,,), 6.95 (d, J=8.4 Hz,
2H; CH,,), 6.16 (d, J=6.5Hz, 2H; y-CH,,), 6.01 (d, J=6.4 Hz, 2H; #-
CH,),5.35(s,5H; Cp), 5.16 (m, 1 H; CH,NH), 4.79 (m, 1H; CH,NH), 3.39
(m, 4H; CH,NH), 2.84 (t, /=70 Hz,2H; CH,CH,NH), 2.70 (t, /=71 Hz,
2H; CH,CH,NH), 145 (s, 9H; OC(CH;);), 141 (s, 9H; OC(CH;););
BC NMR (90.6 MHz, CDCl,): 6 =156.13 (C=0), 155.79 (C=0), 150.68
(C,O(y-Ph)), 138.32 (CH,C,,), 132.93 (-C,,OPh), 131.06 (C,H), 120.21
(C,H), 101.60 (n-C,.CH,), 85.12 (3-C,H), 80.79 (Cp), 79.48 (OC(CHs)5),
79.27 (OC(CH;)3), 75.14 (n-C,H), 41.60 (CH,NH), 40.87 (CH,NH), 35.64
(CH,CH,NH), 33.66 (CH,CH,NH), 28.29 (OC(CH3,)5), 28.25 (OC(CHy););
IR (KBr): #=3373, 1687, 1366, 1249, 843 cm~'; UV/Vis (CH;CN): 4.,
() =266 (8800), 204 (65800), 192 nm (87700 mol~'dm?*cm~"); MS (FAB +,
NBA): m/z (%): 622/623/625 (60/100/54) [M]*, 566/567/569 (4/7/4) [M —
C,H;]*; HRMS (FAB): caled for C;H,OsN,'?Ru [M]*: 623.2044, found
623.2057; elemental analysis calcd (%) for C;;Hy FgN,OsPRu (797.74): C
48.50, H 5.38, N 3.65; found C 48.22, H 5.59, N 3.45.

[1%-1-[4-[2-N-[ (tert-butoxy)carbonylJaminoethyl]phenoxy]-2-methoxy-
benzene](°-cyclopentadienyl)ruthenium hexafluorophosphate (5): Pre-
pared from 13 (110 mg, 0.242 mmol) and from N-Boc-tyramine (57 mg,
0.242 mmol). After column chromatography the product was dissolved in
iPrOH at 60°C, followed by slow precipitation after addition of trace
amounts of diethyl ether at rt; (86 mg, 55%). M.p. 70°C (decomp); TLC:
R;=0.36 (iPrOH); HPLC retention volumes: 112 mL (CH;CN), 93 mL
(iPrOH/CH;CN 1:1), 90 mL (;PrOH/CH;CN 2:1), 92 mL (iPrOH/CH;CN
4:1), 93 mL ((PrOH/CH,;CN 8:1), 115 mL (iPrOH/CH;CN 12:1), 130 mL
(iPrOH/CH,CN 18:1), 273 mL (iPrOH); 'H NMR (360 MHz, CDCL,): 6 =
729 (d, J=8.4Hz, 2H; CH,,), 6.99 (d, J=8.7Hz, 2H; CH,,), 6.48 (d, J =
6.4 Hz, 1H; »-CH,,), 5.95 (t, J=6.1 Hz, 1H; »-CH,,), 5.89 (d, /=6.0 Hz,
1H; »-CH,,), 5.82 (d,/=6.0 Hz, 1H; #-CH,,), 5.36 (s, 5H; Cp), 4.68 (brm,
1H; CH,NH),3.95 (s,3H; OCH,),3.38 (brq,/ = 6.7 Hz,2H; CH,NH), 2.83
(t, J=70Hz, 2H; CH,CH,NH), 144 (s, 9H; OC(CH,);); C NMR
(90.6 MHz, CDCl;): 6=15591 (C=0), 15226 ((-Ph)OC,), 13754
(C.CH,), 130.94 (C,H), 12701 (3-C,OCH;), 123.75 (3-C,,OPh), 119.65
(C,H), 81.69 (y-C,H), 80.70 (3-C,.H), 80.61 (Cp), 79.65 (OC(CH,);), 75.79
(n-C,H), 7230 (y-C,H), 5787 (OCH;), 41.75 (CH,NH), 35.71
(CH,CH,NH), 28.42 (OC(CH,);); IR (KBr): #=3438, 2878, 1700, 1528,
1501, 1477, 1277, 1258, 1221, 840 cm™'; UV/Vis (CH;CN): A, (€) =260
(6900), 220 (21600), 196 nm (62200 mol~'dm*cm"); MS (FAB +, NBA):
miz (%): 509/510/512 (58/100/54) [M]*, 452/453/455 (5/10/5) [M — C H]*,
406/407/409 (3/4/5) [M — CsHgO,]*; HRMS (FAB): calcd for CysH;,O, N>
Ru [M]*: 510.1226, found 510.1221.

[17°-(1-Methoxy-4-phenoxy)benzene](5°-cyclopentadienyl)ruthenium hexa-
fluorophosphate (6): Prepared from 10 (108 mg, 0.24 mmol) and phenol
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(23 mg, 0.24 mmol). After column chromatography the product was
recrystallised (/PrOH/EtOH) to yield a colourless powder (70 mg, 57 % ).
M.p. 152-153°C (decomp); TLC: R;=0.40 (iPrOH); HPLC retention
volumes: 107 mL (CH;CN), 98 mL (iPrOH/CH;CN 1:1), 100 mL (iPrOH/
CH,CN 2:1), 96 mL (;PrOH/CH,CN 4:1), 101 mL (iPrOH/CH,CN 8:1),
121 mL (iPrOH/CH,CN 12:1), 119 mL (iPrOH/CH,;CN 18:1), 220 mL
(iPrOH); 'H NMR (360 MHz, [DgJacetone): 6 =7.58 (t, /=82 Hz, 2H;
CH,,), 740 (t, =75 Hz, 2H; CH,,), 727 (d, J = 7.7 Hz, 1 H; CH,,), 6.37 (d,
J=6.6 Hz,2H; »-CH,,), 6.23 (d, J=6.6 Hz, 2H; n-CH,,), 5.59 (s, 5H; Cp),
3.85 (s,3H; OCHjs); BC NMR (91 MHz, [Dg]acetone): = 154.38 (C,.O(y-
Ph)), 133.49 (5-C,,OCH,), 131.85 (C,.H), 131.70 (3-C,,OPh), 127.64 (C,.H),
121.73 (C, H), 81.63 (Cp), 75.26 (3-C,H), 73.41 (3-C,H), 58.17 (OCH;); IR
(KBr): 7=23447, 3118, 1482, 1238, 1008, 839, 779, 693 cm~'; UV/Vis
(CHLON): Apae (£) =264 (5700), 222 (14600), 198 nm (56700mol~' dm?
em1); MS (FAB +, NBA): m/z (% ): 366/367/369 (56/100/56) [M]*; HRMS
(FAB): caled for CigH,,0,'Ru [M]*: 367.0263, found 367.0237; elemental
analysis calcd (%) for CgH;F;O,PRu (511.37): C 42.28, H 3.35, found C
42.03, H 3.48.
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Dinuclear Titanium(@v) Complexes from Amino Acid Bridged Dicatechol
Ligands: Formation, Structure, and Conformational Analysis
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Abstract: Amino acid bridged dicate-
chol ligands 3a-e-H, form dinuclear
double-stranded coordination com-
pounds [(3a-e),Ti,(OCHj;),]*~ with ti-
tanium(v) ions. Due to the directional-
ity of the ligands, the chirality of the
strand, and the chiral complex units, up
to seven isomers, I-VII, can be ob-
tained for the double-stranded com-
plexes of ligands 3a—e-H,. The compo-
sition of the mixture of isomeric com-
pounds in solution is strongly dependent
on the conditions of complex formation.
Under thermodynamic control, only a

is the major component of the mixture.
X-ray structure analyses were performed
for K,[(3b),Ti,(OH),] and K,[(3d),Ti,-
(OH),] (type I), and for the meso com-
plex Na,[(3e)(3¢')Ti,(OCHj,),]. A con-
formational analysis that uses Rama-
chandrans method revealed that the
conformation of the amino acids in the
ligand strands can be compared with
those found for amino acids in helical

Keywords: amino acids - conforma-
tion analysis -+ O ligands - self-
assembly - titanium

peptide structures. The most favored
isomer of [(3),Ti,(OCH;),]*~ appears to
be of type I, with the catecholamide unit
located at the N terminus of the ligand
strand that binds to a /-configurated
titanium(1v) complex unit and the dihy-
droxybenzyl group at the C terminus
that coordinates to a A-configurated
titanium(1v) complex unit. The A con-
figuration at the N terminus induces the
conformation of a right-handed helix in
the amino acid residue, while the A4
configuration induces the less favored
left-handed helix.

few isomers are obtained, one of which

Introduction

Very often, metalloproteins possess dinuclear complex units
as the active center. The two metals are thus embedded in a
peptic framework with additional small ligands (e.g. water or
hydroxy) that bridge the metal ions. Such metalloproteins are
for example hemerythrins, phosphatases, or ribonucleotide
reductases. The separation of the two metal ions is typically in
the range of 3 to 4 A.[!

Atrtificial dinuclear complexes, in which the distance of the
metal centers can be controlled, are double- or triple-stranded
helicate-type coordination compounds.?* However, these are
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not able to show enzyme-like activity, due to the lack of an
available coordination site or the lack of a coligand that can
be exchanged. Thus, ligands should be designed which, on the
one hand, are able to fix two metal ions and, on the other
hand, enable the binding of substrates.!

Our interest in the investigation of simple complexes that
could act as a structural model for active centers in metal-
loproteins was initiated by the finding of Stack and Enemark
that the dicatechol ligand 1-H, is able to form either a triple-
stranded dinuclear helicate [(1);Fe,]°~ or a double-stranded
dinuclear complex [(1),Fe,(OH),]*".[) In the latter, two
hydroxy groups bridge the metal ions and should have the
potential to be exchanged against other, more reactive
coligands (Scheme 1). A close look at 1-H, reveals that the
spacer is composed of a chain of six atoms and it contains two
amide linkages. Substitution of the spacer of 1-H, by a pure
(CH,)4-alkyl chain does not lead to the formation of a double-
stranded complex. With 2-H, and titanium(v) ions, the triple-
stranded helicate [(2);Ti,]*~ was obtained exclusively.”) The
two amide groups of 1-H, seem to be essential for the
formation of complexes such as [(1),Fe,(OH),]*.[%]

Recently, the dicatechol ligands 3-H,, which bear an
amino acid residue in the spacer, were introduced. The amino
acid is linked by one amide unit to a catechol and by a second
unit to a 2,3-dihydroxybenzyl group.®! Similar dicatechol
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Scheme 1. Synthesis of the complexes.

ligands were used for the formation of triple-stranded
helicates.[* % 101

Previously, we reported that the phenlyalanine-bridged
derivative 3¢-H, reacts with titanium(1v) ions in methanol to
form a double-stranded complex [(3¢),Ti,(OCHj;),]*~. By neg-
ative ESI-MS, it could be shown that triple-stranded helicates
are present only as minor traces. The composition of the
obtained mixtures of diastereoisomers and regioisomers
depends on kinetic or thermodynamic control of the reaction
conditions. The X-ray structure of one isomer of [(3¢),Ti,-
(OCH,;),]*~ was described previously.['!]

We present herein the coordination chemistry of ligands
3a-e-H, with titanium(1v) ions. The formation and character-
ization of the dinuclear complexes [(3),Ti,(OR),]*>" is descri-
bed. A conformational analysis of the amino acid residues of
the solid-state structures of [(3b),Ti,(OH),]*~, [(3¢),Ti,-
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(OCH,),J*, [(3d),Ti,(OH),J*,
and [(3e)(3¢’)Ti,(OCHs;),])* al-
lows us to draw conclusions
about the preference of some
regio- and stereoisomeric coor-
dination compounds, and on
the transfer of chiral informa-
tion between peptide-like li-
gand strands and complex
units'[L), 12, 13]

[Fes(1)2(0H)1*

Results and Discussion

The amino acid bridged ligands
3a-e-H, were prepared from
2,3-dimethoxybenzoic acid, L-
amino acid, and 2,3-dimethoxy
benzylamine as described ear-
lier.4]

Two different procedures
were used for the formation of
complexes M,[(3),Ti,(OCH,;),]
(M =alkali metal): 1) Kinetic
control of the reaction condi-
tions: Ligand 3-H,, [TiO-
(acac),] (1 equivalent each;
acac = acetylacetonate) and al-
kali metal carbonate (0.5 equiv-
alent) are dissolved in degassed
methanol and stirred under ar-
gon for 16 h. The solvent was
evaporated. If necessary, side
products were removed by fil-
tration of a methanol solution
over Sephadex-LH?20; 2) Ther-
modynamic control of the reac-
tion conditions: The same pro-
tocol as for kinetic control is
used, but the mixture is heated
for 16 h under argon.

Complexes M,[(3),Ti,-
(OCH;),] M =Li, Na, K) are

formed as red solids. For the compounds that contain alanine
in the spacer M,[(3b),Ti,(OCHj;),], no correct elemental
analysis was obtained. However, the complex could be
characterized by ESI-MS and an X-ray structural analysis of
one isomer was obtained.

Negative ESI mass spectrometric investigations: The ESI-MS
spectrometric results for [(3¢),Ti(OCHj;),]*~ were published
previously.'!l For the alanine derivative, signals of the double-
stranded complex [(3b),Ti(OCHs;),]*>~ are observed at m/z 865
(Na[(3b),Ti(OCHj;),]") and 422 ([(3b),Ti(OCHj;),]*).
Figure 1 shows representative examples of the negative
ESI-MS spectra of the glycine- (Li,[(3a),Ti,(OCH,),], (Fig-
ure 1a)), alanine- (Li,[(3b),Ti,(OCHs;),], (Figure 1b)), leu-
cine- (Li,[(3d),Ti,(OCHj;),], (Figure 1c)), and valine-bridged
complexes (Li,[(3e),Ti,(OCHs;),], (Figure 1d)) in methanol.
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Figure 1. Negative-ion ESI-MS (methanol)
Li,[(3e),Ti,(OCH;),] (d).

parallel

spectra of Li,[(3a),Ti,(OCH;),] (a),

Li,[(3b),Ti,(OCH;),] (b), Liy[(3d),Ti,(OCH;),] (c) and

antiparallel

non-
helical
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Figure 2. Schematic representation of the seven possible isomers of dinuclear double-stranded complexes [(3a—e),Ti,(OCH;),]?>". The relative orientation
of the directional ligands and the stereochemistry at the complex units are indicated. I-III possess a non-helical and I'V - VII possess a helical arrangement of

the ligands.

For all four complexes, two dominating peaks are detected,
which correspond to the dianion [(3),Ti,(OCH;),]>~ (m/z 407
(a), 421 (b), 463 (d), 449 (e)) and the monoanion
Li[(3),Ti,(OCHs;),|~ (m/z 821 (a), 849 (b), 934 (d), 906 (e)).

The observed isotopic pattern of the peaks is in accordance
with those obtained by calculation.

NMR spectroscopic investigations: Derivatives 3a—e-H, are
directional ligands,!™! for which one of the metal binding sites
is attached to the N terminus of the amino acid and the other
is attached to the C terminus. Thus, in a double-stranded
dinuclear complex [(3),Ti,(OCH,),]>", the ligands can adopt a
parallel or an anti-parallel orientation. Furthermore, due to
the chirality at the metal complex units, seven isomers I- VII
can be expected: three non-helical (I-IIT) and four helical
(IV-VII) (Figure 2).14

3968

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

In case of the achiral glycine-bridged derivatives [(3a),Ti,-
(OCH;),]*, the isomers I/IL, IV/V, and VI/VII are enantio-
meric pairs. Thus, up to four sets of signals are expected for
the NMR spectrum of Li,[(3a),Ti,(OCHs;),]. However, due to
an overlap of the signals, the proton NMR spectrum cannot be
unambiguously interpreted. On the other hand, the 3C NMR
of Li,[(3a),Ti,(OCH,),] shows only two sets of major isomers
in a 1:1 ratio. According to earlier observations,'!! these two
isomers are expected to be the non-helical (I/II and III)
isomers. Model considerations on a semiempirical level
(Spartan Plus, PM3) indicate that, in the helical isomers (I-
IV), two of the four hydrogen bonds between amides and
internal catechol-oxygen atoms have to be broken. In the non-
helical isomers (I-III), four strong hydrogen bonds can be
formed, which lead to an enhanced stability and a thermody-
namic preference of the non-helical isomer compared with the
helical isomers.!']

0947-6539/01/0718-3968 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 18





Amino Acid Bridged Dicatechol Titanium(1v) Complexes

3966-3975

Substituents at the ligands with chiral amino acids in the
spacer 3b-e-H, lead to dinuclear complexes [(3b-e),-
Ti,(OCHs;),]*, in which isomers I/II, IV/V, and VI/VII are
diastereomeric pairs. Isomers I, II, and I'V- VII possess a C,
symmetry axis. Non-helical isomer III is unsymmetric. There-
fore up to eight sets of signals are expected for the mixture of
isomeric complexes [(3b-e),Ti,(OCHj;),]*".

In the case of the phenylalanine-derived complex
[(3¢),Ti,(OCH;),]*~, we were able to observe all seven of he
possible isomers with the use of a benzylic CH,N proton of the
ligand as an NMR probe.l''] For the L-alanine derivative
[(3b),Ti,(OCHs;),]*~, 'H and '3C NMR spectra were obtained
in [D,]Jmethanol, but could not be interpreted.

Only four isomers were detected for [(3d),Ti,(OCH;),]*~
and [(3e),Ti,(OCHj;),]*>~. However, the NMR spectra of the
complexes obtained under kinetic control were very compli-
cated, while the spectra (especially the *C NMR spectrum) of
the mixtures formed under
thermodynamic control were
very informative. Only three
species, one of which domi-
nates, were present.

In Figure 3, the change of
the isomer ratio is shown with
the help of a diagnostic
aromatic resonance (dd) of
[(3d),Ti,(OCHs;),]*" as a repre-
sentative example. After 13
days, only one major and one
minor species were detected,
along with traces of two other
isomers. The observation of
only one double doublet for
the proton of each of the iso-
mers excludes the presence of
unsymmetric isomer (III) in the
“final” mixture.

X-ray structures of K,[(3b),-
Ti,(OH),] -5DMF-3H,0, K,-
[(3d),Ti,(OH),]-6DMF, and
Na,[3e)(3¢)Ti,(OCH,),] -
6DMF - diethyl ether: The
X-ray structure of Li,[(3¢),Ti,(OCHj;),]-4DMF-2H,0 was
reported earlier.'l In the solid state, structure III, with
opposite orientation of ligands 3¢, is observed for dianion
[(3¢),Ti,(OCHs;),]* (Figure 4).

[(3€)(3¢)Ti(OCH;),]*.

K,[(3b),Ti,(OH),] -5 DMF -3 H,O: The alanine-bridged com-
plex K,[(3b),Ti,(OH),] crystallizes in the orthorhombic space
group P2,2,2,. Because the crystals of K,[(3b),Ti,(OH),] were
of poor quality, only a poor X-ray structures (R=15.9) was
obtained. Two u-hydroxy groups and two titanium(iv) ions
form a dimeric central four-membered [Ti(u-OH)], ring.[”
The two ligands 3b bridge the two titanium(v) centers and are
orientated parallel to each other. The complex unit at the “N
terminus” of the L-alanine-bridged ligands is A1- and the unit
at the “C terminus” is A-configurated. Thus, the “side-by-
side”B 8 jsomer I is observed (Figure 4).
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Figure 3. Part of the 'TH NMR spectrum ([D,]Jmethanol) of the complex
[(3d),Ti,(OCH;),]* that shows the presence of four different isomers in
the mixture which was produced under kinetically controlled reaction
conditions. Within 13 days, it is transformed into the “thermodynamic”
product mixture.

[(3e)(3e)Tio(OCH,),1*

Figure 4. Solid-state structure of dianions [(3¢),Ti,(OCHs;),]>~,l'"! [(3b),Ti,(OH),>~, [(3d),Ti,(OH),]*", and

K,[(34d),Ti,(OH),] -6 DMF: The leucine-bridged derivative
K,[(3d),Ti,(OH),] -6 DMF crystallizes in the orthorhombic
space group P2,2,2, and was refined to R=0.076. For the
dianion of the leucine derivative [(3d),Ti,(OH),]>~ (Figure 4),
a related structure to the alanine-bridged complex [(3b),Ti,-
(OH),)*~ is observed. The two ligands 3d are orientated
parallel with one /l-configurated complex unit at the “N
terminus” and one A-configurated at the “C terminus” of the
strand. The two metal centers are bridged by two ligands 3d
and additionally by two hydroxy groups, which form a central
four-membered [Ti(u-OH)],-ring. Angles in this ring are Ti-
O-Ti 106.3°/105.7° and O-Ti-O 73.9°/74.1° with Ti—O distan-
ces of 1.978 to 2.000 A. The separation of the two metal
centers is 3.175 A. Both potassium cations of K,[(3d),Ti,-
(OH),] are hexacoordinate with a pseudooctahedral coordi-
nation geometry. Each of them is bound to the A-configurated

0947-6539/01/0718-3969 $ 17.50+.50/0 3969





FULL PAPER

M. Albrecht et al.

titanium complex moiety, which interacts with the terminal
catecholate oxygen atom of one ligand strand (K—O 2.711/
2.759 A) and with the internal catechol oxygen of the second
strand (K—O 2.855/2.912 A). Further, three DMF molecules
coordinate to each K* ion (K—O 2.610-2.829 A). A further
coordination site is filled by an amide oxygen atom at the “C
terminus” of a neighboring complex unit (K—O 2.647/
2.630 A). Thus, an infinite polymeric chain is formed in the
solid state (Figure 5).1%)

Figure 5. The polymeric structure of K,[(3d),Ti,(OH),]-6DMF in the
solid state.

Na,[(3e)(3€)Ti,(OCH;),] -6 DMF - diethyl ether: Only one
crystal of the valine-bridged complex which was suitable for
X-ray investigations was obtained. To our surprise, we did not
have the expected chiral complex Na,[(3e),Ti,(OCHs;),], but
the meso form Na,[(3e)(3€’)Ti,(OCH,),], which contains one
strand with the D-(3¢’) and one with the L-amino acid (3e).
We believe that only traces of this complex were formed,
because of minor amounts of racemization during the syn-
thesis of 3e-H,.!

The meso complex Na,[(3e)(3e")Ti,(OCHy;),] crystallizes in
the triclinic space group P1 with a center of inversion in the

3970
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molecule, which makes the two complex units and the ligand
strands equivalent by symmetry.

Dianion [(3e)(3€’)Ti,(OCH;),]>~ adopts a structure in
which the two metal centers are configurated oppositely.
The “N terminus” of the S-configurated ligand 3 e binds to the
complex unit which is A-configurated. The “unnatural” R-
configurated ligand 3 e’ is orientated in the opposite direction.
Each of the two oppositely configurated ligands 3e and 3e’
binds to both titanium(v) centers, which are additionally
bridged by two methoxy groups that form a central four-
membered (Ti-O-Ti-O) ring (angles: Ti-O-Ti 106.13°, O-Ti-O
73.87°; distances: Ti—O 1.995, 2.000 A, Ti—Ti 3.193 A).[”l

The two sodium cations are also equivalent by symmetry.
They possess a geometry that is close to a trigonal-bipyrami-
dal coordination geometry, binding to three DMF molecules
(Na—0 2.230-2.405 A) and to two of the amide oxygen atoms
at the N terminus of the amino acid residues (Na—O
2.267-2.400 A).

Conformational considerations: To understand the preferred
formation of some of the isomers I- VII under thermody-
namic control of the reaction, we have to consider the
conformational features of ligands 3a—e that bridge the metal
centers of the complexes [(3a—e),Ti,(OR),]*". Figure 6a
shows three parts a—c of ligands 3a—e that have different
influences on the formation and structure of the dinuclear
double-stranded complexes [(3a-e),Ti,(OR),]>":

a) 2,3-Dihydroxybenzoic acid is attached to the N terminus of
the central amino acid. When metal coordination occurs,
an intramolecular hydrogen bond is formed between the
amide NH and the internal catechol oxygen atom. This
leads to a very rigid, nearly planar catecholamide unit.!'> 2!
A measure for the deviation from planarity in the resulting
hydrogen-bridged six-membered ring is the dihedral angle
Q(N-C(0)-C(1);p50-C(2); Figure 6 a, Table 1). In the X-ray
structures of complexes [(3c-e),Ti,(OR),]*~, dihedral
angles of 2=—-8.95-8.95° were found. Only the ala-
nine-derived ligands 3b had somewhat larger angles of
Q=-1553 and —19.69° in complex [(3b),Ti,(OH),]*".
This shows that the catecholamide units are nearly planar,
with only slight deviations from planarity.

a) b)

O.\_ a

Figure 6. a) Presentation of amino acid bridged ligands 3a—e in the
dinuclear complexes [(3),Ti,(OR),]>~, showing the rigid catecholamide unit
a, the peptide-like spacer b, and the flexible benzylamide moiety c. b) A
small peptide chain which shows the analogy to the spacer of 3a—e. Q, @,
and ¥ define dihedral angles at the bonds marked by an arrow.
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Table 1. Dihedral angles @, ¥, and Q observed for the ligands 3b—e in the
solid-state structures of the complexes [(3b-e),Ti,(OR),]*".

(] (7] Q]
3b-(1) —80.66 225 —15.53
3b-(2) —85.29 —17.77 ~19.69
3c-(1) 80.53 30.69 6.00
3¢-(2) —115.11 5.8 -3.13
3d-(1) ~90.51 —2522 ~0.70
3d-(2) —88.84 ~20.97 ~6.39
(S)-3e —115.46 1337 —895
(R)-3¢' 115.46 —1337 8.95

b) The spacer of ligands 3a—e possesses some structural
relevance to a “dipeptide” unit (Figure 6b). Rigid, planar
parts are shown in bold lines, more flexible parts are
presented as thin lines. At the N terminus of the central
amino acid (glycine, alanine, phenylalanine, leucine or
valine), the rigid and planar catecholamide unit a is
attached. The conformation of the amino acid can be
described by Ramachandrans’ method with the use of the
dihedral angles @ and ¥.?>?4 At the C terminus of the
amino acid, 2,3-dihydroxybenzyl amine c is attached by an
amide linkage.

¢) Part c of the ligand can be compared with a glycine residue,

substituting the sp?-carbon atom of the C terminus by the
ipso-carbon atom of the catecholate moiety. The NH group
of the 2,3-dihydroxybenzyl amide of 3b-e is able to
undergo intramolecular hydrogen bonding interactions
with the internal catecholate oxygen atom of the benzyl
group. Owing to the conformational flexibility at the CH,
unit, this hydrogen bonding is not as strong as was
observed for catecholamide moiety a.?! Significant devia-
tion from planarity is found for the hydrogen-bridged six-
membered ring.
The angles @ and ¥, which are found in the X-ray
structures of [(3b-e),Ti,(OR),]*", are listed in Table 1, and
the corresponding Ramachandran plot>?4 is shown in
Figure 7.

150 4
100
‘._ﬁ.
50 "'J.."'f'd =g
1 o [vi X
‘)53 3e =
l,'}' D -r'
L ]
3c-(2) #_right-
50 4 ded T
) elix (R)-2e’
3b-{1,2)
<1009 3g1,2)
=150 1

1 I T T T
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o
Figure 7. Ramachandran plot for the dihedral angles @/¥ of the central
amino acid residues of 3b-e. The angles were obtained from the results of
the X-ray structural analyses. The dark gray regions represent highly
favored and the gray regions favored conformations of the amino acids.
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For the alanine- and leucine-bridged complexes [(3b),Ti,-
(OH),)*~ and [(3d),Ti,(OH),]*, the dihedral angles at the
central amino acid (@/¥) are found in a region of the
Ramachandran plot in which amino acid residues of peptides
with a right-handed helical conformation are usually ob-
served.l?> 24

In the case of phenylalanine derivative [(3 ¢),Ti,(OCHj;),]*~,
the two ligands 3¢ are orientated differently and adopt
different conformations. The conformation of the phenyl-
alanine of the one ligand strand, 3¢-(2), which is bound
through its catecholamide unit to the /1-configurated titanium
center, is between the regions of @/¥ values that are typically
found for right-handed helices and for sheet-structures. The
conformation might be best described as a twisted sheet with a
right-handed conformation.”® The other ligand strand, 3¢-(1),
coordinates with its catcholamide unit (N terminus) to the 4-
configurated titanium center. Dihedral angles (®/¥) are
observed in the region of a left-handed helical peptide.?’]

Typical conformations of amino acid residues of twisted
sheet-type peptide structures were found for the valine-
moieties of [(3e)(3€')Ti,(OCH;),]*. The S-configurated
ligand, (S)-3e, is attached through the catecholamide unit to
the A-configurated titanium center and adopts a right-handed
conformation that is close to that observed for the phenlyla-
lanine derivative, 3¢-(2). Due to the inversion symmetry
found in [(3e)(3€")Ti,(OCH;),]>", both ligands adopt a similar
conformation with opposite signs of the dihedral angles. (R)-
3¢’ binds with its N terminal catecholamide unit to the 4-
configurated titanium center and shows structural features of
a twisted left-handed sheet.

The data of the Ramachandran plot in Figure 7 can be
separated into two different sets: one with a right-handed
helical conformation (3b-(1,2), 3¢-(2), 3d-(1,2), and (S)-3e)
and one with a left-handed helical conformation (3¢-(1) and
(R)-3¢’) at the amino acid residue. The ligand strands with a
right-handed twist bind through their N-terminal catechol
moieties to /- and with their C terminus to A-configurated
complex units. For the ligands that possess a left-handed turn,
the situation is opposite to that of ligands with right-handed
turns.

Our perception is that the stereochemical communication
between the ligand spacer and the metal complex units occurs
through the very rigid N-terminal catecholamide unit. The
C-terminal binding site is more flexible, due to the sp-carbon
atom in the six-membered hydrogen-bonded ring. The devia-
tion from planarity of this unit in the X-ray structures shows
that this moiety is able to level out constraints that are built up
during complex formation.

What are the consequences of ligand strand conformations
on the specific formation of only a few of the isomeric
complexes I- VII [(3a-e),Ti,(OR),[>?

1) As discussed before, helical structures IV - VII should be
disfavored compared with non-helical structures I-1III, due to
reduced stabilizing hydrogen bonding interactions.''l As
expected, only X-ray structures of non-helical isomers were
obtained.

2) Our conformational considerations with the use of
Ramachandrans method? indicate that a /-configuration at
the N-terminal complex unit induces a right-handed confor-
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mation of the amino acid. Consequently, a left-handed twist is
induced by a 4 configuration at the N terminus. However, the
left-handed conformation is unfavorable for L-amino acid
residues, due to the steric interaction with the peptide
backbone.?!

This indicates that, in the favored isomer of the double-
stranded complexes [(3b-e),Ti,(OR),]*-, both ligand strands
adopt a right-handed conformation. However, this is only
possible if both ligand strands are orientated parallel and bind
with their N-terminal catechol unit to a -configurated
titanium complex unit. Therefore, nonhelical isomer I, as it
was found in the X-ray structures of [(3b),Ti,(OH),]*~ and
[(3d),Ti,(OH),]*~, should be the thermodynamically favored
isomer. Consequently, isomer III, which was found in the
X-ray structure of [(3¢),Ti,(OCHj;),]*~, is not thermodynami-
cally favored, as already shown by NMR spectroscopy.['!!

For meso complex [(3e)(3¢€’)Ti,(OCH,),]*, the thermody-
namically preferred isomer with antiparallel orientation of the
ligands is observed in the solid state. Both amino acid residues
possess the favored right-handed ((S)-3e) or left-handed ((R)-
3e’) conformation.

Due to the lack of an a-substituent, there is no preference
for the left- or right-handed conformation in the case of the
glycine-bridged ligand 3a. This does not lead to a thermody-
namic preference of one of the possible non-helical re-
gioisomers I/II or III, which gives an explanation for the
observation of two dominating species (1:1 ratio ) in the
13C NMR spectrum of [(3a),Ti,(OCH,),]*".

Conclusion

Directional dicatechol ligands 3a—e-H, that possess amino
acid residues in the spacer form double-stranded dinuclear
titanium(1v) complexes M,[(3a-e),Ti,(OR),] with additional
coligands present. Due to the unique conformational features
of the amino acids and due to the stereochemical information
embedded in the ligands and the complex units, a specific
formation of only a few of the possible stereo- and regioisom-
ers is observed. Conformational considerations indicate a
coupling of the chirality at the complex units with the
conformation of the amino acid residues. The presented
results thus indicate that nonhelical isomer I, with two ligand-
strands orientated parallel and binding with their N-terminal
binding site to a /-configurated complex unit, is the
thermodynamically favored species, when chiral ligands
3b-e-H, are used (Figure 8).

The titanium-bound coligands x-OR™ are fixed in a pocket
of amino acid residues and thus might act as a very simple
artificial structural model for the binding of substrates in
metalloenzymes. However, there is no functional similarity!

Experimental Section

General remarks: 'H and *C NMR spectra were recorded on a Bruker
DRX 500 NMR spectrometer. FT-IR spectra were recorded on a Bruker
IFS spectrometer. The UV/Vis spectra were measured with a Perkin Elmer
Lambda 2 spectrometer. Negative-ion ESI MS spectra were taken on a
Bruker Bioapex Il FTMS equipped with a 7 Tesla magnet. Elemental
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[Tip(3)s*
Figure 8. Thermodynamically favored isomer I of the double-stranded
dinuclear complexes [(3b-¢),Ti,(OR'),]>~.

analyses were obtained with a Heraeus CHN-O-Rapid analyzer. Ligands
were prepared as described in reference [8]

Data sets were collected with a Nonius KappaCCD diffractometer,
equipped with a rotating anode generator Nonius FR591. Programs used:
data collection COLLECT (Nonius B.V., 1998), data reduction Denzo-
SMN,®! absorption correction SORTAV,? structure solution SHELXS-
97271 structure refinement SHELXL-97, (G.M. Sheldrick, Universitit
Géttingen, 1997) graphics SCHAKAL.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication nos. CCDC-149451,
CCDC-160958, and CCDC-160959. 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).

General procedures for the preparation of complexes M,[(3),Ti,(OCHj;),]
(M =Li, Na and/or K): 1) Kinetic control of the reaction conditions: In a
typical experiment, ligand 3-H, (1 equiv, ca. 20-50 mg), [TiO(acac),]
(1 equiv; acac = acetylacetonate) and M,CO; (0.5 equiv) are dissolved in
degassed methanol (30 mL) and are stirred under argon for 16 h. Solvent
was evaporated and a red-orange solid remained. The crude product can be
purified by filtration over Sephadex-LH20 (methanol). 2) Thermodynamic
control of the reaction conditions: A similar experiment is performed with
heating of the mixture for 16 h under argon.

Li,[(32),Ti,(OCHj;),]: '"H NMR ([D,]methanol, 500 MHz): 6 =73-7.0 (£
1H), 6.6-6.2 (£ 5H), 4.71-4.65 (m, 1H), 4.61-4.45 (m, 1H), 4.18-4.01
(m, 1H), 3.82-3.72 (m, 1H); ¥C NMR ([D,]methanol, 125.8 MHz, two
dominating sets of signals): 0 =172.4 (C), 172.1 (C), 169.4 (C), 169.1 (C),
161.1 (C), 160.8 (C), 160.7 (C), 160.3 (C, double intensity), 160.1 (C), 159.2
(©),159.0 (C), 120.8 (CH), 120.6 (CH, two signals), 120.3 (CH), 119.8 (CH),
119.4 (CH), 119.1 (CH), 119.0 (C, double intensity), 118.8 (CH), 115.9 (C),
115.5 (C), 115.3 (CH), 114.9 (CH), 111.8 (CH), 111.6 (CH), 44.1 (CH,), 43.8
(CH,), 43.2 (CH,), 43.1 (CH,); negative-ion ESI MS (methanol): m/z 407
([(3a),Ti,(OCH;),]*), 821 (Li[(3a),Ti,(OCHs),]7); elemental analysis
caled (%) for C3HsLi,N,O,Ti,- 14H,0: C 3779, H 5.41, N 5.19; found:
C 37.67, H 5.03, N 5.03.

Li,[(3b),Ti,(OCH;),]: 'H NMR ([D,]methanol, 500 MHz): 6 =7.19, 7.13 -
702 (2 m,X 1H), 6.6-6.4 (m, 4H), 6.28-6.24 (m, 1H), 477 (m, 1H), 4.46
(m, 1H), 4.22-4.08 (m, 1 H), 1.66—-1.59 (m, 3H); 3C NMR ([D,]methanol,
125.8 MHz): 6 =175.9, 175.6, 175.3, 170.1, 169.8, 169.7, 168.8, 168.5, 162.2,
161.3,161.0, 160.7, 160.6, 160.4, 160.2, 160.1, 160.0, 159.9, 159.8, 159.3, 159.2,
159.0,120.8, 120.6, 120.4,119.9,119.4,119.1,118.8, 118.5, 118.3, 118.1, 118.0,
1179,117.7,117.3, 115.9, 115.5, 115.3, 115.2, 115.1, 115.0, 114.9, 114.8, 114.6,
114.2, 111.8, 111.6, 111.4, 44.8, 44.5, 44.3, 44.0, 19.8, 19.3, 19.2, 19.0, 18.8,
18.3; negative-ion ESI MS (methanol): m/z 421 ([(3b),Ti,(OCHj;),]*"), 849
(Li[(3b),Ti,(OCHj;),]7); Liy[(3b),Ti,(OCH;),] could not be obtained in
analytically pure form.

Na,[(3b),Ti,(OCHj;),]: Negative-ion ESI MS (methanol): m/z 422
([(3b), Ti(OCH,),J"); 865 (Na[(3b),Ti(OCH;),]"); Na,[(3b),Ti,(OCH,),]
could not be obtained in analytically pure form.
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K[ (3b),Ti,(OCH,;),]: X-ray quality crystals were obtained by crystalliza-
tion from wet DMF/diethyl ether. X-ray crystal structure analysis of
K,[(3b),Ti,(OCHs),]: formula C;3H;N,0,,K,Ti,-6 C;H;NO -2 H,0, M, =
1367.23, red crystal 0.15 x 0.10 x 0.05 mm, a =13.364(1), b =19.113(1), c =
25204(1) A, V=64378(6) A3, peeg=1.411 gem=3, p=4.58 cm~!, no ab-
sorption correction (0.934 < 7<0.977), Z =4, orthorhombic, space group
P2,2,2, (no. 19), 1=0.71073 A, T=198 K, w and ¢ scans, 8179 reflections
collected (+h, £k, +1), [(sinf)/A]=0.54 A1, 8179 independent (R;, =
0.000) and 5703 observed reflections [/>20(/)], 383 refined parameters,
R=0.159, wR?=0.379, maximum residual electron density 0.88
(—0.55) e A3, poorly diffracting crystals. Analysis was performed to
confirm the ’chemistry’ of the formed complex. Only Ti, K, and the
bridging oxygen atoms were refined with anisotropic thermal parameters,
all other atoms were refined with isotropic thermal parameters. Severe, not
refined disorder in some of the DMF molecules, hydrogens at N, O, and the
solvate water molecules could not be located, other hydrogens were
calculated and refined as riding atoms.

K,[(3¢),Ti,(OCH,;),]: Yield: 36 mg (49%) as an orange solid: 'H NMR
([D,]methanol, 500 MHz, two major species A and B): 6 =9.91,9.70 (2 x d,
S=1H, ratio: 025 (/=92 Hz, B):1.0 (/=9.5 Hz, A), 745-6.94 (m, 6H),
6.67-6.17 (m, 5H), 5.08—-4.97 (m, 1 H), 4.54,4.15, 4.49,4.27,4.46,4.17, 4.43,
4.01, 411 (4x2d, 1xd, £=2H, ratio: 025 (J=14.8Hz, B):0.04 (/=
15.2 Hz):1.0 (J=14.1 Hz, A):0.04 (J =14.5 Hz)), 3.37 (m, 1 H, partly hidden
under the signal of the solvent), 3.13 (m, 1H); C NMR ([D,]methanol,
125.8 MHz): 6 =174.2 (C, B), 173.8 (C, A), 169.2 (C, B), 168.9 (C, A), 160.9
(C, A), 160.8 (C, B), 160.7 (C, B), 160.6 (C, A), 160.4 (C, B), 160.3 (C, A),
159.3 (C, B), 159.1 (C, A), 138.9 (C, B), 138.6 (C, A), 130.5 (CH, A, double
intensity), 130.2 (CH, B, double intensity), 129.8 (CH, A, double intensity),
129.7 (CH, B, double intensity), 127.9 (CH, A), 127.8 (CH, B), 120.7 (CH,
A), 120.3 (CH, A), 119.2 (CH, A), 119.2 (C, A), 119.0 (CH, A), 115.6 (C,
A), 1153 (CH, A), 114.9 (CH, B), 111.9 (CH, B), 111.5 (CH, A), 56.5 (CH,
B), 56.2 (CH, A), 44.2 (CH,, B), 43.8 (CH,, A), 40.0 (CH,, B), 39.9 (CH,,
A); IR (KBr): 7=3415, 3062, 1646, 1542, 1251, 742 cm™'; UV/Vis
(methanol): 4., =192, 205, 278, 393 nm; elemental analysis calcd (%) for
C,sH, KoN,O Th, - 7TH,O: C 48.08, H 4.71, N 4.67; found: C 47.85, H4.71,N
4.53.

Na,[(3¢),Ti,(OCH;),]: Yield: 51 mg (73%) as a red solid: 'H NMR
([D,]methanol, 500 MHz): 6 =9.70 (d, 1H,J=9.5 Hz), 7.60 - 6.96 (m, 6 H),
6.65-6.18 (m, 5H), 5.13-4.99 (m, 1H), 4.56-4.39 (m, 1H), 4.31-3.99 (m,
1H), 3.37 (m, 1H, partly hidden under solvent signal), 3.15 (m, 1H);
3C NMR ([D,]methanol, 125.8 MHz): 6 =173.8 (C), 169.0 (C), 168.9 (C),
160.9 (C), 160.6 (C), 160.3 (C), 159.1 (C), 138.6 (C), 130.4 (CH, double
intensity), 129.8 (CH, double intensity), 127.9 (CH), 120.7 (CH), 120.3
(CH), 119.2 (CH), 119.0 (CH), 115.6, 115.6 (2 x C, ratio: 1 : 1), 115.3 (CH),
111.5 (CH), 56.3, 56.2 (2 x CH, ratio: 1 : 1), 43.8 (CH,), 39.9 (CH,); IR
(KBr): 7#=3396, 3061, 1641, 1536, 1252, 741 cm~'; UV/Vis (methanol):
Amax =192, 205, 277, 395 nm; negative-ion ESI MS (methanol): m/z 497
([(3¢);Ti(OCH),F ), 698 ([(3¢)sTi,Na, ), 1017 (Na[(3¢),Ti(OCHS),] ):
elemental analysis caled (%) for C,Hy,Na,N,0,,Ti,-7 H,O: C 4941, H
4.84, N 4.80; found: C 49.31, H 5.14, N 4.72.

Li,[(3¢),Ti,(OCH;),]: Yield: 45mg (64%) as a red solid: 'H NMR
([D,]Jmethanol, 500 MHz): 6 =991, 9.70 (2 xd, £=1H, ratio: 1.0 (/=
9.2 Hz):0.4 (/=9.5 Hz)), 749-6.91 (m, 6H), 6.62-6.12 (m, 5H), 5.03 (m,
1H), 4.48 (m, 1H), 4.28,4.27,4.25,4.17,4.15,4.09,4.01 (7 x d, £ =1H, ratio:
0.1 (J=14.8Hz): 0.4 (/=14.8 Hz):0.1 (/=14.8 Hz): 1.0 (/=14.5Hz, A):
0.5 (/=14.8 Hz, B):0.4 (/=14.8 Hz):0.1 (/=13.4 Hz)), 3.38 (m, 1 H, partly
hidden under solvent signal), 3.10 (m, 1H); *C NMR ([D,]methanol,
125.8 MHz): 6 =174.2 (C, B), 173.8 (C, A), 169.2 (C, B), 168.9 (C, A), 160.9
(C, A), 160.8 (C, B), 160.7 (C, B), 160.6 (C, A), 160.4 (C, B), 160.3 (C, A),
159.3 (C, B), 159.1 (C, A), 138.9 (C, B), 138.6 (C, A), 130.5 (CH, A, double
intensity), 130.2 (CH, B, double intensity), 129.8 (CH, A, double intensity),
129.7 (CH, B, double intensity), 127.9 (CH, A), 127.8 (CH, B), 120.7 (CH,
A), 1203 (CH, A), 119.2 (CH, A), 119.1 (C, A), 119.0 (CH, A), 115.6 (C,
A), 1153 (CH, A), 114.9 (CH, B), 111.9 (CH, B), 111.5 (CH, A), 56.5 (CH,
B), 56.2 (CH, A), 44.3 (CH,, B), 43.8 (CH,, A), 40.0 (CH,, B), 39.9 (CH,,
A); IR (KBr): 7=3370, 3062, 1636, 1518, 1258, 740 cm~'; UV/Vis
(methanol): 4,,,, = 192, 206, 276, 380 nm; negative-ion ESI MS (methanol):
m/z 497 ([(3¢),Ti,(OCH;),]*7), 1001 (Li[(3¢),Ti,(OCHs;),]"); elemental
analysis calcd (%) for C,sH,,Li,N,0,,Ti,-4H,0: C 53.35, H 4.66, N 5.18;
found: C 53.52, H 4.92, N 5.02.
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K[ (3d),Ti,(OCHj;),]: Yield: 30 mg (47%) as a orange solid: 'H NMR
([D4]methanol, 500 MHz): 6 =9.83, 9.68 (2 xd, Z=1H, ratio: 0.3 (/=
9.2 Hz): 1.0 (J=8.8 Hz)), 729, 724, 722, 7.19 (4 x dd, == 1H, ratio: 0.02
(J=81, 14Hz): 0.1 (J=8.1, 1.7Hz): 1.0 (J=8.1, 1.4 Hz): 03 (J=8.1,
1.4 Hz)), 6.62-6.23 (m, 5H),4.76,4.70 (2 x m, £ = 1 H), 4.56, 4.41, 4.16, 4.02
(4 xm, S=2H), 1.98 (m , 1H), 1.92-1.75 (m, 2H), 1.06, 1.02, 0.92, 0.88,
0.81 (5xm, S=6H); IR (KBr): #=3403, 3062, 1644, 1547, 1251, 740,
634 cm™!; UV/Vis (methanol): 4., =205, 278, 382, 398 nm; negative-ion
ESI-MS (methanol): m/z 463 ([(3d),Ti,(OCH;),]*"), 664 (K,[(3d);Ti,]*")
(traces), 928 (H[(3d),Ti,(OCH,),]"), 966 (K[(3d),Ti,(OCHj;),]"); elemen-
tal analysis calcd (%) for C,H,N,K,0,,Ti,-2.5H,0: C 48.05, H 4.90, N
5.34; found: C 48.03, H 5.30, N 5.34.

X-ray quality crystals of K,[(3d),Ti,(OH),] were obtained from wet DMF/
diethyl ether. X-ray crystal structure analysis of K,[(3d),Ti,(OH),]:
formula C,H,;,N,O,K,Ti,- 6 C;H,NO, M, =1415.35, red crystal 0.65 x
020x0.05mm, a=12.946(1), b=20246(1), c=27034(1)A, V=
7085.7(7) A3, pegea = 1327 gem™3, u=4.17 cm™!, no absorption correction
(0.773 < T<0.980), Z =4, orthorhombic, space group P2,2,2, (no. 19), A=
0.71073 A, T=198 K, w and ¢ scans, 9240 reflections collected (£h, £k,
+1), [(sin@)/2] =0.54 A-1, 9240 independent (R;,,=0.000) and 7082 ob-
served reflections (I>2 o(I)), 797 refined parameters, R =0.076, wR?=
0.187, maximum residual electron density 0.62 (—0.42) e A-3, two of the six
independent DMF molecules (091-C95, 0121 -C125) are heavily dis-
ordered, refined with isotropic thermal displacement parameters, hydro-
gens at N and O found from difference Fourier calculations, refined with
constraints (SADI), other hydrogen atoms were calculated and refined as
riding atoms.

Na,[(3d),Ti,(OCH;),]: Yield: 44 mg (70%) of a red solid: 'H NMR
([D,]Jmethanol, 500 MHz): 6 =9.84, 9.68 (2 xd, =1H, ratio: 04 (J=
8.8 Hz): 1.0 (J=9.2 Hz)), 772, 7.63 (2 x d, Z=1H, ratio: 0.8 (J=4.9 Hz):
1.0 (J=5.7 Hz)), 730, 725, 722, 719 (4 x dd, ==1H, ratio: 0.04 (J=79,
L6 Hz): 02 (J=8.1, 1.4 Hz): 1.0 (J=8.0, 1.6 Hz): 04 (J=8.0, 1.6 Hz)),
6.62—6.24 (m, SH), 478, 4.70 (2 x m, == 1H), 4.5, 4.41, 4.16, 4.02 (4 x m,
$=2H), 1.98 (m, 1 H), 1.92— 1.75 (m, 2 H), 1.06, 1.02, 0.92, 0.80 (4 x m, ==
6H); 3C NMR ([D,]Jmethanol, 125.8 MHz): 6 = 175.7 (C), 175.7 (C), 175.4
(C), 174.9 (C), 169.3 (C), 169.2 (C), 169.0 (C), 168.9 (C), 161.1 (C), 160.7
(C), 160.6 (C), 160.4 (C), 160.3 (C), 160.2 (C), 159.0 (C), 159.0 (C), 121.1
(CH), 120.7 (CH), 120.7 (CH), 120.5 (CH), 120.2 (CH), 119.9 (CH), 119.4
(CH), 119.2 (CH), 119.1 (CH), 118.8 (CH), 115.9 (C), 115.8 (C), 115.6 (C),
115.5(C), 115.2 (CH), 114.9 (CH), 112.3 (CH), 111.8 (CH), 111.5 (CH), 53.6
(CH), 53.5 (CH), 53.4 (CH), 53.2 (CH), 44.4, 443, 44.1, 439 (4 x CH,,
ratio: 0.2:0.4:1.0:0.1), 43.4 (CH,), 43.4 (CH,), 43.2 (CH,), 262, 26.1, 25.9,
25.7 (4 x CH, ratio: 1.0:0.4:0.1:0.2), 23.8 (CHj), 22.1, 21.8, 21.6, 21.5(4 x
CHj;, ratio: 0.1:0.04:1.0:0.4); IR (KBr): #=3393, 3063, 1642, 1546, 1252,
741, 635 cm~!; UV/Vis (methanol): 4,,,, =205, 278, 382, 395 nm; negative-
ion ESI-MS (methanol): m/z: 463 ([(3d),Ti,(OCH;),]*"), 647
(Na,[(3d);Ti,]>") (traces), 950 (Na[(3d),Ti,(OCH;),]|"); elemental analysis
caled (%) for Cy,HyNyNa,0,,Ti, - 3H,0: C 49.14, H 5.11, N 5.46; found: C
48.59, H 5.46, N 5.37.

Li,[(3d),Ti,(OCH;),]: Yield: 44 mg (72%) of a red solid: 'H NMR
([D4]methanol, 500 MHz): 6 =9.84, 9.68 (2 xd, Z=1H, ratio: 0.3 (/=
8.8 Hz): 1.0 (J=8.8 Hz)), 771, 7.62 (2 x d, S=1H, ratio: 0.3 (J=4.2 Hz):
1.0 (J = 6.0 Hz)), 729, 725, 722, 718 (4 x dd, ==1H, ratio: 0.02 (J=8.1,
1.8 Hz): 0.1 (J=8.1, 1.4 Hz): 1.0 (J = 7.8, 1.4 Hz): 0.3 (/ = 7.8, 1.4 Hz)), 6.62 —
6.22 (m, SH), 4.79, 470 (2 x m, T =1H), 4.55, 441, 4.16, 401 (4x m, ==
2H), 1.99 (m , 1H), 1.92—1.75 (m, 2H), 1.06, 1.02, 0.92, 0.81 (4x m, ==
6H); 3C NMR ([D,]methanol, 125.8 MHz, A and B indicate signals of the
two major species): 0 =175.6 (C, B), 175.3 (C, A), 169.2 (C, B), 168.9 (C,
A), 1611 (C, A), 160.7 (C, B), 160.6 (C, B), 160.4 (C, B), 160.3 (C, A), 160.2
(C, A), 159.1 (C, A), 159.0 (C, B), 120.7 (CH, A), 120.5 (CH, A), 119.9
(CH), 119.4 (CH, A), 119.2 (C, A), 119.1 (CH, A), 118.8 (CH), 118.6 (CH),
115.8 (C, A), 115.5 (C, B), 115.2 (CH, A), 114.9 (CH, B), 111.8 (CH, B),
1115 (CH, A), 53.4 (CH, B), 53.4 (CH, A), 44.3 (CH,, B), 44.1 (CH,, A),
434 (CH,, A), 432 (CH,, B), 26.2 (CH, A), 26.1 (CH, B), 23.8 (CH,, A),
23.7 (CHs, B), 21.6 (CHs, A), 21.5 (CH,, B); IR (KBr): # = 3403, 2958, 1647,
1559, 1252, 741, 636 cm™!; UV/Vis (methanol): A, =205, 277, 398 nm;
negative-ion ESI-MS (methanol): m/z: 463 ([(3d),Ti,(OCH;),]*"), 934
(Li[(3d),Ti,(OCHj;),]7); elemental analysis caled (%) for C,HyNLi,O14-
Ti,-4.5H,0: C 49.38, H 5.43, N 5.43; found: C 49.67, H 5.92, N 5.38.

K,[(3e),Ti,(OCH;),]: Yield: 30mg (46%) as a red solid: 'H NMR
([D4]methanol, 500 MHz): 6 =9.71, 9.56, 9.48, 9.38 (4 x d, Z=1H, ratio:
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0.6 (J=9.5Hz): 0.15 (/=9.5Hz): 1.0 (/=103 Hz): 0.1 (/=9.5 Hz)), 7.31,
727, 725, 722 (4xdd, £=1H, ratio: 0.1 (/J=14, 8.1Hz): 04 (J=14,
8.1Hz): 1.0 (J=1.6, 8.0Hz): 0.6 (J=1.6, 79 Hz)), 6.63-6.36 (m, 4H),
6.29-6.20 (m, 1 H), 4.78,4.69,4.62 (3 m,==1H), 446,441 2 x d,Z=1H,
ratio: 0.6 (/=143 Hz): 1.0 (/=14.3 Hz)), 4.18, 4.02 (d and dd, Z=1H,
ratio: 1.0 (/=15.0 Hz): 0.6 (/=3.2, 13.4 Hz)), 2.56, 2.47,2.35 3 xm, £=
1H, ratio: 1.0:0.6:0.4), 1.22, 1.19, 0.99 (3 x d, £=3H, ratio: 0.6 (/=71 Hz):
1.0 (/=7.1Hz): 04 (J=6.7 Hz)), 1.13, 1.11, 0.70 (4 x d, ¥=3H, ratio: 0.6
(/=71Hz): 1.0 (J=6.7Hz): 0.4 (J=71Hz): 0.1 (J=71Hz)); C NMR
([D,]methanol, 125.8 MHz): 6 =174.4 (C), 174.2 (C), 174.1 (C), 173.9 (C),
169.7 (C), 169.6 (C), 169.5 (C), 169.3 (C), 169.3 (C), 160.8 (C), 160.5 (C),
160.5 (C), 160.4 (C), 160.4 (C), 160.0 (C), 159.8 (C), 159.1 (C), 159.0 (C),
121.3 (C), 121.0 (CH), 120.7 (CH), 120.7 (CH), 120.5 (CH), 119.9 (CH),
119.4 (CH), 119.3 (C), 119.2 (C), 119.1 (CH), 118.8 (CH), 116.2 (C), 116.0
(CH), 116.0 (CH), 115.7 (CH), 115.7 (C), 115.5 (CH), 115.4 (CH), 115.0
(CH), 112.3 (CH), 111.9 (CH), 111.6 (CH), 60.4 (CH), 60.3 (CH), 59.8
(CH), 59.7 (CH), 59.4 (CH), 59.3 (CH), 44.0 (CH,), 43.5 (CH,), 31.9, 31.8,
31.5 (3 x CH, ratio: 0.6:1.0:0.4), 20.2, 20.1, 20.1, 20.0 (4 x CHj;, ratio:
0.6:1.0:0.1:0.4), 18.8, 18.3, 16.7, 16.6 (4 x CHj;, ratio: 0.6:1.0:0.4:0.1); IR
(KBr): 7=23403, 3066, 1644, 1547, 1251, 742 cm~'; UV/Vis (methanol):
Amax =206, 278, 405nm; negative-ion ESI-MS (methanol): m/z: 449
([(3€),Ti,(OCH;),)*), 938 (K[(3e),Ti,(OCH;),]7); elemental analysis
caled (%) for C4H,,N,K,0,,Ti,-4H,0: C 45.82, H 4.81, N 5.34; found: C
46.01, H 5.03, N 5.32.

Na,[(3¢),Ti,(OCH;),]: Yield: 47 mg (74%) of a red solid: 'H NMR
([D4]methanol, 500 MHz): 6 =9.71,9.56,9.48,9.38 (4 x d, = 1H, ratio: 0.5
(/=9.5Hz): 0.1 (/=9.5Hz): 1.0 (/=9.9 Hz): 0.2 (/=9.5 Hz)), 7.30, 7.27,
7.25,721 (4 x dd,Z=1H, ratio: 0.1 (/=1.8,8.1 Hz): 0.2 (/ =1.4,8.1 Hz): 1.0
(J=14, 8.1 Hz): 0.5 (/=1.8, 7.8 Hz)), 6.69-6.35 (m, 4H), 6.30-6.19 (m,
1H), 4.78, 4.70, 4.61 (3 x m, 2=1H), 4.45, 4.40, 4.36 (3 x d, Z=1H, ratio:
0.5(/=13.1Hz): 1.0 (/=14.1Hz): 02 (/=13.4 Hz)),4.18,4.02 2 x m, 2=
1H),2.51,2.47,2.34 (3 x m, £=1H, ratio 1.0:0.5:0.2), 1.22, 1.19,0.99 (3 x d,
2 =3H, ratio: 0.5 (/=6.7 Hz):1.0 (/ =6.7 Hz): 0.2 (J=7.1 Hz)), 1.12, 1.11,
0.67 (3 xd, 1 xm, Z=3H, ratio: 0.5 (/=6.7 Hz): 1.0 (/=71 Hz): 0.2); IR
(KBr): 7=23403, 3066, 1649, 1547, 1251, 741 cm~'; UV/Vis (methanol):
Amax =205, 278, 404 nm; negatve-ion ESI-MS (methanol): m/z: 449
([(3€),Ti,(OCHj3),]*"), 626 (Na,[(3e);Ti,]*") (traces), 900 (H[(3e),Ti,-
(OCHs),]7), 922 (Na[(3e),Ti,(OCHj;),]); elemental analysis caled (%)
for C,yH;,NNa,O,,Ti,-4H,0: C 4726, H 4.96, N 5.51; found: C 4729, H
5.38, N 5.72.

One X-ray quality crystal of Na,[(3e)(3¢’)Ti,(OCHj;),] was obtained from
wet DMF/diethyl ether. X-ray crystal structure analysis of Na,[(3e)(3€’)-
Ti,(OCHj;),]:  formula C,H,N,O,Na,Ti,-4CH,NO-CH,;,0, M,=
1311.06, red crystal 0.25 x 0.20 x 0.10 mm, a =9.088(1), b =13.638(1), c=
14.696(1) A, a =112.01(1), f=96.52(1), y =100.59(1)°, V=1626.3(2) A3,
Peaca= 1339 gem =3, u=3.33 cm™!, empirical absorption correction by
SORTAYV (0.921 < T<0.967), Z =1, triclinic, space group PI (no. 2), A=
0.71073 A, T=198 K, w and ¢ scans, 17033 reflections collected (£ 4, +k,
+1), [(sinf)/A] =0.66 A1, 7615 independent (R;,=0.043) and 5403 ob-
served reflections (I>20(I)), 457 refined parameters, R=0.060, wR? =
0.136, maximum residual electron density 0.56 (—0.42) e A-3. One of the
two independent DMF molecules is disordered, and was refined with
geometrical split positions in a ratio of 0.70:0.30(1); the ether molecules is
also disordered in a ratio of 0.70:0.30(1). Atoms of this molecule were
refined with common isotropic thermal displacement parameter, hydrogen
atoms calculated and refined as riding atoms.

Li,[(3¢),Ti,(OCH;),]: Yield: 54 mg (88%) as a red solid: 'H NMR
([D4]methanol, 500 MHz): 6 =9.71, 9.56, 9.48, 9.38 (4 x d, £=1H, ratio:
0.6 (/=9.5Hz): 0.05 (/=10.2 Hz): 1.0 (/ =9.9 Hz): 0.1 (/=9.2 Hz)), 7.31,
727, 725, 721 (4xdd, Z=1H, ratio: 0.1 (/J=14, 8.1Hz): 0.3 (/J=14,
8.1Hz): 1.0 (/=14, 81Hz): 0.6 (/=1.8, 8.1 Hz)), 6.63-6.36 (m, 4H),
6.30-6.14 (m, 1H), 4.78, 4.69, 4.62 (3 m, = =1H), 4.45, 4.40, 4.35, 4.26 (4 x
m,2=1H),4.18,4.10,4.02 (4 x m,X=1H),2.52,2.47,2.34 (3 x m,2=1H,
ratio: 1.0:0.6:0.3), 1.24, 1.22, 1.00 (4 x d, £=3H, ratio: 0.1 (/=6.7 Hz): 0.6
(/=6.7Hz): 1.0 (/=6.7Hz): 0.3 (/=6.7 Hz)), 1.12, 1.11, 1.00 3 x d, ==
3H, ratio: 0.6 (/=6.4 Hz): 1.0 (/=6.7Hz): 0.3 (/=71Hz)); BC NMR
([D4]methanol, 125.8 MHz, A corresponds to the dominating isomer): 6 =
174.4 (C), 174.2 (C), 173.9 (C, A), 169.6 (C), 169.5 (C), 169.3 (C, A), 160.8
(C, A), 160.5 (C), 160.4 (C, A), 160.4 (C), 160.1 (C, A), 159.8 (C), 159.1 (C,
A),159.0 (C), 121.0 (CH, A), 120.7 (CH), 120.7 (CH), 120.5 (CH, A), 120.0
(CH), 119.4 (CH, A), 119.3 (C, A), 119.2 (C), 119.1 (CH, A), 118.8 (CH),
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1162 (C), 1159 (C, A), 115.7 (C), 115.5 (CH, A), 115.4 (CH), 115.0 (CH),
112.3 (CH), 111.9 (CH), 111.6 (CH, A), 60.2 (CH), 59.7 (CH, A), 59.2 (CH),
44.0 (CH,), 43.5 (CH,, A), 31.9 (CH), 31.8 (CH, A), 31.6 (CH), 20.2 (CHj),
20.1 (CH,, A), 20.0 (CH,), 18.8 (CH,), 182 (CH,, A), 16.7 (CH,); IR
(KBr): 7=23403, 2964, 1642, 1528, 1252, 741 cm~!; UV/Vis (methanol):
Amax =205, 277, 399 nm; negative-ion ESI-MS (methanol): m/z: 449 ([(3e),-
Ti,(OCH;),]*), 900 (H[(3e),Ti,(OCH,),]"), 906 (Li[(3e),Ti,(OCH,),]");
elemental analysis caled (% ) for C,yH,,N,Li,O,,Ti, - 6 H,O: C 47.08, H 5.33,
N 5.49; found: C 47.31, H 5.63, N 5.28.
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Highly Efficient Synthesis of Peptide — Oligonucleotide Conjugates:
Chemoselective Oxime and Thiazolidine Formation**

Damien Forget, Didier Boturyn, Eric Defrancq,* Jean Lhomme, and Pascal Dumy!?!

Abstract: A convergent strategy for the
synthesis of peptide —oligonucleotide
conjugates (POC) is presented. Chemo-
selective ligation of peptide to oligonu-
cleotide was accomplished by oxime and

tion was achieved by coupling a peptide,
acylated with a cysteine residue, to an
oligonucleotide that was derivatised by
an aldehyde function. For both ap-
proaches, the conjugates were obtained

in good yield without the need for a
protection strategy and under mild
aqueous conditions. Moreover, the ox-
ime ligation proved useful for directly
conjugating duplex oligonucleotides.

thiazolidine formation. Oxime conjuga-
tion was performed by treating an oxy-
amine-containing peptide with an alde-
hyde-containing oligonucleotide or vice
versa. Ligation by thiazolidine forma-

jugation
peptides

Introduction

The use of oligonucleotides (ODN) for the inhibition of gene
expression represents an attractive therapeutic approach.
Oligonucleotides can target mRNA (antisense strategy),
double stranded DNA (triple-helix strategy) or proteins
(aptamer strategy). However, a number of hurdles have to
be overcome. Cell-specific delivery, cellular uptake efficiency,
stability against nucleases, intracellular distribution and target
affinity constitute the main properties required for a ther-
apeutic oligonucleotide approach.ll A number of chemically
modified oligonucleotides have been prepared for these
purposes. These include modification of the backbone (i.e.,
phosphorothioate analogues, PNA...), modification of the
sugar (i.e., 2’-O-alkylated sugar, a-nucleoside...) and attach-
ment of a variety of reporter groups at the 3 or 5
extremities.?!

In this context, peptide — oligonucleotide conjugates (POC)
have received considerable attention as they can deliver a
large spectrum of properties to oligonucleotides, such as

[a] Dr. E. Defrancq, D. Forget, Dr. D. Boturyn,
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LEDSS, UMR CNRS 5616, Université Joseph Fourier
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[**] Abbreviations: Aloc = allyloxycarbonyl, Boc = t-butyloxycarbonyl,
DIEA = diisopropylethylamine, EDT = ethanedithiol, Fmoc = 9-fluo-
renylmethyloxycarbonyl, MBHA = p-methylbenzylhydrylamine,
Pmc =2,2,5,7,8-pentamethylchroman-6-sulfonyl, PyBOP = benzotri-
azol-1-yl-oxy-tris-pyrolidino-phosphoniumhexafluoro phosphate,
TIS = triisopropylsilane, Trt = trityl.
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Combined with molecular biology tools,
this methodology opens up new pros-
pects for post-functionalisation of high-
molecular-weight DNA structures.

enhancement of cellular uptake, improvement of nuclear
localisation or an increase in affinity for the DNA or RNA
target.B!

Different methods for the preparation of peptide —oligo-
nucleotide conjugates have been described.’] Some have been
prepared successfully by stepwise solid-phase synthesis.
However, the standard chemistry required for peptide and
DNA synthesis is not fully compatible; this greatly limits the
scope of this approach.> 4 Therefore, the fragment-coupling
approach has emerged as a more general, suitable strategy. It
involves separate preparation of the peptide and of the
oligonucleotide, and subsequent coupling of the two purified
moieties. Various linkages, such as disulfide,”! maleimide,
thioether” and amidel® have been used for this purpose.

Although many methods of conjugation have been success-
fully exploited, they still present drawbacks that restrict their
general applications. For instance, the major problem in using
thiol- or amine-based chemistry for conjugation is the lack of
regiospecific ligation upon reaction with peptides that contain
multiple cysteine or lysine residues. To circumvent these
limitations, the development of more selective and efficient
reactions, as well as easier procedures and work up, is still of
great interest. Ideally, the conjugation should take place
between fully unprotected peptides and oligonucleotides, with
minimal chemical manipulation and under physiological
conditions, thus allowing single-step synthesis of various
conjugates. Considering these criteria, we investigated the
use of two new linkages: the oxime linkage and the
thiazolidine linkage. Both have been used efficiently for the
chemical ligation of peptides” and for the conjugation of
peptides with carbohydrates.'” The high efficiency and
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selectivity of the aminooxy —aldehyde coupling reaction has
been demonstrated by using this reaction for the determi-
nation of very low amounts of carbonyl derivatives in water
and ice,l'1 as well for the quantification of abasic sites in
DNA..[?l This methodology has been extended to the labelling
of oligonucleotides and RNA,®l and to the anchoring of
oligonucleotides on polymer supports.['¥

In this paper, the preparation of peptide —oligonucleotide
conjugates by oxime bond formation (i.e., reaction between
an aldehyde and an oxyamine) and thiazolidine formation
(i.e., reaction between an aldehyde and a 1,2-aminothiol) is
described (Scheme 1). For this purpose, an aldehyde and an

Ligation through oxime linkage

(Fepie }-x

X = ONH,, CHO
Y = CHO, ONH,

—» [Peptide J~ v~~~ Oligo |

y = O-N=CH- or CO-CH=N-O

Ligation through thiazolidine linkage

NH, © S
szH H > [Peptide HNJ—{TQO]
H

Scheme 1. Strategy for POCs synthesis by using oxime and thiazolidine
linkages.

aminooxy function were incorporated into the oligonucleo-
tide module at the 5'-extremity, while the peptide module
carried the corresponding complementary function; that is,
the aminooxy or the 1,2-aminothiol for reaction with the
aldehyde oligonucleotide, or the a-N-glyoxylyl for reaction
with the aminooxy-containing oligonucleotide (Scheme 1).
The interest of this new approach is emphasised by using two
biologically relevant peptides: a) a cyclopentapeptide con-
taining an arginine-glycine-aspartic acid tripeptide motif
(RGD), which is known to be a powerful and selective ligand
of the a3, integrin receptor.[]

Such peptides have been stud-

ied for tumour targeting!' as

well as for DNA delivery;l'”!

and b)a nuclear localisation OH

signal sequence (NLS): the ba-
sic  peptide APKKKRKV
which is derived from the sim-
ian virus 40 antigen. The syn-
thesis of oligonucleotides carry-
ing this NLS sequence has been
recently described, and the hy- o
bridisation properties of the
conjugates with the comple-
mentary strand have been stud-
ied.'®! A cytomegalovirus luci-
ferase-NLS gene containing
this sequence has also been
recently prepared for transfec-
tion into cells.'”]

HO 0

Chem. Eur. J. 2001, 7, No. 18

H O«P\o/wBase B —— HO

6a:Base =T, R' = TTTTTTT

6b: Base = C, R' = GCACACACGC
Scheme 2. Preparation of aldehyde-containing oligonucleotides 6a and 6b. a) 4-methoxybenzaldehyde dimethyl
acetal, PPTS; b) 2-cyanoethyldiisopropylchlorophosphoramidite, DIEA ; ¢) automated oligonucleotide synthesis,
then 80 % aqueous AcOH; d) NalO,.

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Results and Discussion

Oxime-bond formation was achieved by inserting the com-
plementary reactive nucleophilic or electrophilic moieties
into both modules for comparison. On the one hand, the
aldehyde and the aminooxy group were introduced at the 5'-
extremity of the oligonucleotides by using phosphoramidites 1
and 2, respectively (Schemes 2 and 3, below). On the other
hand, the N-terminal position or the lysine side chain of the
peptides was functionalised by an aldehyde and an aminooxy
moiety through NalO, oxidative cleavage of a serine residue
and by using the N-Boc-O-(carboxymethyl)hydroxylamine
15, respectively (Schemes 4 and 5, below). For thiazolidine
formation, the peptide was derivatised with a cysteine at the
N-terminal position or at the lysine side chain, with the
oligonucleotide bearing the aldehyde function at the 5-end.

Functionnalisation at the 5'-extremity of the oligonucleotides:

Aldehyde-containing linker: Preparation of oligonucleotides
containing an aldehyde linker at the 5'-extremity has already
been described.® The authors used a phosphoramidite linker
bearing a bis-benzoyl-protected diol. After DNA synthesis,
the aldehyde was generated by oxidative cleavage of the diol
with NalO,. However, five steps were necessary for the
preparation of the corresponding phosphoramidite. We there-
fore considered a more straightforward synthetic route for the
preparation of the phosphoramidite. As depicted in Scheme 2,
phosphoramidite 1 was prepared in a two-step reaction from
commercial 1,2,6-hexanetriol. The 1,2-diol moiety was first
protected as a 2-methoxybenzylidene acetal by using 2-meth-
oxybenzaldehyde dimethylacetal in the presence of a catalytic
amount of pyridinium paratoluene sulfonate to afford the
protected diol 3.2 We noted that protection by a 24-
dimethoxybenzylidene acetal was unsuitable for automated
oligonucleotide synthesis due to its instability. Phosphityla-
tion of 3 with 2-cyanoethyl diisopropylchlorophosphoramidite
afforded the phosphoramidite 1 in 62 % overall yield.

MeO MeO
CN
b) —~
O > (o] (o}
c’\)\/\/\ o\/K/\/\ P
OH 0" N(iPr),
3 1
yield 76% yield 82%
c)
d) OH HO. 0
O-P\o/\;c—)ysase
OR'

5a:Base=T,R' =TTTTTTT
5b: Base = C, R' = GCACACACGC
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Phosphoramidite 1 was used to prepare the oligonucleo-
tides 6a and 6b as illustrative examples. Coupling of 1 at the
last step of the automated oligonucleotide synthesis was
achieved in excellent yield. After deprotection of the nucleo-
bases under the usual conditions (ammonia treatment for 24 h
at 55°C), the oligonucleotides 4a and 4b were purified by
reverse-phase HPLC. The 2-methoxybenzylidene acetal pro-
tection allowed easy purification of the oligonucleotides at
this stage due to the group’s hydrophobic properties (Fig-
ure 1A). The 2-methoxybenzylidene acetal was then cleaved
under mild acidic conditions. Treatment of the 5-end-
protected oligonucleotides 4a and 4b with 80% aqueous
acetic acid for 1h, conditions that are commonly used for
dimethoxytrityl (DMT) deprotection, afforded the corre-
sponding oligonucleotides 5a and 5b. The methoxybenzyl-

4b

5b

24

.

6 Ek

I T ] T I I

0 10 20min 0 10 20 min
Figure 1. HPLC profiles (detection at 260 nm): A)crude protected
undecamer diol 4b; B) purified undecamer diol 5b; C) crude reaction
mixture of aldehyde-containing undecamer 6b with RGD peptide 16;
D) crude reaction mixture of aldehyde-containing undecamer 6b with NLS
peptide 19. For the HPLC conditions, see Experimental Section.

idene group was found to be remarkably labile under these
conditions—a longer time is generally required for hydrolysis
of methoxybenzylidene derivatives.?'®l No side reaction was
observed. Compounds 5a and 5b were characterised by
electrospray ionisation mass spectrometry (ES-MS, Table 1).
Oxidative cleavage of the diol was then performed by using a
50-fold excess of NalO, at room temperature for 30 min; this
led to selective formation of the desired aldehydes 6a and 6b.

Table 1. ES-MS analysis.?]

Compound Calcd Mass Found Mass
Sa 2566.8 2568.2
5b 3466.3 3466.2

10 3708.7 3710.9

12 3506.6 3505.7

14 926.1 926.3

16 676.7 6712

17 671.7 678.4

18 706.8 707.3

19 1271.5 1271.4

20 1285.5 1285.4

21 1254.4 12542

22 1301.6 1301.4

23a 3193.4 3192.5

23b 4093.0 4092.7

24 4687.8 4689.0

25 4107.2 4106.6

26 4702.0 4698.7

27a 32235 3223.6

27b 41231 41239

28 47179 4717.8

[a] Negative mode for oligonucleotides and conjugates, and positive mode
for peptides. Eluent: H,O/CH;CN 50:50 (v/v); flow rate: 8 uLmin~'. The
oligonucleotides and the conjugates were dissolved in H,O/CH;CN/NEt;
50:50:2 (v/v/v). The peptides were dissolved in H,O/CH;CN/TFA 50:50:1
(vvv).

Aminooxy-containing oligonucleotides: In a recent paper, we
described a convenient synthetic route to aminooxy-contain-
ing oligonucleotides by incorporating a trityl-protected ami-
nooxy group by using the phosphoramidite 2 as depicted in
Scheme 3.1 The oxyamine 8 was obtained from reaction of
6-bromohexanol with the dicarboximide derivative, followed
by cleavage of the protecting group with hydrazine. Selective
N tritylation and subsequent phosphitylation with 2-cya-
noethyl tetraisopropylphosphorodiamidite gave the phos-

Br/\/\/\/OH o
+ a) b) C) Ph
_Oy NN TN
0 — N-O OH e N ~OH T phHN-o OH
Ph
_ o] 7 8 9
N )
@:ﬁ OH yield 78% yield 92% yield 45%
o} d)
o HO,_.0 o HO.P,,O Ph
R A Base B e N LI Base
>:N 0 o/\yjy f)  HoN o) o’\yfy ©)  ph-tHn-o0 o.Fl,,N(iPr)2
Ph
1 [o)
OR OR' —cn
12 11 o2
Base = C, R' = GCACACACGC yield 60%

Scheme 3. Preparation of oxyamine-containing oligonucleotide 11. a) K,CO;, DMF; b) N,H,, EtOH; c¢) TrCl, pyridine; d) N,N’-diisopropylammonium
tetrazolide, 2-cyanoethyldiisopropylphosphorodiamidite, e) automated oligonucleotide synthesis, then 80 % aqueous AcOH; f) acetone, H,O.
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phoramidite synthon 2. It was noted that N protection with
monomethoxytrityl chloride gave the corresponding amino-
oxy derivative, which proved highly unstable.

The undecamer d(XCGCACACACGC) 10, in which X
represents the 5’-aminooxylinker, was then prepared accord-
ing to standard f-cyanoethylphosphoramidite chemistry by
incorporating phosphoramidite 2 at the final step of the
automated synthesis. After deprotection with concentrated
ammonia for 24 h at 55 °C, the oligonucleotide 10 was purified
by reverse-phase HPLC (Figure 2A shows the crude protect-

10
’ 1
A l. B
[ T ] I 1 T
o] 10 20 min 0 10 20 min
25
25
(o} D
I I T f | ]
4] 10 20 min 0 10 20 min

Figure 2. HPLC profiles (detection at 260 nm): A) crude protected amino-
oxy undecamer 10; B) purified aminooxy undecamer 11; C) crude reaction
mixture of aminooxy undecamer 11 with RGD peptide 17; D) purified
peptide 25. For the HPLC conditions, see Experimental Section.

ed aminooxy undecamer 10) and characterised by ES-MS
(Table 1). Removal of the trityl protection was then per-
formed in 80 % aqueous AcOH at room temperature for 8 h
to afford the free aminooxy oligonucleotide 11 (Figure 2B).
We noticed that compound 11 reacts readily with even traces
of carbonyl compounds. Therefore, it was best characterised
by the adduct 12 formed immediately after addition of
acetone (ES-MS, Table 1).

Peptides synthesis:

RGD peptide: (Scheme 4) The protected cyclic peptide 14
represents the key intermediate into which the reactive
moiety (i.e., ONH,, CHO or SH) can be anchored through
the amino side-chain group of the lysine residue. The synthesis
of compound 14 has been reported.! It was prepared with
some modifications by cyclisation of the linear peptide
H-Asp(OrBu)-phe-Lys(Aloc)-Arg(Pmc)-Gly-OH 13.2%] The
linear side-chain-protected peptide was assembled by solid-
phase peptide synthesis starting with a glycine residue at the C
terminus to prevent racemisation during the subsequent head-
to-tail cyclisation. The latter was carried out at high dilution
(0.5mmM) in DMF to prevent dimerisation, with PyBOP as

Chem. Eur. J. 2001, 7, No. 18
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Hon@

SPPS

H-Asp(OtBu)-phe-Lys(Aloc)-Arg(Pmc)-Gly-O

a)

H-Asp(OtBu)-phe-Lys(Aloc)-Arg(Pmc)-Gly-OH

13
b) NH,
phe—Lys
(OtBu)Asp\ Arg(Pmc)
Gly
14
H. o}
N—<
R
p/he—Lys
/
As Ar
P\ P g
Gly
O
(oS
N,O/U\/O.N.Boc
(o] H
“activated” 15
<)
[——————-—>16: R = CH,ONH,
d) e)
14 17: R=CHO

f
L " ieR- CH(NH,)CH,SH

Scheme 4. Preparation of functionalised RGD peptides 16, 17 and 18.
a) 1% TFA, CH,Cl,; b) PyBOP, DIEA, high dilution, then tetrakis(triphe-
nylphosphine)Pd(0); c) 15, then 50% TFA; d) Boc-Ser(OrBu)-OH, Py-
BOP, then 50% TFA/TIS; e) NalOy; f) Fmoc-Cys(Trt)-OH, PyBOP, then
piperidine/DMEF, then 90 % TFA/EDT/TIS.

coupling reagent. The Aloc moiety was then cleaved by using
tetrakis(triphenylphosphine)palladium(0) in the presence of
phenylsilane as scavenger.?!l Purification by reverse-phase
HPLC yielded the key intermediate 14. Introduction of the
aminooxy group was achieved by coupling the activated ester
of N-Boc-O-(carboxymethyl)-hydroxylamine, 15, onto the
lysine side chain. First, the aminooxy moiety was protected by
a Boc group from commercial carboxymethoxylamine hemi-
hydrochloride to give the acid 15.%°] Before the coupling
reaction, the acid was reacted with N-hydroxysuccinimide in
the presence of dicyclohexyl carbodiimide to give the
corresponding activated ester. Reaction of the activated ester
of 15 with the peptide 14 was carried out in DMF. The
protecting groups were then removed in 50 % trifluoroacetic
acid (TFA) in the presence of triisopropylsilane. The resulting
aminooxy peptide 16 was purified by HPLC. The serine
residue was introduced by using commercially available Boc-
Ser(OrBu)-OH and PyBOP, and then the protecting groups
were removed in 50 % TFA. The 1,2-amino alcohol was then
oxidised by using NalO,; this led to the selective formation of
the aldehyde-containing peptide 17. The cysteine residue was
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introduced by using Fmoc-Cys(Trt)-OH and PyBOP. Remov-
al of the Fmoc protecting group by using piperidine in DMF
and subsequent cleavage of tBu and Pmc protecting groups in
90% TFA with ethanedithiol as scavenger afforded the
corresponding peptide 18. The three peptides 16, 17 and 18
were characterised by ES-MS (Table 1).

NLS peptide (Scheme 5): The NLS-containing peptides were
assembled manually on a MBHA resin to provide the
C-terminal-amidated peptide by using a Fmoc/tBu strategy.

MBHA resin

SPPS

H-Ala-Pro-[Lys(Boc)]g-Arg(Pmc)-Lys(Boc)-Val-Glu(OtBu)—Asp(OtBu)—N

a) or b) c¢) or d)

(o]
}—H—Ala-Pro-[Lys(Boc)]3-Arg(Pmc)—Lys(Boc)-Val-Glu(OtBu)-Asp(OtBu)-NH2
R

a)
—> 19: R = CH,ONH,

b)c)
2 e 21:R=CHO

_9_ 22: R = CH(NH,)CH,SH
Scheme 5. Preparation of functionalised NLS peptides 19, 21 and 22. a) 15,
then 90 % TFA/TIS; b) Boc-Ser(OrBu)-OH, PyBOP, then 90 % TFA/TIS;
¢) NalO,; d) Fmoc-Cys(Trt)-OH, PyBOP, then piperidine/DMF, then 90 %
TFA/EDT/TIS.

The reactive functions were introduced directly onto the
support at the N-terminal position by using the activated ester
of 15, Boc-Ser(OrBu)-OH or Fmoc-Cys(Trt)-OH, which led,
after deprotection and cleavage from the resin, to peptides 19,
20 and 22, respectively. The aldehyde-containing peptide 21
was obtained from oxidation of the intermediate amino
alcohol 20 with NalO,. Peptides 19 -22 were checked for their
purity by HPLC and were characterised by ES-MS (Table 1).

Conjugation reactions (Scheme 6):

Oxime linkage: We first studied the conjugation of the
aldehyde-containing oligonucleotides 6a and 6b with the
RGD-containing peptide 16. A slight excess (1.5 equiv) of the
aminooxy peptide 16 was reacted with the 8-mer 6a and the
11-mer 6b in aqueous solution at pHS5. Reactions were
carried out in slightly acidic conditions as the optimal pH is
around 4-5 for oxime-bond formation.?! The course of the
reaction was followed by reverse-phase HPLC, and the
reaction proceeded essentially to completion within 1h to
yield exclusively the oxime 23b, as depicted in Figure 1C. The
same selectivity was observed for conjugation with 6a.
Subsequent purification by HPLC afforded the conjugates
23a and 23b in almost 50 % isolated yield. The same protocol
was then applied to the NLS peptide 19. Reaction of the 11-
mer 6b with the aminooxy peptide 19 in aqueous solution
selectively afforded the conjugate 24 (Figure 1D). The con-
jugates 23a, 23b and 24 were characterised by ES-MS. In all
cases, the experimentally determined molecular weights were
in excellent agreement with the calculated values (Table 1).

The “reverse strategy” was conducted by reacting the
oxyamine-containing oligonucleotide 11 and the aldehyde-

H
N

R o] .
HN 1050 RO
Z=o + H 0707\ o _Base - o N HO_O
ONH, H o'P‘o 0. Base
OR'
OR'
16: R = RGD 6a: Base = T, R' = TTTTTTT 23a: Base = T, R' = TTTTTTT, R = RGD
19: R = NLS 6b: Base = C, R' = GCACACACGC 23b: Base = C, R' = GCACACACGC, R = RGD
24: Base = C, R' = GCACACACGC, R = NLS
R
t o HO 0 o Ho, 0
o + HN \/\/\/\O.P\o o Base —NO~~~~gP0"\ o Base
Ve o
(o} P NH 1
OR R OR
17: R = RGD ) 1 25: Base = C, R’ = GCACACACGC, R = RGD
21: R=NLS 11: Base = C, R" = GCACACACGC 26: Base = C, R' = GCACACACGC, R = NLS
R o HO O

-
HS NH,

OR'

6a: Base=T,R' = TTTTTTT
6b: Base = C, R! = GCACACACGC

18: R = RGD
22: R=NLS

Scheme 6. Conjugation reactions: synthesis of POCs 23-28.
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H o

R'Nj\
NH HO_O
SJ\/\/\ [N

o' 0"\ _Oo_Base

OR'
27a: Base = T, R' = TTTTTTT, R =RGD
27b: Base = C, R' = GCACACACGC, R = RGD
28: Base = C, R' = GCACACACGC, R = NLS
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containing peptides 17 and 21. The reactions were performed
under the aforementioned conditions and led selectively to
the expected conjugates 25 (Figure 2C) and 26, respectively.
The conjugates 25 and 26 were purified by RP-HPLC and
characterised by ES-MS (Table 1). In both cases, the yields
were close to 50 % after purification by HPLC.

The chemical stability of the oxime linkage was then
studied by incubating the conjugates 23b and 25 in a
phosphate buffer at pH 4 and pH 7. Surprisingly, no apparent
difference of stability was observed for both conjugates,
although it was anticipated that the glyoxylic oxime 25 would
be more stable than the classical oxime 23b. No significant
hydrolysis or degradation products (from depurination) were
observed even after 72 h of incubation at 37°C.

Oxime-bond formation by using these two strategies
permits rapid and clean preparation of peptide-oligonu-
cleotide conjugates. However, it should be emphasised that
the approach involving coupling of an aminooxy oligonucleo-
tide to an aldehyde peptide appeared less convenient to work
up. In fact, we noticed that free aminooxy oligonucleotides
are very often prone to react with traces of carbonyl
compounds present in HPLC solvents or in the atmosphere.
Therefore, the first approach is recommended for the syn-
thesis of oxime conjugates.

Thiazolidine linkage: Formation of the thiazolidine linkage
was first performed with the RGD peptide 18 and the 8-mer
6a. The reaction was conducted at room temperature in
sodium acetate buffer at pH 5.4 with a fourfold excess of
peptide 18.27 The reaction was very rapid (¢,, < 15 min) and
led to selective formation of the conjugate 27a (Figure 3A).

28
27a

| ca L SblL

[ T T [ } I

0 10 20 min 0 10 20 min
Figure 3. HPLC profiles (detection at 260 nm): A) crude reaction mixture
of aldehyde-containing oligonucleotide 6b with RGD peptide 18; B) crude
reaction mixture of aldehyde-containing undecamer 6b with NLS peptide
22. For the HPLC conditions, see Experimental Section.

The same procedure was then applied to the 11-mer 6b with
the RGD peptide 18 and the NLS peptide 22. Exclusive
formation of conjugates 27b and 28 was observed, respec-
tively (Figure 3B shows the HPLC profile of the crude
reaction mixture in the case of conjugation with NLS peptide
22). The three conjugates 27a, 27b and 28 were characterised
by ES-MS (Table 1).

The chemical stability of the thiazolidine linkage was also
studied by incubating the conjugate 27a under the same
conditions as used for 23b and 25. In contrast to the oxime
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bond, it was found that the thiazolidine bond is less stable at
pH 4. In fact, the conjugate 27ais up to 50 % hydrolysed back
to the starting material after 72 h of incubation at pH 4 at
37°C. However, 27a proved to be stable at higher pH value
(e.g., pH7) as emphasised by the lack of hydrolysis or by
product formation under this condition.

Hybridisation properties of the POC: The hybridisation
properties of the conjugates were studied by melting temper-
ature (7,,,) measurements to evaluate the influence of the two
peptides RGD and NLS as well as of the two linkages on the
stability of the duplex oligonucleotide. The oxime conjugates
23b and 24 and the thiazolidine conjugates 27b and 28,
containing, respectively, the RGD and the NLS peptide, were
hybridised with their complementary strand d(GCGTGTG-
TGCG). The melting temperatures of the resulting duplexes
were determined (Table 2). The oligonucleotide 5b contain-

Table 2. Melting temperatures of duplexes formed by hybridisation of the
indicated oligonucleotides with the complementary strand d(GCGTGTG-
TGCG).lal

Parent oligonucleotide 5b
POC 23b (oxime linkage)
POC 27b (thiazolidine linkage)
POC 24 (oxime linkage)

POC 28 (thiazolidine linkage)

T,=660°C+1°C
T, =68.0°C£1°C
T,=69.0°C£1°C
T,=665°C£1°C
T,=665°C£1°C

[a] Measurements were performed in phosphate buffer (sodium phosphate
buffer (10mm), EDTA (1mm), NaCl (100mwm), pH 7).

ing the diol linker at the 5'-end was studied for comparison.
All the peptide —oligonucleotide conjugates showed a slightly
higher melting temperature. The slight increase of stability
could be attributed to the positive charges of the lysine and
arginine side chains present within each peptide. Such
stabilisation of conjugates carrying basic amino acids has
been previously reported. 81 Tt is also notable that the
nature of the linkage does not appear to perturb the stability
of the double strand, as no substantial difference was
observed between 23b and 27b or between 24 and 28.

Conjugation with duplex oligonucleotides: The undecamer
6b was hybridised with the complementary strand, and the
duplex was reacted with the RGD peptide 16 under the same
conditions as for the single strand. The reaction was complete
within 2h and showed the same efficiency as previously
observed when the single strand was used. The absence of
variation of the melting temperature during the course of
reaction clearly indicates that the coupling occurs without
disrupting the duplex structure.

Conclusion

Conjugation of oligonucleotides with peptides has been
readily performed through oxime or thiazolidine bond
formation. These one-step ligations are compatible with the
use of unprotected peptides and oligonucleotides. Thanks to
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the high chemoselectivity of these reactions, the rapid and
convenient production of POCs without the need for exten-
sive chemical manipulation is thus allowed. The aldehyde-
and aminooxy-containing oligonucleotides are easily acces-
sible from phosphoramidites 1 and 2. Moreover, oxime and
thiazolidine ligations have already been carried out under
denaturing or high-salt conditions; this may extend the scope
of the present approach to less-soluble peptides or conjugates
as well as to higher molecular weight systems.?®l Together the
high efficiency and versatility of this strategy over conven-
tional conjugation methods is of great interest for devising
new molecular systems based on ODN. Furthermore, the
conjugation with oxime-bond formation could also be per-
formed on duplexes’ secondary structure. This latter result
opens up attractive prospects for the post-functionalisation of
high-molecular-weight structures, such as DNA, combined
with the molecular biology tools availability.

Experimental Section

Materials and methods: All commercially available chemical reagents were
used without purification. 2-Cyanoethyl diisopropylchlorophosphorami-
dite and 2-cyanoethyl tetraisopropylphosphorodiamidite were purchased
from Aldrich. 4-Methoxybenzaldehyde dimethyl acetal and the N-Boc-O-
(carboxymethyl)hydroxylamine, 15, were prepared as described.?:?]
Compound 15 is also commercially available from Fluka as (Boc-amino-
oxy)acetic acid. Thin-layer chromatography (TLC) was performed on silica
gel 60F,s, plates (Merck), and preparative column chromatography was
performed on silica gel 60 (Merck, 200 - 63 um). HPLC purification, as well
as HPLC analysis of oligonucleotides and conjugates, was performed on a
Waters system equipped with two M 510 pumps, an M490E detector and an
M 680 system controller. HPLC purification and analysis of peptides were
done on a Waters system consisting of a Delta600 pump, a 2487 dual 1
detector and a 600E-system controller. The oligonucleotides and the
conjugates were purified on a u-bondapak C-18 column (Macherey —Nagel
Nucleosil: 10 x 250 mm, 7 pm) with two systems of solvent. System I:
solvent A, 20mM ammonium acetate/CH;CN 95:5 (v:v); solvent B,
CH;CN; flow rate, 4 mLmin~!; a linear gradient from 0 to 30% B in
20 min was applied. System II: solvent A, 20 mm sodium phosphate/MeOH
95:5 (v:v); solvent B, MeOH; flow rate, 4 mL min~!; a linear gradient from
0 to 35% B in 20 min was applied. The peptides were purified on a Delta
Pak™ C-18 column (Waters: 25 x 200 mm, 15 pm) by using solvent system
III: solvent A, H,O/TFA 99.9:0.1 (v:v); solvent B, CH;CN/H,O/TFA
90:10:0.1 (v:v:v); flow rate 22 mL min~!; a linear gradient from 5 to 100 %
B in 30 min was applied. 'H and *C NMR spectra were recorded on Bruker
AC200 and Avance spectrometers at 200 and 300 MHz, respectively. Mass
spectra were measured on a Delsi —Nermag R10-10 for EI and DCI, and on
a VG Platform (Micromass) for ESI. Analysis was performed in the
negative mode for the oligonucleotides and the conjugates and in the
positive mode for the peptides. The eluent was 50 % aqueous acetonitrile
and the flow rate was 8 pLmin~!. The oligonucleotides and the conjugates
were dissolved in 50 % aqueous acetonitrile, and 1% of NEt; was added.
The peptides were dissolved in 50 % aqueous acetonitrile, and 1% of TFA
was added.

4-[2-(4-Methoxy-phenyl)-[1,3]-dioxolan-4-yl]-butan-1-ol (3): 1,2,6-hexane-
triol (3.10 g, 23.0 mmol) and a catalytic amount of pyridinium p-toluene
sulfonate (0.1 g) were added to a solution of 4-methoxybenzaldehyde
dimethylacetal (2.10 g, 12.0 mmol) in DMF (20 mL). The solution was
stirred at 50 °C under argon for 20 h, then the solvent was evaporated under
vacuum. The oily residue was dissolved in CH,Cl,, and the organic layer
was washed successively with aqueous NaHSO;, aqueous NaHCO; and
brine, and evaporated to give 3 as a white oil. Yield: 2.22 g, 76 %; 'H NMR
(CDCL): 6=1737 (dd, 2H; Ar-H), 6.87 (d, 2H; Ar-H), 5.84 and 5.73 (2s,
1H; O-CH-0), 4.24-4.03 (m, 2H; CH,0), 3.78 (s, 3H; OCH,), 3.66-3.60
(m, 3H; CH-O and CH,0), 1.68-1.42 (m, 7H; 3CH, and OH); *C NMR
(CDCl,): 6=160.8 and 160.7 (q), 130.9 and 130.3 (q), 128.4 and 1282
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(2CH), 114.1 (2CH), 104.3 and 103.41 (CH), 77.5 and 76.7 (CH), 71.1 and
70.4 (CH,), 63.0 (CH,), 55.7 (CH,), 33.6 (CH,), 32.9 (CH,), 22.4 (CH,); MS
(DCI/NH,): m/z =253 [M+H]*.

Phosphoramidite (1): DIEA (375 pL, 2.10 mmol) and 2-cyanoethyl diiso-
propylchlorophosphoramidite (315 uL, 1.40 mmol) were added under
argon to a solution of compound 3 (270 mg, 1.10 mmol) in anhydrous
CH,Cl, (3 mL). The solution was stirred for 2 h at room temperature, and
CH,Cl, (20 mL) was then added. The organic layer was washed with 10 %
aqueous NaHCO; solution, then with brine and dried (Na,SO,). The
solvent was evaporated under vacuum, and the crude mixture was purified
by silica gel column chromatography (CH,Cl,/cyclohexane/Et;N 74:24:2)
to give compound 1 as a white oil. Yield: 0.40 g, 82%; '"H NMR (CDCL):
0=1737(dd,2H; Ar-H), 6.87 (d, 2H; Ar-H), 5.83 and 5.72 (2s, 1 H; O-CH-
0),4.24-4.05 (m,2H; CH,0), 3.78 (s, 3H; OCH};), 3.65-3.55 (m, 5H; CH-
O and 2CH,0),2.61 (m,2H; CH,CN), 1.68-1.52 (m, 8H; 3 CH, and 2 CH),
1.18-1.13 (m, 12H; 4CH,;); 3'P NMR (CDCL,): 6 =145.5; MS (FAB, NBA
matrix): m/z =453 [M+H]".

4-(6-Hydroxyhexyloxy)-4-aza-tricyclo [5.2.1.0>]dec-8-ene-3,5-dione (7): A
mixture of endo-N-hydroxy-5-norbornene-2,3-dicarboximide (5.02 g,
28.0 mmol) and K,CO; (7.70 g, 56.0 mmol) in DMF (250 mL) was stirred
at 50°C under argon for 1h. 6-Bromohexanol (5.07 g, 28.0 mmol) was
added, and the mixture was then stirred for 4 h at 50 °C. After filtration, the
solvent was evaporated under vacuum. EtOAc was added to the residue
obtained, and the organic layer was washed with 0.1N NaOH, then with
brine. The organic layer was dried (Na,SO,) and evaporated to give
compound 7 as a pale yellow oil. Yield: 6.00 g, 78 %; 'H NMR (CDCl;): d =
6.10 (m, 2H; CH=CH), 3.90 (t, 2H; CH,0), 3.60 (t, 2H; CH,0), 3.40 (m,
2H; 2CH-C=0), 3.15 (m, 2H; 2CH), 1.80-130 (m, 10H; 5CH,);
3C NMR (CDCly): d =172.1 (q), 134.2 (CH), 76.8 (CH,), 61.8 (CH,), 51.0
(CH,), 44.4 (CH), 42.3 (CH), 32.1 (CH,), 27.6 (CH,), 25.0 and 24.9 (CH,);
MS (EI): m/z =279 [M]*.

6-Aminooxyhexan-1-ol (8): Compound 7 (6.00 g, 22.0 mmol) was dissolved
in EtOH (75 mL), and hydrazine (1.40 g, 44.0 mmol) was added. The
solution was refluxed for 2 h, then filtered and evaporated under vacuum.
Purification by silica gel column chromatography (EtOAc/MeOH 95:5) of
the crude mixture afforded 8 as a white oil. Yield: 2.60 g, 92%; 'H NMR
(CDCl): 6 =3.59-3.52 (m,4H; 2CH,0), 1.54-1.43 (m,4H; 2CH,), 1.31 -
1.25 (m, 4H; CH,CH,); ®*C NMR (CDCl,): 6 =76.4 (CH,), 62.9 (CH,), 33.0
(CH,), 28.7 (CH,), 26.2 (CH,), 26.0 (CH,); MS (DCI): m/z =134 [M+H]*.

6-(V-Tritylaminooxy)-hexan-1-ol (9): Trityl chloride (6.60 g, 24.0 mmol)
was added to a solution of compound 8 (2.60 g, 20.0 mmol) in dry pyridine
(50 mL) cooled to 0°C. The solution was stirred at room temperature under
argon for 4 h. MeOH (3 mL) was then added dropwise, and the solvent was
evaporated under vacuum. The residue obtained was dissolved in EtOAc,
and the organic layer was washed with H,O, then with brine. The organic
layer was then dried (Na,SO,) and evaporated. The crude mixture was
purified by silica gel column chromatography (EtOAc/cyclohexane/NEt;
40:60:1) to give compound 9 as a white powder. Yield: 3.40 g, 45%;
'"HNMR (CDCl): 6 =7.34-7.25 (m, 15H; Ar-H trityl), 6.23 (brs, 1 H; NH),
3.66 (t,2H; CH,0), 3.57 (m, 2H; CH,0), 1.47-1.42 (m, 4H; 2CH,), 1.21 -
1.16 (m, 4H; 2CH,); C NMR (CDCl,): 6 =144.5 (q), 129.1 (CH), 127.6
(CH), 126.8 (CH), 77.0 (q), 73.9 (CH,), 63.0 (CH,), 32.7 (CH,), 28.4 (CH,),
25.9 (CH,), 25.5 (CH,).

Phosphoramidite (2): N,N'-Diisopropylammonium tetrazolide (0.24 g,
1.7 mmol) and 2-cyanoethyl tetraisopropylphosphorodiamidite (1.00 g,
3.9 mmol) were added to a solution of compound 9 (1.00 g, 2.4 mmol) in
CH,Cl, (20 mL). The solution was stirred under argon at room temperature
for 16 h, then diluted with CH,Cl, (100 mL). The organic layer was washed
twice with H,O, then with brine and dried (Na,SO,). The solvent was
evaporated under vacuum and the residue obtained was purified by silica
gel column chromatography (EtOAc/cyclohexane/NEt; 30:70:1) to afford
phosphoramidite 2 as a white oil. Yield: 1.60 g, 60 %; 'H NMR (CDCl,):
0="7.33-726 (m, 15H; Ar-H trityl), 6.26 (s, 1H; NH), 3.82 (m, 2H; CH,0),
3.68-3.58 (m, 4H; CH,0), 2.62 (t,2H; CH,CN), 1.60-1.44 (m, 5H; 2CH,
and CH), 1.21-1.17 (m, 17H; 4CHj3, 2CH, and CH); 3'P NMR (CDCl,):
0=145.4; MS (FAB, NBA matrix): m/z =575 [M]".

Oligonucleotides synthesis: Automated DNA synthesis was carried out on
an Expedite DNA synthesiser (Perkin-Elmer) by using standard /-
cyanoethyl nucleoside phosphoramidites chemistry on a 1 um scale. After
cleavage from the solid support and deprotection by treatment with
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concentrated ammonia (30 % ) for 24 h at 55 °C, the oligonucleotides 4a, 4b
and 10 were purified by HPLC (system I).

Diol-containing oligonucleotides (5a) and (5b): The 5'-protected oligonu-
cleotides 4a and 4b were treated with an 80 % AcOH aqueous solution for
1 h. The residue obtained after lyophilisation was dissolved in water, and
the aqueous layer was extensively washed with Et,0O to remove the
methoxybenzylidene by-product. Subsequent lyophilisation afforded the
oligonucleotides 5a and 5b, which were characterised by ES-MS (Table 1).

Aldehyde-containing oligonucleotides (6a) and (6b): NalO, (50 equiv,
3.5 mg) was added to a solution of oligonucleotide 5a (0.320 pmol) in water
(500 uL), and the solution was stirred at room temperature for 15 min. The
resulting oligonucleotide 6a was then purified by HPLC (system II); yield:
0.280 umol, 86 %. The undecamer 6b was prepared in the same manner;
yield: 78 %.

Aminooxy oligonucleotide (11): The 5'-trityl-containing oligonucleotide 10
was treated with an 80 % AcOH aqueous solution for 8 h. The solvent was
then evaporated by lyophilisation to give compound 11, which was used
without further purification for the next conjugation reaction. An aliquot of
the oligonucleotide 11 was incubated with acetone and the corresponding
oxime ether 12 was characterised by ES-MS (Table 1).

Peptide synthesis: Solid-phase peptide synthesis was performed by using
Fmoc/tBu chemistry on a 348 Q peptide synthesiser (Advanced ChemTech)
with SASRIN resin (loading: 0.5 mmol g, scale: 150 mg), in the case of
RGD peptides, or manually with MBHA resin, in the case of NLS peptides
(loading: 0.4 mmolg~!, scale: 150 mg). The coupling reactions were
performed for 30 min by using a twofold excess of amino acid protected
by N-Fmoc and PyBOP and a fourfold excess of DIEA in DMF (1.5 mL).
The N-Fmoc protecting groups were removed by treatment with a
piperidine/DMF solution (1:4 v/v, 10 mLg™! resin) for 10 min, three times.

RGD peptides (16), (17) and (18): The key intermediate cyclic peptide 14
was obtained from the linear H-Asp(OrBu)-phe-Lys(Aloc)-Arg(Pmc)-Gly-
OH, 13. The linear peptide 13 was cleaved from the resin by reaction with
trifluoroacetic acid (1%) in CH,Cl, for 20 min. The volatile solvent was
removed, and the resulting crude product was triturated, then washed with
Et,0O three times and used without further purification. Cyclisation was
performed at 0.5mwm concentration in DMF with PyBOP (1.2 equiv). The
pH was adjusted to 8—9 by addition of DIEA, and the solution was stirred
at room temperature for 1 h. The Aloc moiety was then removed by using
tetrakis(triphenylphosphine)palladium(0) (0.2 equiv) and phenylsilane
(25 equiv). Purification by HPLC with system III gave the cyclic peptide
14 (77 % ). Introduction of the aminooxy moiety was achieved by reaction
of 14 with the N-succinimido-activated ester of the protected O-(carboxy-
methyl)hydroxylamine 15 (2 equiv) in DMF for 1h in the presence of
DIEA. The protecting groups were then cleaved by treatment with 50 %
TFA aqueous solution for 1 h; this led to the aminooxy-containing peptide
16 (68%). Introduction of the serine moiety was done by using Boc-
Ser(OrBu)-OH (2 equiv) and PyBOP (2 equiv) with DIEA (3-4 equiv) in
DMF at 102Mm. Cleavage of the protecting groups was then achieved by
treatment with TFA/H,O/TIS (95:2.5:2.5) solution for 2 h. Subsequent
oxidation was then performed by using NalO, (1.5 equiv) in water for 1 h.
Purification by HPLC afforded the aldehyde peptide 17 (30 % overall
yield), which was characterised by ES-MS (Table 1).

The cysteine residue was introduced by using Fmoc-Cys(Trt)-OH (2 equiv),
PyBOP (2 equiv) and DIEA (3-4 equiv) in DMF at 10-2M. The Fmoc
group was then cleaved by treatment with a piperidine/DMF solution (1:4,
v/v) for 10 min. The other protecting groups were then cleaved in TFA/
EDT/H,O/TIS (90:5:2.5:2.5) for 2 h; this led to peptide 18, which was
purified by HPLC (60 %). The structure of 18 was confirmed by ES-MS
(Table 1).

NLS peptides (19), (21) and (22): In case of NLS peptides, the side-chain
protecting groups were as follows: Boc for Lys, Pmc for Arg, tBu for Asp
and Glu. Derivatisations were carried out directly on the solid support from
the N terminus position.

The aminooxy moiety was introduced by reaction with the activated ester
of 15 (2equiv) in DMF for 40 min. Cleavage from the resin and
deprotection of the side-chain were then achieved by using TFA/H,0O/
TIS (90:8:2) for 2 h; this gave the aminooxy peptide 19. Introduction of the
serine moiety was performed by using Boc-Ser(OrBu)-OH (2 equiv) in
DMF and PyBOP (2 equiv). Cleavage from the resin and deprotection of
the side-chain group were done as above. Subsequent oxidation of the
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intermediate aminoalcohol 20 with NalO, (30 equiv) in water for 3 h
afforded the aldehyde peptide 21, which was purified by HPLC.

The cysteine residue was introduced by using Fmoc-Cys(Trt)-OH (2 equiv)
and PyBOP (2 equiv). The Fmoc group was then removed by treatment
with a piperidine/DMF solution (1:4, v/v) for 10 min. Cleavage from the
resin and deprotection of the side-chain groups were then performed in
TFA/EDT/H,O/TIS (90:5:2.5:2.5) for 2 h; after purification by HPLC, this
gave the peptide 22.

Conjugation through oxime-ether linkage:

From aldehyde oligonucleotides 6 a and 6 b: A solution of RGD peptide 16
(1.5 equiv) in water (100 pL) was added to a solution of oligonucleotide 6a
(21 OD) in water (500 uL, pH adjusted to 5 with AcOH). The mixture was
stirred at room temperature, and the progress of the reaction was followed
by HPLC. The starting material disappeared in 1 h. Purification by HPLC
with system II afforded the conjugate 23a in 68 % yield (15 OD). The
conjugate 23 b was obtained in the same manner from oligonucleotide 6b in
66 % yield. Conjugation with NLS peptide 19 was achieved by using the
same protocol with the undecamer 6b and led to the conjugate 24 in 50 %
yield.

From aminooxy oligonucleotide 11: A solution of the RGD peptide 17
(0.34 umol) in water (200 uL) was added to a solution of oligonucleotide 11
(20 OD, 0.17 umol) in AcOH (500 pL). The mixture was stirred at room
temperature for 3 h. The crude mixture was then purified by HPLC by
using system I to give the conjugate 25 in 51 % yield. Conjugation with the
NLS peptide 21 was achieved in the same manner and led to conjugate 26 in
50% yield.

Conjugation by thiazolidine linkage:

Conjugation with RGD peptide 18: A solution of RGD peptide 18 (4 equiv)
in sodium acetate buffer (130 uL) was added to a solution of oligonucleo-
tide 6a (25 OD) in sodium acetate buffer (100 uL, pH 5.4). The mixture
was stirred at room temperature for 30 min until the starting material
disappeared. Purification by HPLC with system II afforded the conjugate
27a in 56 % yield (14 OD). By using a similar protocol, reaction of the
oligonucleotide 6b gave the conjugate 27b in 50 % yield.

Conjugation with NLS peptide 22: Conjugation with NLS peptide 22 was
achieved by using the same procedure as with the undecamer 6b and led to
the conjugate 28 in 64 % yield.

Melting studies: The melting curves (absorbance versus temperature) were
measured at 260nm on a Lambda5 UV/visible spectrophotometer
equipped with a Perkin—Elmer C570-070 temperature controller and
by using a rate of 1°Cmin~! (from 2 to 80°C). Melting experiments were
carried out by mixing equimolar amounts of the two undecamer strands
dissolved in 10mMm sodium phosphate buffer (pH 7) that contained 1 mm
EDTA and 100mM NaCl. All measurements were done at a concentration
of 12 um. Before each melting experiment, samples were heated at 80 °C for
5 min, then cooled slowly.
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Imprinting of Chiral Molecular Recognition Sites in Thin TiO, Films
Associated with Field-Effect Transistors: Novel Functionalized Devices for
Chiroselective and Chirospecific Analyses

Michal Lahav, Andrei B. Kharitonov, and Itamar Willner*!?!

Abstract: (R)- or (§)-2-Methylferro-
cene carboxylic acids, (R)-1 or (S)-1,
(R)- or (S)-2-phenylbutanoic acid, (R)-2
or (S)-2, and (R)- or (S)-2-propanoic
acid, (R)-3 or (§)-3, can be imprinted
in thin TiO, films on the gate surface
of ion-sensitive field-effect transistor
(ISFET) devices. The imprinting is per-
formed by hydrolyzing the respective

The imprinted sites reveal chiroselectiv-
ity only towards the sensing of the
imprinted enantiomer. The chiral recog-
nition sites reveal not only chiroselec-
tivity but also chirospecificity and, for
example, the (R)-2-imprinted film is
active in the sensing of (R)-2, but

Keywords: field-effect transistor -

insensitive towards the sensing of (R)-
2-phenylpropanoic acid, (R)-3, which
exhibits a similar chirality. Similarly,
the (R)-3-imprinted film is inactive in
the analysis of (R)-2. The chiroselectiv-
ity and chirospecificity of the resulting
imprinted films are attributed to the
need to align and fit the respective
substrates in precise molecular contours

carboxylate Ti'V butoxide complex on
the gate surface, followed by washing off
the acid from the resulting TiO, film.

imprinting -
+ Sensors -

Introduction

Imprinting of molecular recognition sites in bulk polymer or
inorganic matrices has been a subject of extensive research
efforts in the last two decades.I" 2 Two general strategies have
been suggested to generate the molecular-imprinted recog-
nition sites. One method includes the polymerization of
monomer units complementary to the chemical functionali-
ties in the substrate molecule, followed by physical removal of
the imprinted substrate by a washing process.> ¥ The second
approach includes the covalent attachmentP! or coordina-
tionl) of the substrate to polymerizable monomer units.
Polymerization of the units followed by chemical cleavage of
the bonds results in the imprinted molecular recognition sites.
Molecular-imprinted inorganic matrices have been prepared
by the incorporation of substrates in silica gels!”? or TiO,
followed by the removal of the imprinted substrate from the
respective oxides. Inorganic oxides with selective affinities for
the imprinted substrate and chiroselective imprinted™ sites
have been reported. The different imprinted matrices have
been used for chromatographic separations!'™!l and for

[a] Prof. Dr. I. Willner, M. Lahav, Dr. A. B. Kharitonov
Institute of Chemistry, The Hebrew University of Jerusalem
Jerusalem 91904 (Israel)

Fax: 972-2-6527715
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generated in the cross-linked TiO, films
upon the imprinting process.

selective reactions in the imprinted cavities.'”l Recently, the
effect of chiral cavities on the ligand exchange in platinum
complexes was addressed.[¥ The use of imprinted molecular
recognition sites in membrane assemblies is particularly
tempting for selective sensing applications. Although differ-
ent sensors based on the imprinting process have been
reported,™ the method suffers from basic limitations: 1)
The imprinted polymer matrices are usually thick, and the
number of recognition sites per unit volume of imprinted
matrix is relatively low; this introduces diffusion barriers for
the analyte substrate, resulting in slow response-times and
moderate sensitivities. 2) It is difficult to electrically contact
the molecular recognition sites with electronic transducers,
and thus the electronic transduction of the sensing process is
problematic. Indeed, most of the sensor devices based on
molecular-imprinted membranes are either optical™ or
include the microgravimetric, quartz-crystal-microbalance
(QCM) analysis of the substrate.') Recently, methods to
imprint molecular recognition sites in two-dimensional mono-
layers assembled on electrodes were reported.['” 81 The close
proximity between the electrode and the binding sites enabled
the electrochemical transduction (amperometric or capaci-
tance signals) of the formation of the affinity complexes
between the substrate and the imprinted sites. In a prelimi-
nary study!”! we reported on the assembly of selective
molecular recognition sites for chloro aromatic acids in TiO,
thin films associated with the gate interface of an ion-sensitive
field-effect transistor (ISFET) device. Specific binding sites
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for 4-chlorophenoxyacetic acid A Vi
or 2.4-dichlorophenoxyacetic I

acid in the TiO, film were
produced. Variation of the gate
potential upon the binding of
the host substrate, by changing
the degree of proton dissocia-
tion of the oxide interface, en-
abled the ISFET-transduction v 1
. T o
of the sensing processes. Here —— Electron paih S Q. T HOgR
we wish to report on the imprint 0 Si Q"?'T"Qd?‘ 890
of chiral molecular recognition AlO4
sites in TiO, films associated II 5 e
with the gate surface on an II
ISFET and on the chiroselec- Vay
tive and chirospecific sensing of

the imprinted substrates. B B ,D B D
Ti{RO)s + .0 S T 0

Analyte Solution

Sensing
Interface,

5i0, ™

Results and Discussion

Scheme 1 outlines the method .n."t-:“fo Ti-os,:j B, ,D H'? Joue

to assemble the imprinted TiO, O—Ti(RO)s 93‘-3 m /C\T’o' ‘Té:q,, -
film on the Al,O;-gate interface OH OH OH OH 0 it 2
of the ISFET device. The tita- R R — (RO),TI e
nium(1v)butoxide — carboxylate

complex is polymerized by hy-
dration on the gate interface /\
followed by drying of the re- H H-?o . H B, ,D H:

Ti=0} - Ti= 18}

sulting TiO, film. The resultin 03P 1 Ti Imprinted site for: T 5
St . £ ’Ql'I cra\f,:', B D —_— ’gf-‘ﬁ /t‘-ro -0,
TiO, film is washed with an Q. Ol HOTp 22 5 - e Ti 0,.1-‘@..}_
ammonia solution to exclude Qo000 90Q 0 n"?“EH NHy/1%  @Q-T0C90 dﬂ\?b
the carboxylate units and to

generate the structural con-

tours for the association of the

imprinted substrate. The hy- HaC HO,C

drolysis of the carboxylate gen- Hozcs:‘Fe chﬁFe

erates surface Ti-OH groups 1

that control the gate potential.

The secondary binding of the

carboxylate analyte removes H /@ @\ H H /@ @\ H

part of the hydroxyl function- HDEC"’(F ?‘coﬂH HO,Cng G=CO.H

alities [Eq. (1)], and the gate CH, 2 CHy ] '

potential is altered, thus ena- CH, CH,

bling the electronic transduc- Scheme 1. A) Schematic configuration of the molecular imprinted ISFET device. B) Preparation of molecular

tion of the association of the imprinted sites for carboxylic acids in a TiO, film acting as the sensing interface on the ISFET gate.

substrate to the imprinted sites

in the membrane film by the

ISFET device. The first pair of chiral substrates that were examined by this
method were (S)-2-methylferrocene carboxylic acid and (R)-
2-methylferrocene carboxylic acid, (§)-1 and (R)-1, respec-

CH, 3 CH,

~o RCO; o o~ tively. The two chiral substrates were imprinted in the
I C{ Q NHz / | o I | g respective TiO,-functionalized ISFETs. Figure 1A shows the

B SP Try TS T _TiZO 4 HY L ) )
({ ~o R % (/) o “ow ({ ~No- responses of the (S)-1-imprinted ISFET device upon sensing
(1) different concentrations of (S)-1, curve a, and upon an
o N attempt to sense (R)-1 by the device, curve b. It is clear that
_O)kR c|) é o) the system reveals chiroselectivity, and the device responses
E— O/T(o)kR to the imprinted substrate. The device is, however, insensitive

\

to the (R)-1 enantiomer. The system is able to sense (S5)-1 in

Chem. Eur. J. 2001, 7, No. 18 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0718-3993 § 17.50+.50/0 3993





FULL PAPER

1. Willner et al.

40

30

n '

0.01 01 1 10
log ([1]1/ MM} ———

0.01 0.1 i 10
log ([11/mM) ——

Figure 1. A) The gate-source voltage (V,) of the (§)-1-imprinted TiO,-
film-functionalized ISFET device upon: a)interaction with variable
concentrations of (S)-1 and b) treatment with variable concentrations of
(R)-1. B) The gate-source voltage of the (R)-1-imprinted TiO,-film-
functionalized ISFET device upon: a) interaction with variable concen-
trations of (R)-1 and b) treatment with variable concentrations of (S)-1.

the concentration range of 0.125 to 6.25 mMm with a lower
detection limit for the analysis of (S)-1 that corresponds to
0.6 mM, and an average sensitivity of 16+1 mVdec !. Fig-
ure 1B shows the “mirror experiment” in which the TiO, film
associated with the gate of the ISFET is imprinted with the
(R)-1 enantiomer, and the response of the system to (R)-1,
curve a or (S)-1, curve b, are examined. The system reveals
complete chiroselectivity for the imprinted substrate. While
(R)-1is effectively sensed in the concentration range of 0.05 to
6.25 mm with a lower detection limit of 0.10 mm and an
average sensitivity that corresponds to 18 +1 mVdec™!, the
(5)-1 enantiomer is not recognized by the membrane and no
response of the system is detected.?”! The system reveals full
reversibility and the associated substrate can be washed off
from the membrane (with 1% NHj; solution), a process that
regenerates the sensing membrane. The functionalized ISFET
device exhibits stability towards the chiroselective analysis of
the chiral ferrocene derivatives for at least one week.

The chiroselectivity of the imprinted ISFET devices is even
more impressive upon imprinting the enantiomers of 2-phenyl
alkanoic acids in the TiO, films and the analysis of the
respective acids by the ISFET devices. (R) or (S5)-2-phenyl-
butanoic acid, (R)-2 and (S)-2, were imprinted in the TiO,
films. Figure 2A shows the results corresponding to the
analysis of the enantiomers by the (§)-2-imprinted membrane
ISFET device. The imprinted substrate, (S)-2, is effectively
sensed by the device, curve a, in the narrow concentration
range of 0.25 to 2.5mm with the lower detection limit
corresponding to 0.50mM. The (S)-2 imprinted membrane is,

3994
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Figure 2. A) The gate-source voltage (V) of the (§)-2-imprinted TiO,-
film-functionalized ISFET device upon: a)interaction with variable
concentrations of (S)-2, b) treatment with different concentrations of
(R)-2, and ¢) treatment with different concentrations of (S)-3. B) The gate-
source voltage (V,) of the (R)-2-imprinted TiO,-film-functionalized
ISFET-device upon: a) interaction with variable concentrations of (R)-2,
b) treatment with different concentrations of (S)-2, and c) treatment with
variable concentrations of (R)-3.

however, insensitive to the (R)-2 substrate, and no signal is
transduced by the ISFET device within the entire concen-
tration range in which (S)-2 is detected, Figure 2A, curve b.
Interestingly, the (S)-2-imprinted TiO, membrane reveals
only a minute affinity for (S)-2-phenylpropanoic acid, (S)-3,
(the slope of the calibration curve corresponds to 5+
0.5 mVdec! in the concentration range of 0.4 to 6.25mwm),
Figure 2A, curve c. That is, even though (S)-2 and (S)-3
exhibit a similar configurational stereochemistry, shortening
of the alkane chain by a single methylene unit yields almost
complete structural differentiation by the sensing film. This
stereochemical specificity of the imprinted TiO, film is
attributed to a cooperative binding effect of the imprinted
molecular contour and the carboxylic acid ligation site upon
the association of the imprinted substrate to the cross-linked
Ti-O-Ti matrix. For effective binding of the chiral carboxylic
acid (S)-2 to the Ti-OH center, the association of the substrate
to the imprinted molecular contour through the terminal
methyl group of the four-carbon chain is essential in order to
gain the appropriate structural orientation of the substrate.
Similar behavior is observed upon analyzing the two enan-
tiomers with the (R)-2-imprinted membrane, Figure 2B. The
imprinted membrane effectively binds (R)-2, curve a, in the
concentration range of 0.0625 to 1.25mwm, with an average
slope of the calibration curve that corresponds to 42+
2mVdec! and with a lower detection limit of 0.08 mm.[]
The imprinted membrane is insensitive to the (§)-2 enan-

0947-6539/01/0718-3994 § 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 18
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tiomer, Figure 2B, curve b. As stated above, the enantiomer
(R)-3, which exhibits identical stereochemistry to the im-
printed substrate but includes an alkyl chain shorter by a
single methylene group, is not detected by the functionalized
ISFET, Figure 2B, curve c. That is, the imprinted ISFET
devices reveal not only chiroselectivity leading to complete
differentiation between the imprinted (R) and (S) substrates,
but also impressive chirospecificity that enables the selective
recognition of the two structural analogues (R)-2, (R)-3 and
(5)-2, (5)-3.

The opposite imprinting procedure in which the enantio-
mers of 3 are imprinted in the TiO, film, leads similarly to the
chiroselective and chirospecific membrane-functionalized
ISFET devices. Figure 3A exemplifies the performance of

A
100 ¢ a
80
Vgs I mV
gs m 60 |
i b
40 F [+
0.1 1 o
log ([carboxylic acid] / mm)
r B
da
1651
1 1451
Vgs I mV
135 ;1—//" C

0.1 1 10

log ([carboxylic acid] / mm)
Figure 3. A) The gate-source voltage (V) of the (R)-3-imprinted TiO,-
film-functionalized ISFET device upon: a)interaction with variable
concentrations of (R)-3, b) treatment with different concentrations of
(5)-3, and c¢) treatment with variable concentrations of (R)-2. B) The gate-
source voltage of the (S)-3-imprinted TiO,-film-functionalized ISFET
device upon: a) interaction with variable concentrations of (S)-3, b) treat-
ment with different concentrations of (R)-3, and c¢) treatment with variable
concentrations of (S)-2.

the (R)-3-imprinted membrane. The imprinted substrate (R)-
3is effectively sensed by the device in the concentration range
of 0.05 to 1.25 mMm with the detection limit of 0.10 mm and an
average sensitivity that corresponds to 55+ 2 mV dec™!, Fig-
ure 3A, curve a. The (R)-3-imprinted membrane is inactive in
sensing the enantiomer (§)-3, Figure 3A, curve b. Similarly,
the (R)-3-imprinted film is insensitive for the analysis of (R)-
2, which exhibits a chirality similar to that of (R)-3, Figure 3A,
curve c. Thus the imprinted matrix is able to distinguish
between two substrates that differ only by a single CH, group.
The specificity of the imprinted TiO, film for (R)-3 is

Chem. Eur. J. 2001, 7, No. 18
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attributed to the cross-linked matrix of the interface. That is,
the generated molecular contour for (R)-3 cannot spatially
accommodate the larger substrate (R)-2. Analogous results
are observed upon interaction of the (§)-3-imprinted ISFET
device with the two enantiomers (S)-3 and (R)-3, Figure 3B.
The imprinted substrate (S)-3 is effectively sensed by the
interface in the concentration range of 0.3-1.25 mm with the
lower detection limit of 0.45 mm. The average slope of the
calibration plot corresponds to 35+2 mVdec™!, Figure 3B,
curve a. The (S)-3-imprinted membrane is, however, almost
insensitive to the (R)-3 enantiomer, revealing a minute
sensitivity of 4+ 0.3 mVdec™! in the range of 0.6-6.25 mwm,
which is within the error of measurement, Figure 3B, curve b.
Similarly, the (S)-3-imprinted film is insensitive towards the
sensing of (S)-2, which exhibits a chirality identical to that of
(5)-3, Figure 3B, curve c. These results clearly indicate that
the membrane is an active sensing interface for the imprinted
chiral substrate. The imprinted membrane can distinguish
enantiomers of similar chirality that differ by a single
methylene unit. Thus, the imprinted interface reveals chiro-
selectivity and chirospecificity.

An attempt was made to characterize the sensing interface
and the imprinted sites in the film. The film thickness was
determined by the use of impedance spectroscopy measure-
ments on the modified gate interface.?!! The impedance
features of the gate interface are controlled by the chemical
composition of the modified gate.?>? In a recent study we
suggested the use of impedance spectroscopy measurements
on a functionalized gate as a method to evaluate the thickness
of chemically-assembled thin films on the gate surface.
According to this method, the transconductance functions of
the system are recorded at variable applied frequencies, and
the time constants 7, [Eq. (2)] and 7, [Eq. (3)] are extracted

71 = Riyem(Cinem + Cox) = Rinem Cox ()

7= Ruem Cinem (3)

c — Eo€memA 4
" Oem

from the curves, see Figure 4. By using the time constants, the
resistance of the TiO, film membrane (R,.,) and the
capacitance of the TiO, film (C,.n) can be determined. The
value C,, corresponds to the capacitance of the ALO;

0.5 -
0 '=—T—LT_B:H'_—Q=-\.._
[ 4.5 -
log H
.l |0g|-'r|:||].___ ;
log o).
1.5 F log [ tyal .
. log [npl-.. :
=2 P T A i ol 3 L el a1 d
0 1 2 3 4 5
log (f/Hz) -

Figure 4. Transconductance curves of: a) the bare ISFET device and b) the
(R)-3-imprinted TiO,-film-functionalized ISFET device.
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interface on which the TiO, film is assembled. From these
values, the film thickness J,., can be determined by using
Equation (4), in which ¢, and ¢, are the dielectric constants
of the vacuum (e,=8.85x10"2Fm™!) and the dielectric
constant of the membrane, respectively, and A is the gate area.

Figure 4 shows the transconductance curves at variable
frequencies corresponding to the bare ISFET device, curve a,
and the TiO, film-functionalized gate, curve b. Using the
derived C,., and é&,.,~10, we estimate the TiO, film
thickness to be 85+ 10 um.

To further characterize the sensing interface associated with
the gate, we attempted to estimate the number of imprinted
sites in the sensing membrane. Towards this goal we imprinted
4CH,CO,H in the TiO, membrane associated with the ISFET
device, by a similar procedure outlined for the different acids.
We measured the radioactive counts of the resulting film and
the radioactive counts resulting in the solution upon washing
the imprinted film with 1 % NH;. We find that about 65-70 %
of the radioactive counts associated with the film are washed
off. Using these data, we estimate that approximately 3.68 x
10" imprinted sites per gram are associated with the TiO,
sensing interface.”! Tt should be noted that since the radio-
active label is acetic acid, the number of imprinted recognition
sites in the sensing interface may be considered only as a
rough estimate of the number of recognition sensing sites of
the other acids described in this study.

Conclusions

The present study has revealed the imprint of chirospecific
and chiroselective molecular recognition sites in TiO, thin-
films associated with a field-effect transistor. The functional-
ized ISFET device provides a sensitive electronic transducer
for the detection of the affinity interaction between the
imprinted substrate and the recognition site. The interesting
observation is that not only the different imprinted enan-
tiomers yield chiroselective recognition sites for the re-
spective enantiomers, but yield chirospecific sites that differ-
entiate structurally related compounds of similar chirality. For
example, this was clearly demonstrated by the fact that the
(R)-2-imprinted membrane is insensitive for sensing (R)-3,
and, similarly, the (R)-3 imprinted TiO, film is inactive in the
binding of (R)-2. This unique chirospecificity was attributed to
the need for precise fitting and alignment of the imprinted
substrate in the imprinted molecular contour with respect to
the Ti-OH carboxylate ligating site.

Our study has also revealed an effort to characterize the
imprinted sensing interface on the gate surface of the ISFET,
by the combination of impedance measurements and radio-
active labeling experiments. The impedance measurements??!
provide a sensitive technique to characterize the structure of
chemically assembled dielectric membrane films on the gate
surface of ISFETs.

Experimental Section

Materials: (S)- and (R)-2-methylferrocene carboxylic acids, (S)-1 or (R)-1,
respectively, were synthesized according to literature.”®! (S) or (R)-2-
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phenylpropanoic acid, (S)-2 and (R)-2, respectively, and (S) or (R)-2-
phenylbutanoic acid, (R)-3 and (S)-3, respectively, were purchased from
Sigma. Ti'V butoxide was purchased from Aldrich. All other chemicals
(Sigma or Aldrich) were of analytical grade and used as received.
Ultrapure water from Seralpur PRO 90 CN was used throughout all the
experiment.

ISFET preparation: A solution of Ti'V butoxide in ethanol/toluene (1:1)
was treated with the respective carboxylic acid. The resulting mixture,
which included the Ti'V-butoxide - carboxylate complex, was deposited
onto the gate surface. The modification of the Al,O;-gate of the ISFET
device was performed by placing a 0.4 uL. drop of the Ti'V-butoxide —car-
boxylate complex solution on the gate interface. The system was then dried
in an oven (Eurotherm) at 40 °C overnight. The resulting modified chip was
thoroughly rinsed with toluene and then with the working buffer solution.
The sol-gel polymerization of the mixture on the alumina oxide gate
interface resulted in a thin TiO, film with the embedded carboxylate.
Treatment of the film with ammonia solution (1 % v/v for 2 min) led to the
elimination of the carboxylate and the formation of imprinted molecular
sites for the respective acid within the TiO, film.

Measurements: Al,O;-gate (20 x 700 pm?) ion-sensitive field-effect tran-
sistors (IMT, Netichatel, Switzerland) were used. An Ag/AgCl electrode
was used as a reference electrode. The chip modified by the molecular-
imprinted TiO, thin film was immersed in the analysis cell that included
phosphate buffer solution (0.8 mL, 0.1M, pH 7.2) and the respective acid at
different concentrations. The output signal between the ISFET source and
the reference electrode was recorded by using a semiconductor parameter
analyzer (HP 4155B). Each measurement was performed for 15 minutes
with a time interval of 2 minutes. The configuration of the system enabled
the measurement of the source-gate voltage (V,), while the drain current
(1,) and the source-drain voltage (V) remained constant (/; =100 nA and
V4 =1.5 V). The difference in the V, potentials for the ISFET modified by
the TiO, films with and without the embedded carboxylic acid residue was
plotted. The experiments were carried out at ambient temperature without
any stirring in order to simulate real conditions of possible future in vivo
applications. Reproducibility of the measurements was +£2 mV in a number
of experiments (n)=S5. All the measurements were performed using a
phosphate buffer solution (0.1M, pH 7.2).

Evaluation of TiO, film thickness: The TiO, film thickness was determined
by the use of impedance spectroscopy measurements on the ISFET
device.?!l The electronic circuit (see Supporting Information) was used to
follow the impedance properties of the modified ISFET device. This circuit
was recently used to characterize the modification of the gate interface with
different thin films.? The functionalized Al,Os-gate ISFET devices and a
Pt wire (D =0.8 mm), acting as a counter electrode and positioned 2 mm
from the gate interface, were immersed in the cell filled with 0.8 mL of the
analyzed solution. The ISFET characteristic curves (I; vs Vy for the
appropriate V,, values) were recorded with a HP4155B semiconductor
parameter analyzer. The measurement setup consisted of a programmable
electrometer (Keithley 617), a lock-in amplifier (Stanford Research
System, Model SR830DSP), and a two-channel digital real-time oscillo-
scope (Tektronix TDS220). For the impedance spectroscopy measure-
ments, the ISFET was conjugated to the electronic circuit. The V value
was adjusted to 1.5 Vas indicated on a SKL MAS930L multimeter by using
a potentiometer. Then, the Keithley voltage source was adjusted to provide
a DC bias potential of 0.75V, and the I; value, which corresponded to
100 pA, was adjusted by using the same multimeter. These operating
conditions of the ISFET enabled us to obtain an undistorted operational
amplifier output, detected on the Tektronix oscilloscope, when an AC
voltage of 0.3 V RMS was applied from the internal sine wave reference of
the lock-in amplifier. To determine the transconductance transfer func-
tions, the output potential, V,,, at variable frequencies from 1Hz to
100 kHz, was related to the imaginary impedance, Z;,,. The values of the
output potentials corresponding to Z;,, were normalized at 1 Hz to give the
respective transfer function.*!

Radioactive labeling experiments: The procedure for the radioactive
labeling experiments was carried out in the same way as described above in
part “ISFET preparation”, in which [2-*C] acetic acid (25 mm) was used as
a template molecule. The radioactivity of [2-'*C] acetic acid embedded in
the TiO, film and in solution was measured by a scintillation counter LS-
2800 (Beckman) with 1% counting accuracy.'’]
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Cahn - Ingold — Prelog Descriptors of Absolute Configuration

for Carbon Cages

André Rassat,*?! Patrick W. Fowler,!”! and Benoit de La Vaissiere!"!

Abstract: A simplified procedure is described for assigning Cahn - Ingold —Prelog
descriptors to stereocentres in spheroalkanes (the C,H,, molecules, with n even, based

on trivalent, polyhedral carbon frameworks, a class which subsumes the fulleranes).
By extension, similar descriptors can be found for the atoms of fullerenes and related
carbon-only molecules. Assignment maps are given for chiral fullerenes Cyg, Cy4, Cys,

Keywords: cage  compounds -
Cahn - Ingold —Prelog rules - chiral-
ity - fullerenes - polyhedra

Cg, and Cyy, and for a number of spheroalkanes. Cases of breakdown of the simple
procedure for triangle-rich spheroalkane molecular graphs are discussed.

Introduction

Assignment of configurational descriptors for specification of
stereogenic centres in molecules is, in principle, a solved
problem. The powerful and general set of sequence rules
constructed by Cahn, Ingold and Prelog (CIP) provides the
standard description.['l These rules, possibly with some further
refinement,”! are applicable to all molecular structures,
including, therefore, the polyhedral carbon and hydrocarbon
cages that are the subjects of this paper. Application of the
rules to fullerenes and their derivatives is, however, perceived
to be cumbersome, to the extent that alternative descriptions
have been devised specifically for use in this area.’l The
purpose of the present paper is to demonstrate that, at least
for many fully hydrogenated such cages (spheroalkanes* and
fulleranes), the CIP assignment is readily computed from
purely graph-theoretical considerations. An algorithm is
described and applied to some representative spheroalkanes
and fulleranes, with a simple expedient for extension of the
procedure to the fullerenes themselves. Although the simple
procedure works well for fulleranes and fullerenes, some
problems remain for triangle-rich spheroalkanes.
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Definitions: A spheroalkane!® is the fully hydrogenated form
of a trivalent, polyhedral carbon framework. When the faces
of the polyhedron are all either pentagonal or hexagonal, the
spheroalkane is a fullerane, the fully hydrogenated form of a
fullerene.Pl Some sources extend the definition of fulleranes to
cover all spheroalkanes of 20 or more vertices, irrespective of
face size.l’l The carbon centre in a spheroalkane is directly
bonded to three carbon neighbours and to one hydrogen
atom. Each hydrogen atom may lie inside or outside the cage;
this leads to many isomeric possibilities, but here we consider
spheroalkanes in their “normal” form, in which all CH bonds
are exo to the cage. On this understanding, the graph may be
“pruned” of hydrogens, which can be restored later without
ambiguity, and the only criterion for distinguishing carbon
centres (CH units) is then the connectivity of the underlying
framework. A pruned spheroalkane graph is identical to the
graph of a spheroarene!) An atlas of all possible spheroal-
kanes with up to 16 carbon atoms is given in [7] and adjacency
information for larger structures is readily generated, for
example with the plantri program.l®!

Cubic graphs are those in which each vertex is joined by
edges to three neighbours (in a chemical context these are
known as trivalent graphs); three-connected graphs are those
for which the removal of at least three vertices is required to
disconnect the graph; planar graphs are those which can be
drawn in the plane without the crossing of edges; polyhedral
graphs are those which are both planar and three-connected.!
Thus, the problem of assignment of descriptors in these C,H,,
frameworks is concerned with cubic, polyhedral graphs
embedded in three-dimensional space.

At first sight, fulleranes and spheroalkanes are rather
unpromising subjects for the application of the CIP rules, as
each carbon to be labelled is surrounded by a sea of chemically
equivalent near and distant neighbours. There are indeed
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special problems in distinguishing such “nearly equivalent”
sites. The uniformity of the structure, however, implies that
the assignment process will largely depend on graph-theoret-
ical considerations, and may in fact be more readily pro-
grammed than for some more chemically varied structures.

The process of attaching CIP labels in these arrays of
chemically identical subunits can be separated into two
logically distinct steps. The first is purely combinatorial, in
which priorities one to four are assigned to the four ligands
around each stereogenic centre. As H has a lower priority
than any carbon atom (Rule 10'l), this task for C,H, reduces
to the assignment of large, medium and small priorities to the
three carbon neighbours of each centre. The second is
geometrical or affine in nature: once the labels are found,
the choice of descriptor from the set {R, S} is determined by
the “steering-wheel rule”,'"l which depends on the relative
positions in space of the ligands to which we have attached
priorities L(arge) > M(edium) > S(mall) > (H), that is, on the
embedding of the graph in space.

A polyhedron can be drawn in the plane as a Schlegel
diagram." Several definitions of this construction exist in the
literature.'!l Here we take the point of view that a Schlegel
diagram is constructed by seating a polyhedron on a face and
flattening the whole object so that the bottom face expands to
contain the rest.’) It may sometimes be convenient to stand
the polyhedron on a vertex or an edge, in which case the
Schlegel diagram will have a vertex or edge midpoint at
infinity. Notice that we started by looking at the three-
dimensional object from outside and above, so that the central
portion of the diagram represents components of structure
that were initially closest to the viewer. With this convention,
the drawing encodes both the connectivity and, in the case of a
chiral polyhedron, the enantiomeric identity; that is, both the
combinatorial and geometrical aspects. Mirror-image Schlegel
diagrams represent opposite enantiomers and may be inter-
converted by lifting them out of the drawing plane and turning
them over, or by breaking and re-forming edges, but not by
using solely operations that preserve connectivity and con-
strain all vertices to the plane (see Figure 1).

An algorithm: An algorithm is readily devised from a perusal
of the CIP rules,!! and it turns out that the cases of interest are
small enough to be handled without any special attention to

Abstract in French: On decrit un procede simplifie par rapport
a la methode generale de Cahn, Ingold et Prelog (CIP), et
specialement adapte a Uattribution des descripteurs stereochi-
miques R ou S aux stéréocentres des spheroalcanes (molécules
C,H, (n pair), dont le squelette carbone forme un polyedre
trivalent, et dont les fulleranes constituent une classe particu-
liere). On etend la deéfinition de ces descripteurs aux atomes des
fullerenes et autres cages polyéedriques de carbone (spheroa-
renes). Les figures donnent les attributions pour les fullerenes
chiraux Cy, Cys, Cys, Cgy et Cuy, ainsi que pour d’autres
spheroalcanes. On presente enfin certains spheroalcanes riches
en triangles, dans lesquels il est impossible d’attribuer un
descripteur a tous les steréocentres, et ou on atteint les limites du
procedé decrit ici.

3986 —
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Figure 1. Enantiomers of a C,-symmetric spheroalkane, represented as
three-dimensional and Schlegel diagrams of the underlying carbon frame-
work.

optimisation of the program. In fact, the specific case of

descriptor assignment for spheroalkanes was considered by

Dreiding and Prelog in correspondence a decade ago.l'”!

Note that the simplified rules described below are a
condensation of the general CIP rules for the specific case
of polyhedral arrays of equivalent units such as C,H,. They
are easily adapted to derivatives such as C,F, and so on, where

R (S) centres in C,H,, become S (R) in C,F,. They do not apply

to more general molecules.

1) Starting from a Schlegel diagram or other representation
of the molecular connectivity, construct an adjacency list
for the pruned polyhedron in some freely chosen vertex-
numbering scheme.

2) For each stereocentre, C,, say, construct a rooted tree based
on the atom. (Figure 2) The nodes of the tree carry vertex
labels from the graph and are arranged on concentric
“spheres” S;. S, is C; itself; S, contains the three
neighbours of Cy, u, v and w, each joined to C, by an edge
of the graph. The three sub-trees starting from u, v, w are

Figure 2. Rooted tree based on vertex 1 of the Schlegel diagrams of
Figure 1.0%
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the branches B,, B,, B, The tree grows outwards by
bifurcation at each node, so that each node x on sphere S,
(i >0) is joined by an edge to one predecessor on S;_; and
(if x is not a duplicate node) to each of two successors on
S.;1 The concept of a duplicate node is defined in the
following way: each x on sphere S, defines a path of length
k leading from C;; if this path closes at x, then x is a
duplicate node and is either a copy of the root atom itself
(closure as a cycle) or of a vertex already encountered on
the path (closure as a “tadpole”—a cycle with a tail). S;
and S, contain no duplicate nodes, as all cycles in
polyhedra are of size three or more. In principle, the tree
grows radially out from the root, until every path has
terminated with a duplicate node. In practice the assign-
ment of priorities to branches B,, B,, B, normally requires
explicit construction of only a part of the whole tree.

3) The CIP ordering of branches B,, B,, B, as of L(arge),
M(edium) and S(mall) rank (L >M>S) is done on the
basis of the number of duplicate nodes found in each
branch on successive spheres.

Let the first sphere on which at least one duplicate node is

found be §;, and let N;(u), N(v) and N,(w) be the numbers

of duplicate nodes on this sphere in the branches B,, B,

and B,, respectively:

a) If N(u) <N;(v) <N;(w),thenuis L, vis M and w is S;

b) If Ny(u)=N;(v) <N;w), then w is S. To fix the other
priorities, one has to go further, to sphere m (m > j), the
first sphere where a difference between B, and B, is
found, with, say, N,,(u) < N,,(v), and then  is L and v is
M;

c) If Nj(u) <N;(v)=Nyw), then u is L. To fix the other
priorities, one has to go further to sphere m (m > j), the
first sphere where a difference between B, and B, is
found, with, say, N,,(v) < N,,(w), and then v is M and w
is S.

Remark: The symmetry of the rooted tree is the same as the
site symmetry of the root atom, which, in a trivalent
polyhedron, is C; or C; (chiral sites in a chiral molecule, or
prochiral sites in an achiral molecule), and C; or C;, (achiral
sites in an achiral molecule). Trivially, the process described
must fail to terminate with an LMS ordering of the three
branches when C, is at an achiral site, but it may also fail to
deliver an ordering in some cases to be discussed below.

4) Now go on to atom C,, and so on. If the molecule has
nontrivial symmetry, it is only necessary to treat one atom
from each orbit (set of symmetry-equivalent atoms), and,
of course, only chiral and prochiral orbits need to be
considered. In chiral molecules, all members of an orbit
carry the same descriptor. In achiral molecules, prochiral
atoms that exchange under proper operations have the
same label R or S, and prochiral atoms that exchange
under improper operations have opposite labels. Thus, in
an achiral molecule, each orbit of prochiral sites is equally
balanced between R and S.

Remark: Up to this point no information beyond the
adjacency list of the graph of the carbon skeleton has been
used. Steps 1 to 4 of the algorithm are purely combinatorial. In
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the next step, the LMS triple is converted to an {R, S}
descriptor of absolute configuration.

5) From the coordinates, the Schlegel diagram, a three-
dimensional model or a picture, determine the clockwise
or anticlockwise orientation of the LMS triple viewed from
C, out toits attached exo H atom. A convenient mnemonic
for this is the CIP “steering-wheel rule”.l'?] A more formal
device for the same purpose is the (pseudo)-scalar triple
product:

Prys= (rp X 1y) 15

in which r; , ry; and rg are position vectors of the L, M and S
ligands, drawn from a common origin inside the cage; the
sign of P| s determines the descriptor, positive for R and
negative for S.

Remark: A useful way to obtain plausible three-dimensional
coordinates for spherical polyhedral structures directly from
adjacency information has been described in the fullerene
literature under the name of “fopological coordinates” "
Cartesian coordinates deduced directly from the p-orbital-
like eigenvectors of the adjacency matrix. They may then be
scaled to give chemically reasonable bond lengths, but are
already sufficient for the purpose of computing the sign of the
triple product Py s as they give the bonded partners of each
atom as its physically nearest neighbours. Topological coor-
dinates are used in all the examples quoted in the present

paper.

Extension to fully unsaturated cages (spheroarenes): In
spheroarenes (and fullerenes), the carbon atoms occupy
three-coordinate sites and the CIP rules for tetrahedral
stereocentres, strictly speaking, do not apply. An obvious
and simple expedient is to take the spheroarene as a pruned,
normal-form (fully exo) spheroalkane and to apply the
descriptors for corresponding carbon sites directly. Descrip-
tors obtained in this way would not distinguish between the
different possible coordination geometries at a spheroarene
carbon, pyramidal pimple or inward dimple, but they would
encode the sense of the triangle of neighbours. Incidentally,
the same descriptors would be retained for endohedral
fullerenes X@C,, in which X is a high-priority “neighbour”
on the inside of the cage and replaces the low-priority exo-
hydrogen atoms of the normal fullerane.

Proposed TUPAC conventions for chiral fullerenesP® allow
for the assignment of an overall descriptor C or A to different
enantiomers. Given a standard numbering scheme for the
fullerene vertices, also envisaged in the conventions, knowl-
edge of the CIP {R, S} label assigned as above for any one
given numbered vertex is tantamount to fixing the {C, A}
label.

Complexity: The above description gives the essentials of a
programmable algorithm of CIP assignment for spheroal-
kanes. Computation of the numbers of nonbacktracking, non-
self-crossing paths in a graph has the potential to grow
alarmingly with the total number of vertices, and if resolution
of branch priority requires construction of a substantial
portion of the whole rooted tree for each vertex, the process
is bound to be costly. Initially the number of nodes on sphere
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3 L M S
T | 7 2 6 s

2 |1 3 9 R

3 |4 2 9 s

4 | 8 5 3 s

5 2 s | 4 6 10 R
6 | 15 10 S

7 8 1 10 S
AVARNINE
9 | 8 2 3 R

6 1 0]/ 7 5 6 R

Figure 3. Assignment of chiral descriptors for an enantiomer of the C,-
symmetric CyH,,, barettane, shown in Figure 1.

v

[eReE =R I N R N
NS N W= &R
[T NN SV I SR N K4
e
v nuhrhx

3

Figure 4. Assignment of chiral descriptors for an enantiomer of the C;-
symmetric C,H,, spheroalkane.

L M S
1 13 9 4 R
2 14 7 5 R
3 15 8 6 R
4 1 7 10 R
5 2 8 11 R
6 3 9 12 R
7 2 10 4 R
8 3 It 5 R
9 1 12 6 R
10 13 7 4 N
11 14 8 5 N
12 15 9 6 S
13 16 1 10 R
14 16 2 11 R
15 16 3 12 R
16 15 14 13 S

Figure 5. Assignment of chiral descriptors for an enantiomer of the Cs-
symmetric C¢H,s spheroalkane.

L M S
3 8 1 4 S
4 7 1 3 R
5 7 2 6 S
6 8 2 5 R
5 6 L M s
N i
2 1
3 1
4 1
5 10 2 6 R
6 7 2 5 S
10 7 7 6 3 8 R
8 9 3 7 S
9 8 4 10 R
5 s 0| s 4 9 s

Figure 6. Assignment of chiral descriptors for the C,-symmetric CgHyg,
cuneane, and the C;,-symmetric C;(H,,, diademane or mitrane.
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L M S
1 2 6 9
2 i i2 3
3 2 4 14
23 4 5 3 16
5 6 4 18
6 1 5 7
7 6 19 8
8 9 7 21
9 i 10 8
1 9 22

12

2

28 10
11 0 24
12 113
- 13 | 12 25 14
- 14| 3 1315
0 15| 26 16 14
’ 6|17 4 15
17 |27 18 16

27 18 17 19 5
19 18 20 7
20 28 19 21
21 20 22 8
22 23 10 21
23 28 24 22
26

24 23 25 11
25 24 26 13
26 27 25 15
27 28 17 26
28 27 23 20

24
25

Lhhhashhhuhuaasshihhhuhahuhhhhuhhvhnhuahhdnng

Figure 7. Assignment of chiral descriptors for the hypothetical D,-sym-
metric Cyq fullerene.

S, grows as 3.2%!, and for a Hamiltonian graph (one with a
cycle containing all vertices)® for example, the rooted tree
will certainly have as many spheres as the graph has vertices.
A priori, it is not possible to rule out a case where it would be
necessary to construct the whole tree to complete the
assignment, at least for some awkward vertex.

It is already clear that the decision process may sometimes
require consideration of a very large number of spheres. As an
example, consider a large icosahedral fullerene framework,
initially of full 7, symmetry, in which the twelve pentagons are
separated by large triangular graphitic regions. Now perturb
the framework by a Stone-Wales!' bond rotation at a
prochiral site in one of the large triangular faces, introducing
paired pentagonal and heptagonal rings. Sites which were
achiral in the unperturbed cage now become chiral, but for
those which are approximately antipodal to the site of the
perturbation, the length of path required to fix the {R, S}
assignments will be of the order of the diameter?® of the
graph.

Another specific pattern that is likely to lead to long paths is
one where the root vertex and two of its neighbours, « and v,
say, all belong to the same orbit, that is, are all equivalent in
the point group of the polyhedral framework. Equivalence of
u and v is lifted in the rooted tree, but the distinction between
the two branches involved will probably remain “small” and
become apparent only at path lengths that span a large part of
the polyhedron, if indeed the distinction appears at all.

It has already been noted in the description of the algorithm
that the process of searching for differences between branches
in their numbers of nonduplicate nodes, sphere by sphere,
does not terminate in a decision for all stereocentres.

The first case of nontermination is the trivial one in which
the root of the tree is an achiral site.

The next case of nontermination is when all three branches
are equivalent by symmetry. When the site symmetry of the
root vertex is C;, the three branches are of equal weight on all
spheres S, and it is necessary to invoke a further sequence
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rule (see the final sequence rule, §6.3 of [1c]). In this case,
assignment proceeds by arbitrarily giving highest rank to one
of the three rotationally equivalent neighbours (u, say) and
then deciding between the other two branches on the basis of
the more frequent of occurrence of u on the first sphere at
which there is a difference in numbers of copies of u. This
usually gives a decision, but there are examples of molecular
graphs where this simple enumeration of copies of u fails to
give an assignment (see Figure 13, later).

A third possibility for nontermination is that a rooted tree
could have two or even three branches that coincided in
numbers of nonduplicate nodes at every level, even though
not forced to do so by symmetry
equivalence. In such cases an
auxiliary rule is needed (see
Figure 12 and 13, later). At
least for the isomers of fuller-
enes and fulleranes considered
here, this problem does not
arise, and complete assignment
is possible.

Results

The algorithm is implemented
in a FORTRAN program which
takes adjacency data as input.
Framework coordinates are cal-
culated by diagonalisation of
the adjacency matrix and selec-
tion of eigenvectors. Rooted
trees are constructed from the
centre out to a sufficiently re-
mote sphere, LMS priorities
assigned and triple products
used to convert them to {R, S}
descriptors as described above.
The numbering schemes are
shown on the Schlegel dia-
grams. In the case of the larger
fulleranes/fullerenes these are
the TUPAC standard schemes.P
Descriptor —assignments are
shown as accompanying tabu-
lations. A bracketed entry de-
notes the use of the extra rule
for a C; site.

Figures 3 to 5 show specific
enantiomers of small spheroal-
kanes with {R, S} attributions.

of the previous structure. Figure 5 shows a C;-symmetric
spheroalkane for which all vertices but one fall into isochiral
orbits of size three, and the unique vertex (16) requires
invocation of the special procedure for sites with all ligands
equivalent. Figure 6 includes the orbits of prochiral sites in C,,
cuneanel' with two R and two S sites, and Cs, diademanel'” or
mitranel'®! with three R and three § sites. These examples
serve to illustrate the procedure.

The hypothetical D, isomer of Cy; (Figure 7) is the smallest
intrinsically chiral fullerene.®? Figures 8 to 10 show three
experimentally characterised chiral fullerenes,'! isomers of
Cy (D,), Cyg (D5) and Cgy (D,). Comparison with [5b] shows

L M S
1 6 10 2
2 3 12 1
3 2 15 4
4 5 17 3
5 4 20 6
11 28 12 10
12 13 11 2
13 12 30 14
14 15 32 13

>
w
s
3
-

&
=
>
w
LI LI h

Figure 8. Assignment of chiral descriptors for the D,-symmetric Cy isolated-pentagon fullerene (A enantiomer);
here and on the following four figures, one representative is shown for each orbit of atomic sites.

L M S
1 6 10 2 R
2 3 12 1 N
7 8 21 6 N
9 10 26 8 N
10 9 11 1 R
11 28 10 12 S
22 39 23 21 R
23 22 42 24 R
24 23 25 8 R
25 44 26 24 R
26 27 25 9 N
27 46 28 26 R

The C,-symmetric  “baret-
tane”™! (Figure 3) was the ex-
ample assigned by Dreiding
and Prelog.'” Paths of length
of at most five are needed in
this case. Figure 4 shows a C;-
symmetric spheroalkane ob-
tained by truncating one vertex

Chem. Eur. J. 2001, 7, No. 18
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73

Figure 9. Assignment of chiral descriptors for the D;-symmetric Cyg isolated-pentagon fullerene (C enantiomer).

0947-6539/01/0718-3989 $ 17.50+.50/0 3989





FULL PAPER

A. Rassat et al.

84

Figure 10. Assignment of chiral descriptors for the D,-symmetric Cg (A enantiomer), isolated-pentagon

fullerene 84:22 (spiral nomenclaturel>).

that the forms illustrated here are, respectively, the A, C and
A enantiomers.

Figure 11 shows the repeat unit of the smallest chiral
icosahedral fullerene C,4,?%21 viewed from outside the
carbon sphere. The 140 vertices can be broken down into
two sets of 60 (C, site symmetry) and one of 20 (C; site
symmetry). Each of the 60 pentagon vertices has two
neighbours in the same orbit, and resolution requires paths
of length 18. For the orbit of the 60 vertices exo to the
pentagons, the required paths are of
length seven, and for the remaining
20 vertices the C; rule is invoked.

Again the {R, S} label of any one of

L M S
1 2 la 1b R
2 3 2a 1 N
3 2 2b 2¢ R

28

Figure 11. Assignment of chiral descriptors
for the I-symmetric C,4, isolated-pentagon
fullerene. Only a portion of the surface
sufficient to show the environment of the
sites belonging to the three orbits is shown,

as seen from outside the molecule. algorithm.

3990

the carbons of this structure is
sufficient to fix the enantiomer
of both fullerane (in normal
form) and fullerene.

L M S
T | 2 6 9 .

2 |12 1 3 Problem cases: Figure 12 shows
3 222 ‘; 165 a bad case for step 3 of the
8 | 25 9 7 algorithm. This is a 28-vertex T-
190 190 287 111 symmetric polyhedral cage, in

fact the smallest spheroalkane
of this symmetry.l** It has four
triangular and twelve hexago-
nal faces, and the vertices fall
into two orbits of twelve (site-
symmetry C,;) and one of four
(site-symmetry C;). Applica-
tion of step 3 of the algorithm
gives immediate assignment for

=

9

bt

>
nunuIIZIITLUDININD XG0 D
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the twelve vertices exo to the
triangles. The special procedure
for C; sites gives an assignment
for the set of four vertices at the
centres of the tetrahedral faces.
Each member of the 12-orbit of
triangle vertices has two neigh-
bours in its own orbit and one in
the exo orbit. It is clear that the exo branch has L(arge)
priority. However, computation shows that two branches of
the rooted tree remain of equal weight at each sphere from
the first all the way to the last (S,;), even though these
branches are not equivalent by symmetry. These vertices
remain unassigned with the simple algorithm.

Systematic truncation of this graph yields further problem
cases. Figure 13 shows 10 truncations that preserve C;
symmetry and lead to C;, spheroalkane skeletons. In all 10

L M S
1 4
2 5
3 6
4 7 12 1 N
5 8 10 2 S
6 9 11 3 S
7 19 10 4 R
8 20 11 5 R
9 21 12 6 R
10 7 5 13 S
11 8 6 14 S
12 9 4 15 S
13 10
14 11
15 12
16 20
17 21
18 19
19 7 25 18 S
20 8 26 16 S
21 9 27 17 N
22 25
23 26
24 27
25 28 19 22 N
26 28 20 23 N
27 28 21 24 S
28 27 26 25 R

Figure 12. A chiral, tetrahedrally symmetric C,sH,; (smallest spheroalkane of 7 symmetry) spheroalkane,
in which some sites (marked with a black spot) of C; symmetry are not fully assigned by step three of the
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& g

[
& @

Figure 13. Further Cs-symmetric polyhedra, created by truncation of the
tetrahedral C,gH,5 graph, all of which give incomplete assignments with the
simple algorithm. Unassigned vertices are marked with a black spot.

there are sets of vertices in triangles that are unassigned even
when step three of the algorithm is taken to the last sphere,
S;;, and in one case the atom on the C; axis itself and its
nearest neighbours are also unassigned, notwithstanding the
application of the weighted counting rule for C; site symme-
tries. Although it is risky to generalise from such a small
sample, it is perhaps noteworthy that all these failures occur in
graphs with many triangles. The equivalent of Figure 12 with
six squares (O-symmetric Cs) or twelve pentagons (the
aforementioned I-symmetric C,4), the smallest spheroalkanes
of these symmetries,*?-22 are both fully assignable by a
combination of step three and the C;-rule. Further investiga-
tion of the problem cases is indicated, though the simple
algorithm suffices for our main purpose of assigning CIP
descriptors to fullerenes.
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Photoluminescent Metal — Sulfur Clusters Derived from Tetrathiometalates:
Metal-to-Metal Charge-Transfer Excited States of d’—d!’ Heterobimetallic
Sulfido Clusters with Bulky Phosphine Ligands

Chi-Ming Che,*!?! Bao-Hui Xia,”! Jie-Sheng Huang,*?! Chi-Keung Chan,!?]
Zhong-Yuan Zhou,™ and Kung-Kai Cheung!?!

Abstract: Reactions of MS,2~ (M = Mo,
W) with M'(PCy;)X (M'=Ag/Au, X=
ClO,/Cl) and [Cu,(dcpm),(MeCN),]-
(C10,), (dcpm =bis(dicyclohexylphos-
phino)methane) afforded heterometal-
lic sulfido clusters [M’,(PCys;),(MS,)]
M=Mo,M'=Au:2; M=W, M'=Ag:

metallamacrocycles formed on the re-
spective tetrathiometalate anion tem-
plates and have unusually long Cu—S
bonds and Cu---M distances for metal —
sulfur clusters that contain a saddle-
shaped {Cu,MS,} core. Low-energy ab-
sorption bands are observed in their

electronic spectra at ~562 and 467 nm,
respectively, assignable to MMCT tran-
sitions; quasireversible reduction waves
are observed with E,, = —1.43 (5**) and
—1.78 V (6**) versus FeCp,”*; and they
are emissive either in the solid state or in
solution. The emission of 6> can be

3, Au: 4) and [Cuy(dcpm),(MS,)](C1O,),
(M =Mo: 5-(ClO,),, W: 6-(ClO,),), all
of which, except 4, have been charac-
terized by X-ray structure determina-
tion. Clusters 5+ (ClO,), and 6-(ClO,),
feature unusual 16-membered {Cu,P;C,}

minescence -

alates

Introduction

The utilization of tetrathiometalates (MS,"~) as precursors for
cluster synthesis has resulted in the formation of a vast
number of heterometallic sulfido clusters with extraordinary
structural varieties.'! While these clusters have been exten-
sively investigated for the development of structural/func-
tional models for the active sites of enzymes such as nitro-
genase,[>ee2 23] for seeking new classes of nonlinear optical
materials,'Yl and for unearthing the versatile binding behavior
of MS,*~ as multidentate ligands,'*4 their photophysical and
photoredox properties remain essentially unexplored. This is
in contrast to the case of homometallic sulfido clusters, whose
photophysical properties are receiving increasing atten-
tion.t !

[a] Prof. C.-M. Che, Dr. J.-S. Huang, B.-H. Xia, Dr. C.-K. Chan,
Dr. K.-K. Cheung

Department of Chemistry

The University of Hong Kong, Pokfulam Road (Hong Kong)
Fax: (+852)2857-1586
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Prof. Z.-Y. Zhou

Department of Applied Biology and Chemical Technology
The Hong Kong Polytechnic University

Hung Hom, Kowloon (Hong Kong)
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Keywords: cluster compounds - lu-
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quenched by both electron acceptors,
such as methylviologen, or electron
donors, such as aromatic amines, with
the excited state reduction potential
E(6°**/6%) estimated to be ~1.13V
versus a normal hydrogen electrode.

tetrathiomet-

In an effort to uncover a photoluminescent heterometallic
sulfide cluster derived from MS,”", we found that a W-Cu-S
“fly-wheel”  cluster, [Cus(dppm);(WS,)]CIO, (1-ClO,,
dppm = bis(diphenylphosphino)methane), is photolumines-
cent in the solid state.’! However, when cluster 1-ClO, is
dissolved in solution, it exhibits no observable photolumines-
cence. Hence, our quest for a MS,"~-derived heterometallic
cluster that is emissive in both the solid state and solution
media continues. In this context, we draw attention to the d’—
d'" heterobimetallic clusters of the general formulation
[M',L,(MS,)[*=* formed from MY!S,*> (M =Mo, W) and the
coinage metal ions M'! (M’ = Cu, Ag, Au) with L being a bulky
electron-rich phosphine, such as tricyclohexylphosphine
(PCy;) and bis(dicyclohexylphosphino)methane (dcpm). The
present work describes the synthesis, crystal structure, spec-
troscopy, and photophysical/photoredox properties of several
examples of [M',L(MS,)]*? clusters, namely, [M'5,(PCy;),-
MS)] (M=Mo, M'=Au: 2; M=W, M'=Ag: 3, Au: 4) and
[Cu,(depm),(MS,)](CIO,), (M =Mo: 5-(ClO,),, W: 6-
(Cl0O,),). Remarkably, clusters 5+ (ClO,), and 6-(ClO,), are
photoluminescent both in the solid state and in solution,
which, to our knowledge, constitute the first MS,"~-derived
metal —sulfur clusters that have this property. Further, the
electronic spectra of 5:(ClO,), and 6:(ClO,), show low-
energy bands that probably originate from metal-to-metal
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charge-transfer (MMCT) transitions, a type of CT band that is
rarely observed for metal —sulfur clusters!®” although well
documented for other types of polynuclear metal complexes.[®!

Results

Syntheses: Treatment of the ammonium salts of tetrathiomet-
alates MS,>~ (M=Mo/W) with two equivalents of
M'(PCy;)X (M'=Ag/Au, X=ClO,/Cl) in dichloromethane
at room temperature for several hours readily afforded
clusters 2—4 in 43-78% yields [Reaction (1) in Scheme 1].
Reaction of the same tetrathiometalates with ~2 equivalents
of [Cu,(depm),(MeCN),](ClO,), in acetonitrile at room
temperature under nitrogen for 24 h led to isolation of
clusters 5+ (ClO,), or 6+ (ClO,), in ~ 88 % yields [Reaction (2)
in Scheme 1]. Clusters 2—4, 5-(ClO,),, and 6-(ClO,), con-
tribute the first examples of heterobimetallic sulfido clusters
formed from MoS,> /WS~ and coinage metal ions that bear
bulky phosphine ligands. Previously, a number of their
analogues have been reported, including [M’,L,(MS,)] (y=
2-4) 1249 [Cuy(PPhy);CIMS,) ] MY [M/L(MS,),]  (v=4,
8),1¢ 1% (nBu,N)[Cus(dppm),Br,(WS,)]."1 1-X (X =PF,
Br)," and [Cu,(dppm),(MS,)](PFs), (M=Mo: §'-(PFy),,
W: 6'- (PF;),),' as well as 1- C1O,;*l however, all the phosphine
ligands in these clusters have considerably smaller cone
angles.[?]

The formation of [Cu,(dcpm),(MS,)J** (M =Mo: 5%, W:
6°*) from Reaction (2) in fairly high yields is particularly
interesting. First, we have demonstrated that a similar

reaction of WS~ with [Cu,(dppm),(MeCN),](ClO,), affords
the tetranuclear cluster 1- ClO, in 25 % yield [Reaction (3) in
Scheme 1]; no [Cu,(dppm),(WS,)]** (6**), the dppm coun-
terpart of the pentanuclear cluster 6°*, is obtained from the
reaction. Likewise, we could not isolate the dcpm counterpart
of [Cus(dppm);(WS,)]* (1*) from Reaction (2). Second,
although 6>+ has recently been prepared from a solid-state
reaction at elevated temperature [Reaction (4) in
Scheme 1], the yield of the cluster is 22 %; when the same
reaction is carried out in solution, cluster 17 rather than 6'** is
obtained [Reaction (5) in Scheme 1].['!l These observations
clearly reveal a dramatic influence of the steric/electronic
properties of the phosphine ligands on the formation of this
type of metal —sulfur cluster.

3P NMR spectra: Clusters 2—4, 5-(ClO,),, and 6-(ClO,),
each exhibit a 3'P NMR spectrum that shows a single
phosphorus environment. The signals of all the clusters except
3 appear as singlets with 6 of 66.98 (2), 66.88 (4), 6.44 (5-
(Cl0O,),), and 6.58 (6+(ClO,),). In the case of 3, the spectrum
at room temperature features a well-separated doublet in 1:1
ratio centered at 6 =49.7 with J =576 Hz as a result of the
Mp_107MPA0 spin-spin coupling (the 3'P-1Ag and *P-
19Ag couplings are not resolved under the NMR conditions).
This is different from a PPh,Me analogue of 3, in which case
the P— Ag couplings are not observed at room temperature
due to a rapid exchange of the phosphine ligands.['%]

X-ray crystal structures: All the new clusters, except 4, have
been structurally characterized by X-ray crystallography. The
crystal data and structure re-
finement are summarized in

[Cu(MeCN),)(PF)

'\(A)'((':Cégx’o?if L AN s Table 1. Because 2 and 3 or 5-

. —|2- - ~ CysP—M M ZM—PCy; (C10,), and 6-(ClO,), belong
R 3 g S ' _ to the same structure type, only
E 5/‘: m:\“,ﬂvo “,CVZQ; g Au 4 the ORTEP drawings of 3 and
15 ML 2 6-(ClO,), are shown here (see
A \s Figure 1 and Figure 2, respec-
é _____ __-4-"" [Cuy(RoPCHPRy):(MeCN),)(CIO,), tively). As expected, the tetra-
M= Mo/Ww (R=Cy:n=2Phin=4) thiometalate units in these clus-

ters are very similar; each of

Ph,PCH,PPh,
S(?]I[Idos(’tgte (4) CH,Cl, | (5) 3)[R=Ph
Ph Ph o4 Ph Phy [+
P2 P2 i PC Pz |
Ve /Cu\ ™ \Cu/ 7
Ph,R /S\ s /PPh2 s \/F’th
Cu o1f PhoR SN
NS SSTN NPAAY
PhyR S\C / /Pth Cu thp/w'/
—Cu /N =N
ghz “p th”{/ S
Ph, S
M = Mo: 5%, W: 62 1"

Scheme 1. Syntheses of 2—4,5-(ClO,),, and 6-(ClO,),. The syntheses of 1- ClO, (ref. [6]), 1 PF,, 5« (PFy),, and

6' - (PF), (ref. [11]) are also included for comparison.
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MeCN them essentially adopts a tetra-
hedral geometry.
Cluster 3 represents the only
example of structurally charac-
@ |r=cy terized linear [Ag,L,(MS,)]
clusters, with L being phos-
phine ligands, in which both
the Ag atoms are three-coordi-
Gy, G2 er nate. Previously, Miiller and co-
P\ /P
_Cu workers reported the structure
CyoR U’S\M>S\ W of [Ag,(PPh,);(MoS,)] - 0.8 CH,-
Cy R’ \S{ ;S/ \Pcy2 Cl, (7-0.8 CH,Cl,), which con-
S tains both three- and four-coor-
Cyz 'éy2 dinate Ag atoms.[’] Although 3

bears a bulky phosphine ligand,
the metrical parameters of both
the {(CysP)Ag(u-S),W} halves
are similar to those of the

M = Mo: 52*, W: 62
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Table 1. Crystal data and structure refinement for 2, 3, 5-(ClO,),, and 6-(ClO,),.

2-CH,Cl, 3.CH,(Cl, 5.(ClO,),:2MeCN -2 Et,0 6-(ClO,),-EtOH
formula Cy;HgCLP,S;MoAu, C3;HgCLP,S,WAg, C11,H10N,CLO,,PsS,MoCu, C10H,90CL,OgPsS,WCu,
My 1263.91 1173.62 2541.82 2445.45
crystal system triclinic triclinic orthorhombic triclinic
space group P1 Pl Aba2 P1
a[A] 10.985(2) 10.968(2) 28.91(1) 14.932(6)
b [A] 12.957(2) 13.056(2) 20.656(7) 14.980(6)
c[A] 17.893(3) 17.919(3) 21.714(7) 26.49(1)
a [’ 98.98(2) 99.76(2) 90 90.212(8)
AN 107.92(2) 106.65(2) 90 90.240(8)
v [°] 97.08(2) 98.31(2) 90 92.031(9)
V[A%] 2353.4(9) 2371.6(9) 12967(7) 5922(4)
z 2 2 4 2
Pearca [Mgm3] 1.783 1.643 1.302 1.372
u(Mog,) [em™] 68.85 36.17 9.95 19.48
F(000) 1236 1172 5408 2564
reflections collected 26100 24045 43027 38872
independent reflections 7988 8095 14759 26745
parameters 418 428 631 1117
goodness of fit 1.63 1.55 0.749 0.801
final R indices [I >20(])] R111=0.040 R111=0.042 R1=0.043 R1=0.062

wRI =0.059 wR =0.057 wR2=0.11 wR2=0.16
largest difference peak/hole [e A~ 1.45/—-3.38 0.64/ —2.20 0.69/ —0.50 0.98/ —0.93

[a] [1>30(D)].

C72
R

Figure 1. ORTEP drawing of 3 with thermal ellipsoids on the 40% Z g

probability level (hydrogen atoms are not shown). Average Ag--+W Figure 2. ORTEP drawing of 6-(ClO,), with thermal ellipsoids on the
distance: 2.8951(5) A. Selected average bond lengths [A]: W—S 2.206(2), 50% probability level (the CIO,~ counteranions and hydrogen atoms are
Ag—S 2.475(2), Ag—P 2.373(2). Selected average bond angles [°]: S-W-S not ShOWEl). Average Cu--+ W distance: 2.857(1) A. Selected average bond
109.48(8), S-Ag-S 95.43(6), Ag-S-W 76.16(6), S-Ag-P 132.19(7). lengths [A]: W=S 2.204(1), Cu—S 2.406(1), Cu—P 2.301(1). Selected average

bond angles [°]: S-W-S 109.48(4), S-Cu-S 96.08(4), Cu-S-W 76.45(4), Cu-S-
Cu 115.66(4), S-Cu-P 104.88(5), P-Cu-P 134.63(4).
{(Ph;P)Ag(u-S),Mo} moiety of 7 with a three-coordinate Ag
atom. Likewise, the structure of 2 is similar to those of its
PPh;® and PEt;™ counterparts reported in the literature. discrete clusters including {(Ph,P),[Cu,Br,(MoS,)]},,["*!
In contrast, the saddle-shaped {Cu,MS,} cores in 5" and 6>* (Bu,N),[Cu,Cl,(MoS,)],1! {(Et,N),[Cu,X,(MoS,)]}, X=
have appreciably different geometries from those in 5** and NCS, 14l CNtely - (Et,N),[Cu,Is(MoS,)],141 {Y,[Cuy(NCS),-
6>*,'1 and in all the other [Cu,MS,]-containing polymeric or (WSY1}, (Y=Me,N,#! Et,N,4d Ph,Plly {(Et,N),[Cu,-
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Metal - Sulfur Clusters

3998-4006

(CN)A(WSy)[},.1* and {(Et,N);[Cuy(NCS)s(WS,)]},.*! For
example, the average Cu—S bond lengths of 2.378 (5**) and
2.406 A (6**) and the average Cu--M (M = Mo, W) distances
of 2.827 (5**) and 2.857 A (6**) are all longer than the
respective bond lengths or distances in any of the other
{Cu,MS,}-containing clusters mentioned above, which range
from 2.242 to 2.351 A (Cu-S) and from 2.609 to 2.778 A
(Cu---M).'- 4 Notably, replacing the phenyl groups in 5%/
6" with the cyclohexyl groups to form 5*7/6** results in an
increase of the average closest Cu -« Cu distances from 3.88 to
4.03 A (52 — 52*) and from 3.90 to 4.07 A (6> — 6**).

Electronic spectra: Figure 3 depicts the UV/Visible absorp-
tion spectra of clusters 2-4, 5-(ClO,),, and 6-(ClO,),,
together with those of the respective tetrathiometalates
MoS,2>~ and WS,>~. The spectral data of these compounds
are listed in Table 2. As shown in Figure 3, either MoS,*~ or

4.0,

3.0

MoS,>

52+

V3

0.0 e ———
200 250 300 350 400 450 500 550 600 650 700

¢/ dmimol-'cm-1

x10+ 407 /3
: 4
3.0 /41 ¥
2.0
I.O—:;"W
Vs Vo
0.0 : : =S e
200 250 300 350 400 450 500 550

A/ nm

Figure 3. UV-visible spectra of 2—4 (in CH,Cl,), 5-(ClO,), and 6+ (ClO,),
(in MeCN); those of MoS,;>~ and WS2~ (in MeOH) are shown for
comparison. Note that the spectra of 5 (ClO,), and 6+ (ClO,), in MeCN are
similar to those in CH,Cl, or MeOH (see Table 2).

WS>~ exhibits a spectrum featuring three intense bands v, — v,
in the 210-700 nm region. The formation of the trinuclear
clusters 2—-4 from MoS,?>~ or WS>~ causes some changes in
the intensity and location of these bands, but retains the main
features of the spectra. However, coordination of MoS,>~ or
WS>~ to copper (i) ions to form the pentanuclear cluster 5+ or
6>+ renders the spectrum more complicated, with the appear-
ance of new bands at about 357 and 562 nm for 5°*, and 324
and 467 nm for 6**. These new bands show little solvent
dependence among the three solvents examined (see Table 2).

Photophysical properties: Cluster 6:(ClO,), exhibits an
intense orange emission at 298 K with 4,,,, =~ 619 nm in the
solid state and in solution. The emission of cluster 5+ (ClO,),
at the same temperature is relatively weak, with 1., located
at longer wavelengths (~727 nm in the solid state and 709 nm
in solution). None of clusters 2—4 was found to be photo-
luminescent.

Table 3 shows the photophysical properties of 5-(ClO,),
and 6+ (ClO,), in various media and at different temperatures.
The emission spectra of 6-(ClO,), in a glassy state (MeOH/

Table 3. Photophysical properties of 5+ (ClO,), and 6-(ClO,),.

medium T [K]  Apax [nm] T [us] quantum yield
52+ 62+ 52+ 62- 52+ 62-

MeCN 298 709 619 11 15 43x10* 0.017
MeOH 298 709 619 11 1.2 47x10* 0.014
CH,Cl, 298 709 619 08 08 29x10* 0.010
solid 298 727 619 7.8

solid 77 800 665 58.0

MeOH/EtOH (4:1,v/v) 77 800 667 56.0

EtOH 4:1, v/v) at 77 K and in acetonitrile at 298 K, together
with its excitation/absorption spectrum under these condi-
tions, are depicted in Figure 4. As shown in Table 3, the
emission life times (7) of 5" and 6** in solution are fairly long,
ranging from 0.8—1.5 us for the three solvents examined.
Further, for both 5** and 6>*, lowering the temperature from
298 to 77 K significantly red
shifts their emission bands.

Table 2. UV/Vis spectral data for 2-4, 5-(ClO,),, and 6+ (ClO,), at 298 K. The data for the ammonium salts of

tetrathiometalates MoS,>~ and WS>~ are also included for comparison.

Electrochemistry of clusters 5-

cluster solvent Amax [nm] (& X 1073 [dm?® mol~! em~])l]
MoS,>~ and its derivatives
MoS2 MeOH 243(25.2), 319(16.8), 472(11.6)
2 CH,CL, 231(25.1), 266(12.6), 309(29.7), 351(6.8), 377(3.2), 436(1.9), 490(5.3)
5+ MeCN 267(18.7), 294(15.6), 314(11.9), 357(16.6), 460(9.8), 495(4.4), 562(3.8)
MeOH 267(18.7), 295(15.4), 314(11.9), 357(16.4), 460(9.5), 495(4.3), 561(3.6)
CH,Cl, 268(19.7), 295(16.4), 314(12.6), 358(17.5), 459(10.0), 495(4.5), 562(3.8)  sus FeCp,’*,
WS, and its derivatives
WS, MeOH 218(35.2), 279(26.3), 396(16.5)
3 CH,CI, 230(23.8), 285(36.8), 330(2.6), 397(9.7)
4 CH,CL, 234(21.2), 286(28.3), 317(8.4), 339(3.7), 408(6.5)
6+ MeCN 272(15.5), 324(17.7), 403(8.8), 467(3.3)
MeOH 272(15.0), 325(17.4), 404(8.7), 468(3.4)
CH,CI, 272(16.5), 325(18.7), 405(8.8), 468(3.3)

(C10y), and 6 (Cl0,),: The cy-
clic voltammograms of 5+ and
6%* in acetonitrile show quasi-
reversible reduction waves at
E,=-143 and —1.78 V ver-
respectively.['”]
These potentials are less nega-
tive than the reduction poten-
tials (versus FeCp,”*) reported
for the respective tetrathiomet-
alates (MoS,>~: —2.60V in
MeCN,'l WS2: —3.16V in

[a] The data for shoulders are set italic.
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Figure 4. a) Absorption and b) emission spectra in MeCN at 298 K, and
c) excitation and d) emission spectra of 6+ (ClO,), in a glassy state (MeOH/
EtOH 4:1, v/v) at 77 K. I =intensity.

reduction potential obtained for the tungsten cluster (6°*)
than for the molybdenum cluster (5%*) is parallel to the results
found for related clusters such as [Co(MS,),]>*~ (M= Mo,
W).lldl Note that of the other structurally characterized
{Cu,MS,}-containing clusters!' 14 described above, only
(Et,N),[Cu,J¢(MoS,) ] has been studied by cyclic voltam-
metry; however, this compound exhibits irreversible reduction
waves in solution.

Quenching of the emission of cluster 6 - (Cl10,4),: The emission
of 6°* can be quenched by both electron acceptors such as
MV? (methylviologen, i.e., 1,1’-dimethyl-4,4'-bipyridinium
dichloride) and electron donors such as TMPD (N,N,N',N'-
tetramethyl-p-phenylenediamine), with MV?** and TMPD
converted to MV** and TMPD*, respectively.'¥! Transient
absorption spectroscopic studies reveal that the quenching
obeys the Stern—Volmer equation in the range of the
quencher concentrations employed, and the quenching rate
constants after diffusional effect correction (kq') are deter-
mined to be 1.2 x 107 dm*mol~'s~! for MV?* and 2.00 x 10°—
2.92 x 10° dm*mol~'s! for a series of aromatic amine donors
(including TMPD) with similar sizes and electronic structures
but different redox potentials E(D*/D’) (see Table 4).

Discussion

Tetrathiometalates as anion templates for metallamacrocycle
formation: Since the pioneering work by Miiller and co-
workers in early 1970s,!”] tetrathiometalates have been widely

Table 4. Rate constants for the quenching of the emission of 6+ (ClO,), by
aromatic amine donors in acetonitrile at 298 K.

E(D+/DV)lal kq[h]

aromatic amine kg Ink,

q

TMPD 0.35 2.55x10° 2.92 x10° 21.79
p-phenylenediamine 0.53 8.35x10% 8.71 x 10® 20.59
N,N,N',N'-tetramethylbenzidine 0.67 1.38 x 10° 1.48 x 10° 21.12
o-phenylenediamine 0.75 1.55 x 108 1.56 x 10% 18.86
benzidine 0.79 4.81 x107 4.82x 107 17.69
phenothiazine 0.86 1.86 x 107 1.86 x 107 16.74
diethylaniline 0.94 5.00 x 10° 5.00 x 10° 15.42
diphenylamine 1.07 2.00 x 10° 2.00 x 10° 14.51

[a] V versus NHE (from ref. [29]). [b] The rate constant [dm*mol~'s™]
obtained according to Stern—Volmer equation. [c] The rate constant
[dm® mol~'s™'] corrected for diffusional effects (1/k, = 1/k, — 1/k,, in which
kg is taken to be 2.0 x 10" dm*mol~'s™).
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known as versatile multidentate ligands in metal complex
formation.!! Indeed, as shown in Scheme 1, clusters 1+, 24,
5%+, and 6°* can be well described as coinage metal complexes
with MoS,2~ or WS~ as ligands formed by coordination of
the coinage metal ions to the pairs of sulfido groups on edges 1
and 2 (2-4), 1,3, and 5 (1*), and 1-4 (5°*, 6**) of the MS,>~
tetrahedron.

We notice that the structures of 1*, 52*, and 6°* contain
macrocycle moieties: a tridentate 12-membered {Cu;P(C;}
ring in 17 and a tetradentate 16-membered {Cu,P;C,} ring in
5% or 6°*. The conformation of the {Cu,P;C,} macrocycle in
6%* is shown in Figure 5. Because these macrocycles are bound

Figure 5. The core structure of 6°* showing the conformation of the 16-
membered {Cu,P;C,} ring.

to MoS,> or WS~ and are formed from simpler copper
compounds in the presence of the tetrathiometalates [Reac-
tions (2) and (3) in Scheme 1], we highlight here the function
of tetrathiometalates MS,"~ as a new class of anion template
for macrocycle formation. The {CusP,C,} or {Cu,PsC,}
macrocycles might have intrinsic stability in view of their
previous appearance in other types of polynuclear copper
complexes including [Cus(dppm);X,]* (X = CLP'al PhC,P'),
[Cus(dppm);X]** (X = OH,”™ PhC,P'), [Cuy(dppm)y(CS;).]
(82), and [Cu,(dppm),E]** (E=S: 8b,?I C,: 8¢*), and
in clusters 5>+ and 6'>*.''] Notably, the {Cu,P;C,} macrocycles
generated on templates MoS,*~ and WS,2-, as in clusters 5**
and 6**, have substantially larger Cu, cavities than those in
8a-c. For example, the average closest Cu--- Cu distances in
52+ (4.03 A) and 6** (4.07 A) are much longer than those in
8a—c (2.87-3.31 A)?2 and are the longest ever found for the
compounds bearing the {Cu,P;C,} macrocycles (Figure 6).
Such a wide range of Cu-.-Cu distances (2.87 to 4.07 A)
observed for the {Cu,PyC,} rings demonstrates that this class
of metallamacrocycles are remarkably flexible in anion
binding, and should be able to form stable complexes with
diverse types of anions.

The markedly longer Cu—S bonds and Cu+++M (M =Mo or
W) distances in clusters 5* and 6>* than in 52+ and 6** (see
above) indicate that the binding of the {Cu,P3C,} macrocycle
with MoS,> /WS~ in 5*/6’* is weaker than in 52+/6'**,
probably arising from the sterically more demanding and/or
more electron-rich nature of the dcpm than the dppm ligand.
In fact, 5> and 6*" have the weakest interaction between
tetrathiometalate and copper ions among all the clusters
bearing the {Cu,MS,} cores, as reflected from their Cu—S bond
lengths and Cu--- M distances. Perhaps owing to this property,
the electronic spectra of 5** and 6°* (Figure 3) are somewhat
reminiscent of those of MoS,>~ or WS,>~.
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Figure 6. Comparison of the average Cu--- Cu distances between adjacent
copper atoms in the 16-membered {Cu,P;C,} ring coordinated to various
anions.

Metal-to-metal charge-transfer (MMCT) excited states:
MMCT transitions of heteronuclear metal complexes that
contain both reducing and oxidizing metal centers bridged by
non-sulfido ligands (such as cyanide) have been extensively
studied by Vogler and co-workers.®l In contrast, very few
metal —sulfur clusters have been found to exhibit MMCT
transitions. Several years ago, Kaim and co-workers proposed
that the low-energy bands at A, =500 and 600 nm in the
electronic spectra of the homometallic clusters [Re(CO);Cl-
(ReS,)] and [Re,(CO)sCl,(ReS,)], respectively, originate
from Re! — ReY!! MMCT transitions.I”) Recently, we observed
that the structurally characterized heterometallic cluster 1-
ClO, exhibits a low-energy absorption band (4,,,, =465 nm,
£=3600) that can be assigned to the [y(Cu,P) — 0*(W-S)]
MMCT transitions on the basis of extended Hiickel molec-
ular-orbital calculations.[®) Since 2—4, 5**, and 6%, like 17, are
all d°—d!® heterobimetallic sulfido clusters bearing phosphine
ligands, we wanted to find out whether they exhibit observ-
able MMCT transitions as well.

Clusters 2—4 feature the electronic spectra similar to those
of respective tetrathiometalates MoS,>~ and WS,>~, suggesting
that the intense absorption bands observed for these clusters
basically originate from the internal electron transitions of
their tetrathiometalate moieties (the v, and v, bands of

Chem. Eur. J. 2001, 7, No. 18
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MoS,> /WS~ as shown in Figure 3 are assigned to LMCT
transitions by Miiller et al.,'”l and Kaim et al.?®). This is
supported by the lack of significant lower energy absorptions
for the silver(l) phosphine complexes [Ag(PR;),]ClO, and
Ag(PR;)(0,CCF;) (R=Me or Cy) (¢ < 10? at A > 250 nm),?
and by the appearance of appreciable absorptions only at 4 <
260 nm for the gold(1) phosphine complex [Au(PEt;),]* (e <
2x10° at 2 = 220-260 nm).?l The shift of the absorption
bands of MoS,>~ or WS,2~ upon formation of 2-4 probably
arises from the interaction between the tetrathiometalate and
the M'(PCy;) (M’ = Ag, Au) groups (such interactions should
perturb the molecular orbitals of the tetrathiometalates). We
note that clusters 2—4 exhibit some poorly resolved shoulders
that are absent in the spectra of MoS,>~ and WS,>~. The
shoulders at 351, 377 nm for 2, 330 nm for 3, and 317, 339 nm
for 4 are located at energies that seem too high for MMCT
transitions of these clusters and we tentatively assign these
bands to the p(P) — d(M) (M =Mo or W) transitions.

With regard to clusters 5* and 6%, the bands at 460, 294 nm
for 5%* and 403, 272 nm for 6°** are comparable to the v, v,
bands of MoS,>~ or WS,2~ and the corresponding bands of 2 -
4 (see Figure 3), and could be assigned to the internal electron
transitions of their tetrathiometalate moieties, whose molec-
ular orbitals are somewhat perturbed by the interaction with
the {Cu,PsC,} macrocycles. The intense higher energy new
bands at 357 (5**) and 324 nm (6°*) are located at wavelengths
comparable to those of the poorly resolved shoulders of 2-4
described above; we again tentatively assign these bands to
the p(P) — d(M) (M =Mo or W) transitions.

The appearance of broad, low-energy new bands at
~562nm (¢=3800, in MeCN) for 5% and ~467 nm (¢=
3300, in MeCN) for 6** is intriguing. We assign these bands
to the [(Cu,P) — 0*(M-S)] (M =Mo, W) MMCT transitions
for the following reasons. First, like cluster 1%, clusters 5> and
6%+ contain both reducing (Cu') and oxidizing (MoV!' or WVT)
metal centers bridged by sulfido ligands; this may allow
MMCT transitions to occur upon light absorption.®l Second,
the low-energy bands of the two W-Cu-S clusters 1* and 6°*
are very similar and, therefore, should have the same origin.
Third, the {Cu,P;C,} macrocycles in 5+ and 6°* are unlikely to
show absorption bands in the low-energy region, since the
complex [Cu,(dcpm),(MeCN),](ClO,), in the same solvent
shows absorptions only at A < 375 nm.] Fourth, complex 8b,
which can be considered as a complex of the {Cu,PC,}
macrocycle with sulfido anion (see Figure 6), exhibits no
appreciable absorptions at 4 >400 nm.??* Finally, the appear-
ance of the MMCT band at longer wavelength for 5** than for
6%+ is consistent with the lower energy of the 4d (Mo) orbital
than the 5d (W) orbital. A notable feature of the MMCT
bands of 5+ and 6" lies in their virtual independence on the
nature of the solvents; this is in contrast to the large solvent
effect observed for the MMCT bands of other heteronuclear
metal complexes.?’]

Taking into account the lack of photoluminescence and
MMCT bands for 2—4 and the observation of both photo-
luminescence and MMCT bands for 1+, 5**, and 6°*, together
with the fairly long emission lifetimes found for 5** and 6**
(Table 3), we propose that the emission of 5* and 6°*, like
that of 1* in the solid state,l should be phosphorescent in
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nature originating from the [y (Cu,P)'o*(M-S)'] (M =Mo,
W) triplet MMCT excited states, rather than from the (S*~ —
MYT) (M =Mo or W) LMCT excited states of their MoS,?>~ or
WS,2~ moieties. As a matter of fact, neither of the tetrathio-
metalates is found to be emissive under similar conditions. To
our knowledge, clusters 1+, 5+, and 6>+ are rare examples of
metal —sulfur clusters with emissive MMCT excited states.

Given the similarity between the MMCT bands of 1* and
6", and between the emissions of these two W-Cu-S clusters
in the solid state, the dramatic difference in their photo-
physical properties in solution is striking. This could again be
rationalized by the sterically more-demanding nature of the
dcpm than the dppm ligand. Probably, the emitting {Cu,WS,}
core of 6** is well protected by the sixteen bulky cyclohexyl
groups, which prevents or mitigates the radiationless decay of
the excited state through collision with solvent molecules. The
limited solvent accessibility of the {Cu,WS,} core in 6>+, and
the {Cu,MoS,} core in 5>+ as well, might in part account for the
aforementioned small solvent dependence of the MMCT
bands observed for these clusters.

Photo-induced electron transfer reactions: The emission of
5°* and 6*" in solution with long emission lifetimes makes
these clusters unique candidates for examining the reactivity
of the MMCT excited states of d°—d'° heteronuclear metal
complexes, an issue that we were unable to address in our
previous work on cluster 171 because of its nonemissive
nature in solution. As described above, the emission of 6** can
be quenched by the electron acceptor MV2+ and a variety of
electron donors such as TMPD, indicating that this cluster can
act as either a reductant or an oxidant in the excited state. In
view of the formation of MVt and TMPD-* after the
quenching, the respective photoredox processes can be
described by Reactions (6) and (7):

[Cuy(depm)y(WS)P** (677%) + MV?* — [Cuy(depm)y(WS,)** (6) + MV
(©)

[Cuy(depm)y(WS,)[*** + TMPD — [Cu,(dcpm),(WS,)]* (6*) + TMPD+  (7)

To understand the photoredox behavior of 6°*, it is
important to know the redox potentials of the excited state
6%+*, namely, E(6°7/6**) and E(6***/67). The results from this
work allow us to estimate the value of the latter. As revealed
by electrochemical studies, cluster 6 exhibits a quasi-
reversible reduction at —1.78 V versus FeCp,”*, which can
most reasonably be attributed to the reduction of 6>+ to 6+
[Reaction (8)]

[Cuy(depm),(WS,) ]+ + e = [Cu,(depm),(WS,) |+ ®)

From the E(6*7/6*) value of —1.78 V (equal to —1.24 V
versus a normal hydrogen electrode (NHE)), and the 0-0
transition energy E,, of 2.36 eV (estimated from the position
where the emission and the absorption spectra of 6> overlap,
cf. Figure 4), we estimate the reduction potential E(6>7#/6%) to
be 1.12 V versus NHE according to Equation (1):

E(6*7%/67) = E(6*/6%) 4 Eq o

4004
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This indicates that cluster 62" in the excited state is a much
better electron acceptor than in the ground state, and
accounts for the reductive quenching of its emission by a
series of amine donors with E(D*/D°) <1.07 V versus NHE
shown in Table 4. Interestingly, a three-parameter nonlinear
least-squares fitting of the Ink,’ versus E(D*/D") plot?! gives
E(6**/6%) of 1.13 V versus NHE, in excellent agreement with
the value of 1.12 V versus NHE obtained for E(6***/6*) from
Equation (1).

Conclusion

We have shown here that metal —sulfur clusters derived from
tetrathiometalates can exhibit intense photoluminescence
with long emission lifetimes both in the solid state and in
solution; this should stimulate further interest in the photo-
physical and photochemical properties of this fascinating
family of heterometallic sulfido clusters. The present work
also highlights that, besides their ligand properties, tetrathio-
metalates constitute a new class of anion templates for
macrocycle formation; exploration of this property of tetra-
thiometalates may lead to the formation of intriguing metal-
lamacrocycles with unusual conformations or properties.
Moreover, the reactions of [Cu,(R,PCH,PR,),(MeCN),]**
with WS>~ in solution that afford the “fly-wheel” cluster
[Cus(dppm);(WS,)]" (17, emissive in the solid state only) for
R =Ph and the saddle-shaped cluster [Cu,(dcpm),(WS,)]**
(6**, emissive in both the solid state and solution) for R =Cy
reveal a striking influence of the steric/electronic factor of the
phosphine ligands on the composition, structure, and photo-
physical properties of the cluster products. Finally, the
observation of MMCT transitions for the d°-d!° heterobime-
tallic cluster 6°* and its molybdenum analogue 5%+, combined
with their photoluminescence in solution, makes the two
clusters unique candidates for investigating the reactivity of
the MMCT excited state of a d°-d!° heteronuclear metal
complex.

Experimental Section

Gerneral: (NH,),MS,; (M=W and Mo, Aldrich) and the solvents for
synthetic studies (AR grade) were used as received. The solvents for
photophysical measurements were purified as described elsewhere.”]
[Cuy(depm),(MeCN),](ClO,), was prepared by the literature method.”?!
Ag(PCy;)ClO, and Au(PCy;)Cl were prepared from the reactions of PCy;
with AgClO, and K[AuCl,] (all purchased from Aldrich), respectively, by a
similar preparation to that of Ag(PCy;)CI* and Au(PPh;)Cl, respective-
ly* 'H and *P NMR spectra were recorded on Bruker DPX300 and
DRX 500 FT-NMR spectrometers. Chemical shifts (0) are reported relative
to tetramethylsilane ("H NMR) and 85% H;PO, (*'P NMR). Infrared
spectra were recorded on a Bio-Rad FTS-165 spectrometer, UV/Visible
spectra on a Hewlett—Packard 8453 diode array spectrometer, and
positive-ion FAB mass spectra on a Finnigan MAT95 mass spectrometer.
Cyclic voltammograms were measured in acetonitrile containing 0.1m
(nBu,N)PF, with ferrocene as the internal standard [reference electrode:
Ag/AgNO; (0.1M in acetonitrile), working electrode: glass carbon (Atom-
ergic Chemetal V25), counter electrode: platinum gauze].

Preparation of [Au,(PCy;),(MS)] (M=Mo: 2, W: 4): A mixture of
Au(PCy;)Cl (0.23 g, 0.44 mmol) and (NH,),MS, (0.22 mmol) in dichloro-
methane (20 mL) was stirred for 2 h to give a yellow suspension. The
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suspension was filtered, and the filtrate was treated with excess diethyl
ether, leading to precipitation of 2 or 4 as a yellow solid.

[Au,(PCy;),(MoS,)] (2): Yield: 60%; 'H NMR (300 MHz, CDCl;): 6 =
1.25-2.25 (m); *'P{'H} NMR (500 MHz, CDCL): 8 = 66.98 (s); IR (KBr):
7=451 cm™! (MoS); FAB MS: m/z: 1179 [M]*; elemental analysis calcd
(%) for C3HgsP>S:MoAu, - CH,Cl, (1263.93): C 35.12, H 5.42; found: C
35.24, H 5.55.

[Au,(PCy;),(WS )] (4): Yield: 78%; 'H NMR (300 MHz, CDCL): 0=
1.24-2.25 (m); *'P{'"H} NMR (500 MHz, CDCl;): 6 =66.88 (s); IR (KBr):
v=439 cm™' (WS); FAB MS: m/z: 1184 [M — Cy]*; elemental analysis
caled (%) for CysHgsP,S,WAU, (1266.89): C 34.12, H 5.25; found: C 33.86, H
5.22.

Preparation of [Ag,(PCy;),(WS,)] (3): (NH,),WS, (0.11 g, 0.3 mmol) was
added to a solution of Ag(PCy;)ClO, (0.29 g, 0.6 mmol) in dichloro-
methane (10 mL). The mixture was stirred for 6 h and then filtered.
Addition of diethyl ether to the filtrate resulted in precipitation of 3 as a
yellow solid in 43 % yield. "H NMR (300 MHz, CDCl;): 6 =1.20-2.00 (m);
SIP{'H} NMR (500 MHz, CDCl;): 6 =49.7 (d, /=576 Hz); IR (KBr): 7=
446 cm~! (WS); FAB MS: m/z: 1089 [M]*, 1006 [M — Cy]*; elemental
analysis caled (% ) for C3sHgoP.S,WAg, (1088.69): C 39.77, H 6.12; found: C
39.43, H 6.20.

Preparation of [Cuy(dcpm),(MS,)](ClIO0,), (M =Mo: 5:(ClO,),, W: 6-
(C10,),): A mixture of [Cu,(dcpm),(MeCN),](ClO,), (0.21 g, 0.17 mmol)
and (NH,),MS, (0.088 mmol) in acetonitrile (20 mL) was stirred for 24 h
under nitrogen, leading to formation of a yellow solution. The solution was
filtered to remove any insoluble material, and then evaporated to dryness.
The brown solid obtained was extracted with CH,Cl,. Concentration of the
extract to 5 mL followed by addition of diethyl ether caused 5-(ClO,), or
6-(ClO,), to precipitate as a yellow solid.

[Cu,(depm),(MoS,)](C10,), (5- (C10,),): Yield: 88 %; 'H NMR (300 MHz,
CDCly): 6 =1.25-2.20 (m); 3'P{'H} NMR (500 MHz, CDCl;): 6 =6.44 (s);
IR (KBr): 7=469cm™ (MoS); FAB MS: m/z: 2212 [M - ClO,]*;
elemental analysis calecd (%) for C;pH;gPsS,05Cl,MoCu, (2311.61): C
51.96, H 8.03; found: C 51.56, H 8.13.

[Cuy(depm) (WS )](CI0y), (6+(C10,),): Yield: 85%; 'H NMR (300 MHz,
CDCly): 6 =1.25-2.20 (m); 3'P{'H} NMR (500 MHz, CDCl;): 6 =6.58 (s);
IR (KBr): # =459 cm™' (WS); FAB MS: m/z: 2300 [M — ClO,]*; elemental
analysis calcd (% ) for C,oH4,P3S;05CL,WCu, -2 CH,Cl, (2569.37): C 47.76,
H 7.39; found: C 47.80, H 7.40.

Photophysical measurements: Steady-state emission and excitation spectra
were measured on a SPEX 1681 Flurolog-2 Model F111AI spectrofluoro-
meter equipped with a Hamamatsu R928 PMT detector. The spectra at
77 K in the solid state and in MeOH/EtOH (4:1, v/v) glassy solution were
recorded by loading the samples in a quartz tube located inside a quartz-
walled optical Dewar flask filled with liquid nitrogen. For the solution
spectra at 298 K, the samples in solution were subjected to four freeze-
pump-thaw cycles before the measurement. The emission quantum yields
were determined by the method of Demas and Crosby® with quinine
sulfate in 1.0N sulfuric acid as the standard (®,=0.546).

X-ray structure determinations of clusters 2, 3, 5. (Cl0,),, and 6-(Cl0,),:
Single crystals of 2+« CH,Cl,, 3- CH,Cl,, 5 (ClO,),-2MeCN -2 Et,0, and 6-
(Cl0O,),+ EtOH were grown by slow diffusion of diethyl ether into a solution
of 2 or 3 in dichloromethane, 5-(ClO,), in acetonitrile, and 6-(ClO,), in
ethanol. For crystals 2+ CH,Cl, (0.20 x 0.15 x 0.10 mm) and 3-CH,CIl,
(0.25 x 0.20 x 0.10 mm), the data were collected at 301 K on a MAR
diffractometer with a 300 mm image plate detector. The structures were
solved by Patterson methods, expanded by Fourier methods (PATTY!),
and refined by full-matrix least-squares on F by using the software package
TeXsan®" on a Silicon Graphics Indy computer. For crystals 5-(ClO,),-
2MeCN-2Et,0 (0.18 x0.16 x 0.12mm) and 6-(ClO,),-EtOH (0.20 x
0.20 x 0.14 mm), the data were collected at 294 K on a Bruker SMART
CCD diffractometer. The structures were determined by the direct method
and refined by full-matrix least-squares on F? by employing SHELXL-97
program on a PC computer. For each of the four crystals, graphite
monochromatized Moy, radiation (1=0.71073 A) was used, and all the
non-hydrogen atoms were refined anisotropically, except for the solvent
molecules of 2+ CH,Cl, and 3. CH,Cl, (the non-hydrogen atoms of CH,Cl,
in 2.CH,Cl, and the C atom of CH,Cl, in 3-CH,Cl, were refined
isotropically). All the hydrogen atoms were placed at calculated positions
without refinement.
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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 no. CCDC-159439 (2),
CCDC-159440 (3), CCDC-159441 (5-(ClO,),), and CCDC-159442 (6-
(Cl0y),). 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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A meso-Helical Coordination Polymer from A chiral Dinuclear
[Cu,(H;CCN),(u-pydz);][PF], and 1,3-Bis(diphenylphosphanyl)propane—
Synthesis and Crystal Structure of {[Cu(u-pydz),]|[PFl} (pydz = pyridazine)

Laurent Plasseraud,* Harald Maid, Frank Hampel, and Rolf W. Saalfrank!#!

Dedicated to Professor Georg Siiss-Fink

Abstract: Reaction of achiral [Cu,(H;CCN),(u-pydz);][PF;], (1) (pydz = pyridazine)
with bidendate 1,3-bis(diphenylphosphanyl)propane (2) in acetonitrile at room
temperature in a 1:1 ratio yielded the mononuclear copper(l) complex
[Cu{CH,(CH,PPh,),},][PF¢] (3) together with new one-dimensional coordination
polymer [Cu(u-pydz),][PF;]} (4). Air-sensitive single crystals of 4, suitable for
X-ray structure determination, were grown from a mixture of dichloromethane/
hexane [crystal system: monoclinic; space group: C2/c; a=21.910(3), b =12.130(2),
c=25.704(3) A, f=110.08(10)°, V=6416.65(16) A3]. The one-dimensional coordi-
nation polymer {[Cu(u-pydz),][PF;]} (4) exhibits as outstanding feature the rare

Keywords: coordination polymers -
copper - helical structures - meso
compounds - N ligands - structure
elucidation

structure of a meso-helix.

Introduction

Helical architectures are ubiquitous in nature. The most
prominent representatives, depicted here are a-helical poly-
peptides, double-helical nucleic acids and microtubules. The
overall architectural plans required for helix formation are
encoded within the molecular building blocks. The most
relevant parameters to control the architecture of polymeric
helix strands are the topology of the monomers.! Six
angularly annelated benzene rings form [6]-helicene, poly-
(m-phenylene) displays an helical chain,? oligomeric hetero-
arenes create helical architecturest! and polymeric isocya-
nides form helical rigid rods.") As a rule, achiral organic
building blocks yield racemic mixtures of helices. It is not well
understood, however, how homochiral packing of helices in
crystals can be induced.’! A much more interesting possibility
is homochiral crystallisation, by which all the crystals display
the same chirality as was shown for the helical coordination
polymer generated from an achiral anthracene-pyrimidine
derivative and cadmium nitrate.l%7] Usually, when achiral
ligands are treated with appropriate metal ions, one of the two

[a] Prof. Dr. R. W. Saalfrank, Dr. L. Plasseraud, Dr. H. Maid
Dr. F. Hampel
Institut fiir Organische Chemie, Universitdt Erlangen-Niirnberg
Henkestrasse 42, 91054 Erlangen (Germany)
Fax: (+49)9131-852-1165
E-mail: laurent.plasseraud@organik.uni-erlangen.de
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one-dimensional helices in the infinite unit cell is left-handed
and the other right-handed.[®

To date, only a few examples of chiral, non-racemic, helical
coordination polymers have been reported in which the
chirality is induced by a stereogenic centrel” or atropisomer-
ism.['%l However, enantiomerically pure R/S ligands may well
generate diastereomeric helical strands [(R,M)/(R,P)] or
[(S,M)/(S,P)], which are present in pairs in the crystal.l'!]

Even though meso-helices are wide spread in everyday use
and in nature, as known for telephone wires and tendrils of a
variety of plants, there is little known about meso-helical
molecules. One interesting organic example is a cycloamylose
that consists of 26 glucose units, in which a right- and a left-
handed helix are linked to give a cyclic meso-helix with two
points of contraflexure.'”’ To the best of our knowledge,
hitherto, only two archetypes of one-dimensional meso-helical
coordination polymers have been characterised.!"”!

Results and Discussion

Air-sensitive one-dimensional coordination polymer 4
was prepared in dry acetonitrile at room temperature
together ~ with ~ mononuclear  copper(l) complex
[Cu{CH,(CH,PPh,),},][PF;] (3)!'l by reaction of equimolar
amounts of dinuclear copper(l) complex [Cu,(H;CCN),-
(u-pydz);][PFe], (1) (pydz = pyridazine) with 1,3-bis(diphe-
nylphosphanyl)propane, {CH,(CH,PPh,),} 2, Scheme 1.
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Scheme 1. Synthesis of coordination polymer 4.

Crystallisation of the yellow powder of polymer 4 from a
mixture of dichloromethane/hexane afforded single crystals
suitable for X-ray diffraction. The one-dimensional coordi-
nation polymer {[Cu(u-pydz),][PF4]} (4) crystallises in the
monoclinic space group C2/c with a =21.910(3), b =12.130(2),
¢=25.704(3) A, p=110.08(10)°, V =6416.65(16) A3. Crystal-
lographic data and structure refinement details for polymer 4
are summarised in Table 1. Selected bond lengths and angles
are listed in Table 2.

Coordination polymer 4 consists of a one-dimensional
infinite chain exclusively composed of copper(1) ions bridged
by achiral pyridazine ligands. In the crystal, strands of 4 run
parallel along the crystallographic c axis (Figure 1).

In 4 each copper(i) centre is coordinated by four pyridazine
ligands in a pseudo-tetrahedral geometry;[' this creates the
unexpected nonlinear structure of 4 (there are two slightly
different centres: Cul and Cu2; mean bond lengths and
angles: Cu—N =2.04 A; N-Cu-N =109.3°) (Figure 2).

Detailed analysis of the one-dimensional infinite frame-
work of 4 revealed that eight copper centres constitute the
repeating unit, creating a extraordinary meso-helix (Figure 3).
Up to now, only a few meso-helices are known. Recently,

Abstract in French: La reaction entre le complexe achiral
[Cuy(H;CCN),(u-pydz)s][PF], (1) (pydz =pyridazine) et la
phosphine bidentate 1,3-bis(diphenylphosphine)propane (2)
dans lacetonitrile, a temperature ambiante, selon un rapport
stoechiometrique 1:1 entraine la formation du complexe
mononucléaire de cuivre(l) [Cu{CH,(CH,PPh,),},][PF,] (3)
ainsi que du nouveau polymere de coordination mono-
dimensionnel !{[Cu(u-pydz),][PF,]} (4). Des mono-cristaux
de 4 sensibles a air, aptes a la determination structurale par
rayons X ont ete obtenus dans un melange de dichloromethane/
hexane [systeme cristallin : monoclinique ; groupe spatial : C2/
¢; a=21.910(3), b=12.130(2), c=25.704(3) A, p=110.08
(10)°, V=6416.65(16) A3l Le polymere de coordination
mono-dimensionnel {[Cu(u-pydz),][PF]} (4) présente com-
me remarquable caracteristique, une rare structure de type
meso-helice.
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Table 1. Selected crystallographic and data collection parameters for 4.

formula C4HgN,PF,Cu

M, [gmol~!] 368.7

colour yellow

size [mm?) 0.40 x 0.30 x 0.20

crystal system monoclinic

Space group C2/c

a[A] 21.9103(3)

b [A] 12.1307(2)

c[A] 25.7047(3)

al’] 90

AN 110.0810(10)

7] %

V [A3] 6416.65(16)

V4 4

T [K] 173(2)

Peatea [mgm ] 1.878

u [mm~!] 1.856

F(000) 3584

O range [°] 1.69-27.48

index ranges —28<h<28
—15<k<15
—33<1<33

reflections collected 13278

independent reflections 7298 [R(int =0.0217]

absorption correction 1 scan

max/min transmission 0.7078/0.5239

data/parameters 7298/415

goodness-of-fit on F? 1.072

Final R indices [{>20()]
R indices (all data)
largest diff. peak/hole [e A—3]

R1=0.0497, wR2=0.1341
R1=0.0674, wR2=0.1486
1.171/-1.155

Table 2. Selected interatomic distances [A] and angles for 4.2

Cul-N12! 2.001(3) Cul-N21 2.022(3)
Cul-N11 2.068(3) Cul-N31 2.033(3)
N11-N12 1.357(4) N21-N22 1.350(4)
N31-N32 1.361(4) N21-N26 1.325(5)
N22-N23 1.332(4) C25-C26 1.380(5)
C23-C24 1.389(6)

N12-Cul-N21 113.49(11) N12-Cul-N31 111.21(11)
N21-Cul-N31 112.93(11) N12-Cul-N11 117.70(11)
N21-Cul-N11 102.32(11) N31-Cul-N11 98.08(11)
C16-N11-N12 118.6(3) C16-N11-Cul 120.9(2)
N12-N11-Cul 119.7(2) C13-N12-N11 118.9(3)
N12-C13-C14 124.0(3) C15-C14-C13 117.3(3)
C14-C15-C16 117.3(3) N11-C16-C15 123.8(3)

[a] Symmetry transformations (I): —x, —y, —z.

Becker et al. reported on a meso-helical structure of a lithium
phosphanide polymer.¥] However, polymeric chains pre-
pared from pyridazine as exo-bidentate heterocyclic ligands
exhibited exclusively classical single-stranded helix struc-
tures.'”l meso-Helical [ {[Cu(u-pydz),][PF;]} (4) presents an
unprecedented example among pyridazine-based coordina-
tion polymers.

A circle can be converted into a helix simply by trans-
forming it in the third dimension. Similarly, a meso-helix is a
three-dimensional presentation of a lemniscate (an eight;
Figure 4).

The IR spectrum of 4 exhibits characteristic absorptions of
the pyridazine ligands at 3056, 1440, 1426 and 762 cm~. The
'H NMR spectrum displays two broad signals at 6 =9.28 and
7.81, corresponding to the aromatic protons of the pyridazine
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Figure 1. Stereoview along the b axis of the crystal packing of 4. (Solvent molecules and counter ions omitted for

clarity).

C24 G25

C34 C35

Figure 2. Presentation of the pseudo-tetrahedrally coordinated copper centres Cul and Cu2 by pyridazine with

the numbering of the atoms.

Figure 3. Schematic presentation of the location of the copper(l) centres
(balls) of coordination polymer 4. View along the crystallographic c¢ axis. In
order to clarify the meso-helical arrangement, the positions of the copper
centres were scaled along ¢ by a factor of 0.125.

ligands. The micro analytical data confirm as well the
composition of 4.

=

molecules of bidentate phos-
phane CH,(CH,PPh,), (2) to
form mononuclear complex
[Cu{CH,(CH,PPh,),1,]"  (3%)
and ionic mononuclear key
intermediate [Cu(pydz);-
(H;CCN)[* (57) with elimina-
tion of one molecule of aceto-
nitrile. Reaction of key inter-
mediate 5 with 1> and elimi-
nation of one molecule of
acetonitrile yields the [Cus-
(u-pydz),(pydz),(H;CCN),[**
(6*) ion. Elongation of 6** by
5 and loss of two molecules
of acetonitrile affords [Cu,-
(u-pydz)s(pydz);(H;CCN)J**
(7*). Repetitive application of
the elongation steps finally
leads to the coordination poly-
mer [Cu(u-pydz),J[PE]} (4)
(Scheme 2).

The reaction mechanism giv-
en for the formation of coordi-
nation polymer 4 is supported
by further experimental mate-
rial. As the ratio Cu/pyridazine
is 1:1.5 in the starting material 1
and 1:2 in the product 4, one
would expect that the reaction
of 1 plus pyridazine without
phosphane 2 should also gener-
ate 4. However, instead of 4, the
dinuclear species [Cu,(u-pydz);-
(pydz),][PF,], was isolated.!'s]
A second route to raise the
Cu/pyridazine ratio from 1:1.5
of 1 to 1:2 for product 4 is
extrusion of copper from 1 with

f

The formation of 4 becomes clear, if one assumes initial Figure 4. Generation of a helix and a meso-helix from a circle and a

reaction of dication [Cu,(H;CCN),(u-pydz);]** (12*) with two lemniscate.
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Initiation
12+
</ \>
N=NQ PPh,
CH3CN-Cu Cu-NCCHz  + 2<
PN PPh, Y

ENG N
i NN\NO CHiCN
_ Y
12+ 2
1+ 7\ T+
Ph, Ph; < _ > (/_\>
<P\ P> N—N\ N=N
Cu + cu’
7 p SN—N
Ph, Ph, ¢
3* 5*
Propagation
13+

o a

o +12* o o NENQ .NCCH;  +5°
u u Cu
) HaCeN” \/N—N\/ =N NN \
CH4CN =~ \ /) = 2cHgN
63+
14+
</ \> </ \> 7 N\
_ 7N _ N
b= G e G e g
Cu. “Cu Cu_ “cu
HacoN” SN=TNS oy SN-ND T ey )
— <\ /> — <\ /> CH3CN
74+
+5* —_—
S o 1 [Cu(u-pydz);][PFq] } 4
2 CHyCN

Scheme 2. Proposed mechanism for the formation of 4. For stereochemical
details of 4 see details of X-ray structure analysis and Figure 1.

1,3-bis(diphenylphosphanyl)propane (2). This hypothesis is
confirmed by the fact, that coordination polymer 4 was
formed almost quantitatively from a 1:1 mixture of 1 and 2
together with mononuclear phosphanecopper(l) complex
[Cu{CH,(CH,PPh,),},][PF] (3)."!

Experimental Section

General: All manipulations were performed under dry dinitrogen with
standard Schlenk techniques. Solvents were dried and distilled before use.
1,3-Bis(diphenylphosphanyl)propane and pyridazine were purchased from
Acros Organics and used without further purification. IR spectra were
recorded on a Bruker IFS25 spectrophotometer as KBr pellets. NMR
spectra were recorded with a JEOL JNM-GX-400 spectrometer. Mass
spectra were recorded on a micromass ZabSpec (ion-desorption from a m-
nitrobenzyl alcohol matrix: 8 KeV, caesium atoms FAB-MS). Elemental
analyses were performed in the microanalytical laboratory of the Institut
fiir Organische Chemie, Universitdt Erlangen-Niirnberg by standard
procedures. [Cu,(H;CCN),(u-pydz);][PF,], (1) was obtained on addition
of [Cu(H;CCN),][PF4] to an equimolar amount of pyridazine dissolved in
acetonitrile.””)

H[Cu(u-pydz),][PF,]} (4): Compound 2 (0.202 g, 0.49 mmol) was added to
a solution of 1 (0.365 g, 0.49 mmol) in acetonitrile (30 mL) at 20 °C and the
resulting pale yellow solution was stirred at 20 °C for 18 h. The solvent was
removed in vacuo and the remaining residue was dissolved in a minimum of
dichloromethane and filtered. Addition of hexane to this solution led to the

4010 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

formation of a yellow precipitate. The supernatant solution was extracted
by using a cannula and the precipitate was washed several times with small
volumes of hexane. After crystallisation from dichloromethane/hexane
(1:1) at 20°C, compound 4 was obtained as yellow-orange crystals, suitable
for X-ray diffraction studies. IR (KBr): 7#=3056 (w), 1633 (w), 1571 (m),
1440 (s), 1426 (w), 1418 (s), 830 (vs), 762 (s), 673 (w), 560 cm ! (s); 'TH NMR
(400 MHz, CD;CN, 25°C, TMS): 6 =9.28 (br, 2H), 7.81 (br, 2 H); elemental
analysis caled(%) for CgH{N,PF,Cu (369.69): C 26.06, H 2.19, N 15.20;
found: C 26.02, H 2.23, N 15.28.

[Cu{CH,(CH,PPh,),},][PF,] (3): The remaining supernatant solution of
the preparation of 4 was evaporated in vacuo and the remaining viscous
residue was crystallised from acetonitrile/acetone (1:1). IR (KBr): 7 = 3054
(m), 2926 (m), 1483 (m), 1435 (s), 840 (vs), 742 (s), 696 cm~! (s); '"H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =7.40-7.10 (br, 20 H), 2.30 (br, 4 H), 1.65
(br,2H); 3P NMR (162 MHz, CDCl;, 25°C, TMS): 6 = —9.49; MS(FAB):
miz (%): 887 (58) [M — PF,]*, 475 (100) [M — PF, — Ph,P(CH,);PPh,]*.l4
X-ray structure determination of 4: A crystal with dimensions 0.40 x 0.30 x
0.20 mm was mounted in a glass capillary and investigated with a Nonius
Kappa CCD-MACH3 diffractometer equipped with graphite-monochro-
mated Moy, radiation by use 6 and w scans. The structure was solved by
direct methods (SHELX-97)!"] and refined by full-matrix least-squares
treatment against F? with the SHELXL-97 program system.?’l All non-
hydrogen atoms were refined anisotropically. The positions of the hydrogen
atoms were fixed in ideal positions (riding model) and were included
without refinement and with fixed isotropic U.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-158438.
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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Kinetics of Dissociative Electron Transfer to Ascaridole and
Dihydroascaridole—Model Bicyclic Endoperoxides of Biological Relevance

Robert L. Donkers and Mark S. Workentin*!2]

Abstract: The homogeneous and hetero-
geneous electron transfer (ET) reduc-
tion of ascaridole (ASC) and dihydroas-
caridole (DASC), two bicyclic endoper-
oxides, chosen as convenient models of
the bridged bicyclic endoperoxides
found in biologically relevant systems,
were studied in aprotic media by using
electrochemical methods. ET is shown
to follow a concerted dissociative mech-
anism that leads to the distonic radical
anion, which is itself reduced in a second
step by an overall two-electron process.
The kinetics of homogeneous ET to
these endoperoxides from an extensive
series of radical anion electron donors
were measured as a function of the
driving force of electron transfer

ET were also studied by convolution
analysis. Together, the heterogeneous
and homogeneous ET kinetic data pro-
vide the best example of the parabolic
nature of the activation-—driving force
relationship for a concerted dissociative
ET described by Savéant; the data is
particularly illustrative due to the low
bond-dissociation enthalpy (BDE) of
the O—O bond and hence small intrinsic
barriers. Analysis of the data allowed
the dissociative reduction potentials
(Ejss) to be determined as —1.2 and
—1.1 Vagainst SCE for ASC and DASC,

Keywords: electrochemistry - elec-
tron transfer endoperoxides
O-O activation - radical ions

respectively. Unusually low pre-expo-
nential factors measured in tempera-
ture-dependent kinetic studies suggest
that ET to these O—O bonded systems is
nonadiabatic. Analysis of ET kinetics
for ASC and DASC by the Savéant
model with a modification for nonadia-
baticity allowed the intrinsic free energy
for ET to be determined. The use of this
approach and estimates for the BDE
provide approximations of the reorgan-
ization energies. We suggest the meth-
odology described herein can be used to
evaluate the extent of ET to other
endoperoxides of biological relevance
and to provide thermochemical data not
otherwise available.

(AG%gy). The kinetics of heterogeneous

Introduction

Endoperoxides are compounds whose oxygen-—oxygen
(O—0) bond often plays a key role in the activity of a number
of chemically and biologically relevant substances.I" 2 Recent
reviews summarize the numerous marine and terrestrial
sources of endoperoxides that exhibit wide-ranging bioactiv-
ity, with many targeted as drug candidates.!>? An important
example of an endoperoxide found in vivo is the prostaglan-
din endoperoxide (PGH,), a key intermediate in the biosyn-
thesis of fatty acids to prostaglandins, prostacyclins, throm-
boxanes and leukotrienes.’! Another example that has been
well publicized is the potent antimalarial 1,2,4-trioxane,

[a] Prof. M. S. Workentin, Dr. R. L. Donkers
Department of Chemistry, University of Western Ontario
London, Ontario N6A 5B7 (Canada)
Fax: (+1)519-661-3022
E-mail: mworkent@uwo.ca

Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author. A com-
plete description of the temperature dependent rate studies, including
plots of the data and tables of the experimental and calculated
activation parameters.
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artemisinin (ART), and related semisynthetic derivatives.[*?!]
It has only recently been generally agreed that the mechanism
of antimalarial action involves an initial hemin Fe(i1)-medi-
ated electron transfer (ET), which leads to fragmentation of
the endoperoxide O—O bond. This results in the formation of
oxygen-centered radical intermediates, which subsequently
lead to the toxic intermediates.?% 222’1

HQ: Oy_0 o
.R/\/\E}IQ
R/:\\‘\v ..\\O O_O
PGH, ART

ET reduction of O—O bonds in acyclic peroxides, a-peroxy
lactones, a-pyrone endoperoxides, and dioxetanes is also
recognized in connection with the chemically initiated elec-
tron-exchange luminescence (CIEEL) mechanism.B-371 Al-
though a generally accepted mechanism is yet to be estab-
lished,?¥* the ET to the O—O bond in CIEEL is described
essentially as a concerted dissociative process. However, little
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other insight into the fine detail of the ET mechanism has
been provided. In contrast, and with few exceptions,!’-3 4344
ET is not generally considered in the mechanism of action of
endoperoxides; this is due, in part, to the lack of accurate
thermodynamic and kinetic information on these types of
systems. Proper consideration of the role of ET in the possible
modes of action requires knowledge of the driving force for
ET between the donor and the endoperoxide. Without
accurate values of the standard reduction potential of each,
the feasibility of ET cannot be determined accurately. This
represents the most difficult challenge with these molecular
systems.

Based on work by others*> ! and ourselves* *1 on the
reduction of acyclic peroxides, the ETreduction mechanism of
the O—O bond in endoperoxides should be concerted
dissociative, in which bond fragmentation and electron uptake
occur in a single step. For endoperoxides,[*-! ET and O—O
cleavage lead to the concerted formation of an intermediate
that we refer to as a distonic radical anion [Eq. (1)], in which
charge and spin are separated.

R-0-O-R —*_, *O-R-R-O" 0

In Equation (1) the electron (e~) source can either be an
electrode (heterogeneous) or a homogeneous reactant. Re-
duction potentials for concerted dissociative processes are not
easily determined by using simple heterogeneous electro-
chemical methods, since the direct reduction is subject to a
large over-potential due to the slow, rate-determining hetero-
geneous ET. When the standard reduction potentials cannot
be conveniently measured, they can often be estimated by
using thermochemical cycles.’? However, unlike many acyclic
peroxides, the data required in the thermochemical cycles for
endoperoxides are not readily available from thermolysis
studies.’>%] In order to determine these thermochemical
parameters that aid in understanding the mechanism of action
of endoperoxides, and to better understand the chemistry that
could be initiated by ET, we began a detailed investigation
into the kinetics of ET chemistry to endoperoxides using
electrochemical techniques.

The rate constant for ET, kgr, is related to the reaction
activation free energy, AG*, by Equation (2), in which x, is
the transmission coefficient and Z is a pre-exponential term.

—AG*
ke =n4Z exp RT 2)

Over the last decade, Savéant and co-workers have
provided a framework that allows the kinetics of ET to be
predicted for concerted dissociative reductions.”*% Savéant’s
model relates the activation free energy, AG*, to the reaction
free energy, AG°, by an equation similar to the well-known
Marcus equation [Eq. (3)], except that the intrinsic barrier,
AG{, contains contributions from the bond dissociation
enthalpy (BDE) of the fragmenting bond in addition to the
reorganization energy, 4 [Eq. (4)].

AG**AG*<1+ AG )2 (3)
s 4AGF
1 + BDE AG® 2
AG*= ( + ) )
% + BDE
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Examining the kinetics of ET and utilizing Savéant’s model
can provide important thermochemical parameters. The
model was successfully applied to studying the dissociative
reduction of the C—X bonds of alkyl and benzyl halides,>*]
N-X [ C=§,16> %] and S-Sl %] bonds. Considerably fewer
studies have been done on the reduction of the O—O bonds of
peroxides.[-4.5In a preliminary communication we reported
the only known estimates of the standard dissociative
reduction potentials (Eg) of any endoperoxide, specifically
two bicyclic endoperoxides, as-
caridole (ASC) and dihydroas-
caridole (DASC) using this @ @
approach.’'l ASC is a natural
product with known activity as
an anthelmintic,[®! but it was ASC DASC
chosen, along with DASC, as a
suitable model system for the broader class of bioactive
endoperoxides, such as PGH,. Our analysis in the preliminary
report involved examining the kinetics of the homogeneous
electron-transfer reduction of these endoperoxides as a
function of the potential of the electron donor.

We now report the complete details of this kinetic study,
including an investigation of the temperature dependence of
the rate constants, and the determination of heterogeneous
rate constants from electrochemical data by using convolution
potential sweep voltammetry. Together, the heterogeneous
and homogeneous ET data provide the most comprehensive
study of the kinetics of ET to endoperoxides. Our results show
that ET to the O—O bond is nonadiabatic. These kinetic and
mechanistic details have important ramifications to under-
standing ET to the O—O bonds in endoperoxides in vivo.
More fundamentally, ASC and DASC also provide unique
and interesting cases for studying dissociative ET because,
unlike previous examples, the anion product in the dissocia-
tive reduction remains in the same molecule. The systems
described here provide an unprecedented example of the
parabolic activation —driving force relationship observed for
dissociative ET systems, presumably because of the low O—O
BDE and thus low intrinsic barrier.

Results and Discussion

Cyclic voltammetry and coulometry: Cyclic voltammetry was
used to study the reduction of ASC and DASC in both
acetonitrile (MeCN) and N,N-dimethylformamide (DMF)
containing 0.1M tetraethylammonium perchlorate (TEAP) at
25°C with a glassy carbon cathode. A representative cyclic
voltammogram of ASC measured under these conditions is
shown in Figure 1. The voltammograms of both ASC and
DASC are essentially identical and show a broad, irreversible
cathodic peak at all the potential scan rates investigated (0.1
to 50 Vs~'). At 0.1 Vs, the peak potentials (E,) of the
reduction of ASC and DASC are —1.85 and —1.90 V against
SCE in MeCN, respectively, and —1.88 and —1.93 V against
SCE in DMF. On glassy carbon the voltammograms are
reproducible, and the position and shape of the reduction
waves do not change in the presence of non-nucleophilic acids
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Figure 1. Cyclic voltammograms at 0.2 Vs~ in ACN with 0.1 molL"!
TEAP for 2 mmolL~! ASC. Dashed lines show the presence of excess
2,2 2-trifluoroethanol. Inset: plot of the dependence of the peak potential
as a function of scan rate.

such as 2,2,2-trifluoroethanol (TFE; shown in Figure 1) or
acetanilide. Irreversible anodic peaks are also observed for
ASC and DASC; the peak current depending on the scan rate.
The position of these peaks and the observation that they
disappear in the presence of acid indicate that they are due to
the oxidation of alkoxides formed in the initial reduction and/
or other electro-generated bases. Increasing the potential scan
rate, v, causes the E, to become more negative by an average
value of 123 mV (logv)~! (Figure 1, inset) for both ASC and
DASC. The peak width, defined as the difference between the
potential at the half-current height and peak potential (i.e.,
AE,,=E,,— E,), of the reduction wave also varies by scan
rate. For ASC, the AE,, is 182 mV at 0.2 Vs, and increases
to 203 mV at 10 Vs~ A summary of the voltammetric data of
these two compounds appears in Table 1 and indicates a
potential dependence on the transfer coefficient, @.>¢

Table 1. Voltammetric data for the reduction of ASC and DASC in DMF and
MeCN (0.1 TEAP) at 25 °C measured by cyclic voltammetry at a glassy carbon
working electrode.

MeCN DMF
ASC  DASC ASC  DASC
Ep (V versus SCE) 01Vs! —185 —190 —188 —1.93
10Vs! —197 —200 —198 —2.06
10Vs? —212 —211 —216 —223
tapp = — (RTINF)(dnv/dE) 0.24 0.24 0.24 0.24
a=185RTIF(Ey,—E,)  01Vs' 0267 0270 0285 0270
10Vs! 0253 0254 0259 0253
10Vs! 023 0236 0227 0225
n [Fmol 1] 1.99 2.06 2.05 1.96

The transfer coefficient () is defined as the rate of change
of the free energy of activation as a function of the free energy
of ET, namely (dAG*/dAGzgr). It can be calculated from the
experimental data from either the variation of E, with v
through the slope of a plot of logv against E, or from AE,,
data.% 71 For ASC and DASC, a decreases with increasing
scan rate over the potential scan rates investigated (Table 1),
and average values of a =0.24 are found in both MeCN and
DMEF. The low a and its scan rate dependence indicate that
the heterogeneous rate constant, k., for ET from electrode
to ASC and DASC is rate determining. The voltammetric
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behavior further indicates that the ET reduction of these
endoperoxides is governed by the kinetics of the ET process
and, thus, cannot be described by Butler— Volmer kinetics.
Since the ET is rate determining, the observed E, is more
negative than the thermodynamic standard potential (EY).
The determination of the Egg is one of the key aspects of the
present study, and will be discussed below.

Preparative electrochemical studies were also done, and the
coulometric results of the electrolyses of ASC and DASC on a
carbon electrode are summarized in Table 1. Electrolysis
leads to the consumption of approximately 2 Fmol~, or two
electron equivalents, in both solvents in the presence and
absence of acid. Work-up and isolation after electrolysis yield
quantitatively the corresponding cis-diols, namely cis-1-iso-
propyl-4-methylcyclohexane-1,4-diol and cis-1-isopropyl-4-
methylcyclohex-2-ene-1,4-diol, in both solvents. The results
of the voltammetric and product studies are consistent with
the dissociative reduction of the O—O bond by the overall
two-step, two-electron process illustrated for ASC in Equa-
tions (5) and (6).

According to this mechanism, the first electron results in a
concerted dissociative fragmentation affording *O-R-R-O-, a
species that we term the distonic radical anion. Formation of a
similar intermediate on reduction of ASC in the presence of
Fe(i1) was proposed previously.” In this study, the resulting
radical reacted to give high yields of -scission products. Such
competing radical processes do not occur in our system under
the electrochemical conditions. At the potential where *O-R-
R-O- is generated (or "O-R-R-OH), its reduction to the
dialkoxide (or ~O-R-R-OH) is strongly favored, by using the
reasonable assumption that the reduction potential of the
distonic radical anion is similar to that of the tert-butyl alkoxy
radical (E°=—0.30 V vs. SCE in MeCN and —0.23 V vs. SCE
in DMF).>%] In principle, even if intermediate alkoxy
radicals abstract hydrogen atoms from solvent, particularly
DMEF, there are no complications to our analysis described
below, since the resulting solvent radical will be at a potential
where reduction is also a driven process.*’] The net result is
still a two electron reduction, in which the first ET is rate
determining.

Homogeneous electron-transfer reduction: The reduction of
ASC and DASC by homogeneous electron-transfer techni-
ques was studied. In these experiments an extensive series of
electro-generated donor radical anions (D*") were used as the
electron source, and react according to Equations (7)-(9).
Part of this work was reported briefly in our preliminary
communication and involved using both the method of
homogeneous redox catalysisl>”7! and, for measurement of
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some of the slower reactions, the method outlined by
Pedersen and Daasbjerg.’> 7"l In the former, the catalytic
increase in current for the reduction of the donor, measured as
a function of varying concentrations of ASC or DASC at
different scan rates, was compared with data obtained by
simulation of the two electron mechanism outlined in
Equations (8) and (9) to obtain kgr.

D+ e =D (7)
D" + ASC/DASC —*" , D + 'O-R-R-O- )
D*- + *O-R-R-O- — D + -O-R-R-O- )

In none of the cases was there evidence for any competing
reactions between the donor and endoperoxides or between
the donor radical anion and distonic radical anion. The
involvement of reactions of the mediator radical anion with
endoperoxide (or with solvent) was tested by monitoring the
extent of recovery of mediator after electrolysis of 2 Fmol~!
with one half equivalent of the endoperoxide. At least 98 % of
the mediator was recovered, even in the cases for slow
dissociative ET, where competing reactions of the radical
anion with electrophilic impurities could occur.

Kinetic data obtained from an average of at least three
independent experiments in both MeCN and DMF are
summarized in Table 2. Data corresponding to the slowest
reactions that define the parabolic shape of a plot of In (k)
against the E° of the donors have been performed more often
and with a variety of donors with similar E° to verify the value
of the rate constants with donors at that potential. In general,
the reaction rate constants increase as the standard potential
of the mediator becomes more negative (this corresponds to
an increase in driving force for reaction Equation (8)). The
kinetic data are independent of the solvent system (DMF or
MeCN).

The homogeneous ET kinetic data can be related to the
transfer coefficient, a, through a=—(RT/F)d(Inkgr)/dE.
Thus, taking the derivative of the quadratic fit of the
combined In(ky,,,) versus E° data gives equations a

=1.55+0.808 £ and a=1.22+0.561 E for ASC and DASC,
respectively. An a value of 0.5 corresponds to the dissociative
reduction potentials, Eg, for ASC and DASC and gives
values of —1.30V and —1.28 V, respectively. These values
show that the observed E, values of the heterogeneous
reduction overestimate the true standard potential by at least
0.6 V.

Heterogeneous ET reduction: The kinetics of ET to ASC and
DASC were studied by heterogeneous reduction, in which the
electron source in Equation (5) was a glassy carbon electrode.
A convolution analysis approach was used to study the
heterogeneous electron-transfer kinetics of the dissociative
reduction of ASC and DASC. This method, for which the
experimental and theoretical treatments have been described
in detail previously,l“> 3 7871 has only recently proven to be
powerful for the determination of the standard potentials for
systems that undergo dissociative ET. In particular, it has been
successfully used to study the direct reduction of a number of
acyclic dialkyl peroxides!*> *l and perbenzoates.I’s %1 We have
used this method to determine the standard reduction
potential of the antimalarial trioxane, Artemisinin.[*”

The collection of high-quality cyclic voltammograms is
essential for meaningful thermochemical information to be
extracted from the acquired data. A sample of background-
subtracted linear-scan voltammograms measured between
0.1Vs™ and 10Vs™' for ASC is shown in Figure 2a.
Convolution of the voltammetric curves yields limiting
current values, [, that are independent of scan rate. The
voltammetric curves correspond to the uptake of two
electrons per molecule; this is consistent with the two-step
fragmentation mechanism in Equations (5) and (6). [ is
related to the actual current i through the convolution
integral.”% 8 The I against E plot is a wave-like curve and
the plateau value is reached when the applied potential is
sufficiently negative. The result of this analysis for ASC is
shown in Figure 2b. Under these conditions (diffusion con-
trol), I reaches its limiting value, I,, defined as I;,=
nFADYC*, where n is the overall electron consumption, A

Table 2. Rate constants for electron transfer (logkgy) from electrochemically generated donors (D*-) with varying standard potentials (E°) to ASC and

DASC in 0.1Mm TEAP/DMF and MeCN solutions at 25°C.

Donor E° (MeCN) E° (DMF) ASC DASC

versus SCE versus SCEL! log kg, log kg log kg™ log kg™

MeCN DMF MeCN DMF

perylene —1.674 —1.640 4.00 3.86 4.06 3.78
acenaphthylene —1.651 —1.629 3.64 3.42 3.43 3.45
1,4-dicyanobenzene -1.576 ld] 3.44 la 3.20 la
tetracene [e] —1.548 (d 343 a 3.20
4,4'-dimethoxyazobenzene —1.526 —1.531 291 3.08 2.75 2.78
4-methyl-4'methoxyazobenzene —1.478 —1.478 2.75 2.97 2.51 2.49
4-methoxyazobenzene —1.426 —1.424 2.47 2.60 2.05 2.17
azobenzene —1.335 —1.316 1.75 1.94 1.81 1.47
3,3'-dimethoxyazobenzene —1.278 —1.258 1.39 1.62 1.42 1.32
2-nitrobiphenyl —1.157 —1.186 0.157 0.822 0.240 0.204
nitrobenzene —1.100 —1.100 —0.477 —0.767l —0.647 —1.0308!
4-nitrobiphenyl la -1.078 (d la ld —0.976l
1-nitronaphthalene —1.041 —1.040 —0.6020 —1.2300 ld —0.899Ll

[a] E° measured versus an internal standard (ferrocene) and corrected: Fc/Fc*=0.449 V against SCE in MeCN and 0.475 V against SCE in DMF.
[b] Measured by homogeneous redox catalysis (ref. [73—-75]). [c] Not soluble. [d] Not measured. [e] Measured by using methods outlined in refs. [76] and

[77].
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Figure 2. a) Background-subtracted linear-scan voltammograms for
2mmolL~"' ASC in ACN with 0.1 molL~! TEAP and excess 2,2,2-tri-
fluoroethanol at a glassy carbon electrode. The voltammetric data is in its
v-normalized form. The scan rates were 0.1, 0.5, 1, 2, 5, and 10 Vs~
b) Corresponding convolution curves at scan rates 0.1,0.2,0.5, 1,2, 5, 8, and
10 Vs~ ¢) Potential dependence of the apparent transfer coefficient for
the reduction.

the electrode area, D the diffusion coefficient, and C* the
substrate concentration. Since [ is related to the surface
concentration of reactant and product, an equation relating
ki to i and I can be derived. For a totally irreversible process,
as is the case for the reduction of ASC and DASC, at constant
I, the limiting current can be related to k. by using the
expression:

Ink,,,=InD¥> —1In <M>
i(t)

For ASC and DASC the diffusion coefficients were
determined to be 2.36 x 10> cm?s~! in MeCN and 1.08 x
1073 cm?s™! in DMF, respectively, by using the Tayler dis-
persion method.®> %! When corrected for the viscosity change
of solvent with 0.1m TEAP according to the Stokes— Einstein
relation, the D values become 2.16 x 1073 cm?s~! and 9.93 x
10-° cm?s~!, respectively. Convolution analysis of 20 sets of
data measured at 1 mV intervals provide In k. data that can
be plotted against the driving force, E. By using the usual
activation —driving force relationship Ink, versus E data is
related to the apparent transfer coefficient a,,,. Each curve
from the Ink,., data is fitted to the above equation in 21 mV
segments. The result of this analysis for ASC is shown in
Figure 2c; similar results were determined for DASC and are
not shown. Alpha values determined in this way agree with
those summarized in Table 1. In principle, these values can be
used similarly to the homogeneous data to obtain estimates of
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the standard dissociative reduction potential of ASC and
DASC. Doing this yields Eg values of —1.0 and —0.97V,
respectively. These values are 0.3 V less negative than those
estimated by the homogeneous approach.

It is interesting to compare the homogenous and heteroge-
neous approaches. In the former, the amount of measurable
data is small and limited to the number and range of donors
that can be used. In the latter, the free energy of the reaction is
varied continuously and, thus, the amount of data in a
particular free energy range is large, although the range of
free energy over which data can be measured is limited by the
scan rates that can be investigated. While we somewhat prefer
the Ejg, values obtained by homogeneous data, because of the
limited potential range over which the heterogeneous data
could be measured, the Eg, values we use below in AGgr
calculations are the average values from the two approaches
to better reflect the uncertainty in the estimate; thus, Eg, =
—1.2+0.2and — 1.1+ 0.2 V for ASC and DASC, respectively.
It must be stressed that these average Ejg,, values provide a
more accurate determination of the standard reduction
potential then those estimated from the peak potential.

Both the heterogeneous and homogeneous ET rate-con-
stant data can thus be plotted against the free energy of ET, by
taking into account that AGgr = F(Ep p.- — Ej) and using
the average Eyg values for ASC and DASC; these plots are
shown in Figure 3a and b for ASC and DASC, respectively.
The homogeneous kinetic data from Table 2 shows the fit to
Equations (2) - (4) as described below.

hom
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Figure 3. Composite plot of log ky,, [M~'s™!] versus AGygy (left) with plots
of logky [cm?s™!] versus AGgr (right) for a) DASC and b) ASC. The
heterogeneous plot is a composite of 25 separate experiments where the
scan rate was varied between 0.1 and 10 Vs~.. The solid line through the
homogeneous data is fitted according to Equations (2) and (4) with the
parameters summarized in the text and by using the nonadiabatic Z term.
The solid line through the heterogeneous data is to a simple second-order
polynomial.
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Temperature dependence of the rate constants: Activation
parameters for the reduction of ASC and DASC were
measured from a temperature study by using a pair of donors,
acenaphthylene and 4,4’-dimethoxyazobenzene. These studies
provided logA values of 7.1-7.5 and E, values of 4.9-
6.0 kcalmol~! for ASC and logA values of 7.6-7.8 and E,
values of 5.7-6.8 kcalmol~! for DASC. (See Supporting
Information for complete details.) Interestingly, the pre-
exponential factors are 2.5 -3 orders of magnitude lower than
those calculated for an adiabatic ET process by the methods
previously described.*®! Therefore, the adiabatic dissociative
ET model does not account for the experimental kinetic data
for these endoperoxides. The unusually low, measured pre-
exponential factors are, however, predicted by the theory for
nonadiabatic dissociative ET® and consistent with our recent
results for ET to acyclic peroxides, which is nonadiabatic due
to poor electronic coupling between the reactant and product
electron potential energy surfaces.[**]

Determination of thermochemical parameters: Savéant’s
theory of dissociative ET can be applied to the logkgr versus
AGgr data for ASC and DASC [Egs. (2)—(4)] to determine
valuable thermochemical information, such as the intrinsic
barrier AG§ . 5 ¢ 611 The kinetic plots shown in Figure 3 are
constructed from the homogeneous data summarized in
Table 2, the heterogeneous kinetic data obtained by convo-
lution analysis and our subsequent determination of Eg.
These figures convincingly illustrate the parabolic nature of
and provides support for the activation—driving force rela-
tionship described by Equations (2)—(4). The amount of
curvature in the data depends on AG{, which itself depends
on the reorganization energy and BDE for the dissociative
reduction. Both sets of data can be fitted according to
Equations (2)-(4) to provide an estimate for AGF by
using an estimate of the nonadiabatic pre-exponential factor
(%aZ).

An estimate of x,Z for the present work was determined by
using the homogeneous ET kinetics of di-tert-butylperoxide
determined from the previous study.[*>*! Using a value of
AG§ =13.1 kcalmol~! leads to a value of 4.3 x 108m~!s~! for
the x.,Z for di-tert-butylperoxide. To give an estimated x,Z
for the nonsterically encumbered ASC/DASC in this study, we
added a further correction of 0.8 log units to remove the
contribution of the steric effect imposed by the bulky tert-
butyl groups of di-fert-butylperoxide. This latter value was
estimated by comparison of the difference in k. values
between di-tert-butylperoxide and di-n-butylperoxide at sim-
ilar driving forces; these two endoperoxides have the same
BDE.™ This leads to an estimated #,Z of 2.7 x 10°M s~
The log ko versus AGgy data for ASC and DASC were then
fitted to Equations (2)—(4) by using this x,Z value to
determine the intrinsic barriers, AG{. The fits are shown in
Figure 3 as solid lines through the data and provide values for
AG§ of 11.9 and 9.6 kcalmol™' for ASC and 13.2 and
11.0 kcalmol~! for DASC from the homogeneous and hetero-
geneous data, respectively.

Values for AG{ can be related to the BDE and the
solvation energy (1) since AG§ = (4 + BDE)/4. We assume
that the BDE for ASC and DASC is the same within error.

Chem. Eur. J. 2001, 7, No. 18
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Values for the BDE of ASC and DASC can be estimated from
gas-phase bond-dissociation enthalpy for the homolytic
cleavage of 1,4-dimethyl-2,3-dioxabicyclo[2.2.2] octane. The
heat of formation of the endoperoxide was estimated to be
—50.53 kcalmol~' from ab initio energies, following a group
contribution procedure analogous to that of Schleyer and
Ibrahim, with the following changes: energies were calculated
at the B3LYP/6-31G**//RHF/6-31G** level and groups
were defined by Benson. The heat of formation of the *O-R-
R-O" diradical was estimated to be —21.4 kcalmol~'. Using
these values provides O—O BDE of 29 kcalmol~'. The BDE
for ASC is significantly lower than the value 37 kcal mol~! for
the BDE of acyclic peroxides.*® This difference is expected
based on the added molecular strain and repulsive forces due
to the eclipsing interactions of the lone pairs on the oxygen
atoms in ASC and DASC.

Interestingly, this value of the BDE is the same as that
estimated from an expression derived by Savéant that relates
the BDE to the E, of the dissociative process and the
oxidation potential of the anion fragment, namely Egoe/ro-- If
one makes the assumption that Efjorroe/norro- 18 €qual to the
standard potential of the tertiary alkoxy radical Epuoe/muo-»
then the ABDE between di-tert-butylperoxide and ASC
can be estimated from ABDE =—2/3[E(di-tert-butyl
peroxide) — E,(ASC)]. Since the BDE of the O—O bond in
di-tert-butyl peroxide is 37 kcalmol™' and its E,=—2.50
under the same conditions, the BDE of ASC is estimated to
be 28 kcal mol~. It should be stressed that this latter relation-
ship of Savéant’s is uncertain, and the fact that our theoretical
estimation is the same may be fortuitous.

By using the above estimate for BDE and the AG§
obtained from the fit of the data, the homogeneous reorgan-
ization energies (A"™) were determined to be 19.4 and
24.3 kcalmol~! for ASC and DASC, respectively. It should
be noted that A" values obtained from the fits by using the
usual adiabatic Z term (3 x 10'"'s™!) are 9-12 kcalmol™!
higher and do not agree with estimates below. Estimates for
the homogeneous solvation energy can also be obtained by
using expressions by Marcus and Kojima—Bard“ ! and a
similar expression with a modified term suggested by Sa-
véant.’! Accurate values for radius of the donor, r, and the
radius of the acceptor, r,g, are required for a reasonable
estimate of A"™; these were estimated from the following
procedure. The radius of ASC was determined from the
density of the compound by using r(A) = 108[(3M/47N,p)'"]
and from the diffusion coefficient calculated by the Stokes—
Einstein equation. It is expected that most of the charge in the
distonic radical anion is localized on the oxygen atom and that
it is shielded from the rest of the molecule. Thus we use an
effective radius that better accounts for this smaller area
where the charge is localized. The effective radii, r.;, was
determined by using r; = [Fa(2Fag — 72 )/7as] , Where AB refers
the starting endoperoxide and A the fert-butyl alkoxide anion,
similar to the anion that is generated in the ET. % An
effective radius for the fert-butyl alkoxide anion was deter-
mined similarly with AB as the radius of tert-butyl alkoxide
and B the radius of an oxygen atom.“’ It was assumed that
ASC and DASC have the same radius. An average rp of
3.80 A was chosen for the donors. The calculated effective
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radii is 2.76 A. This radius leads to a A*™ of 15.2 kcalmol! by
using the Kojima-Bard approach and 15.9 kcalmol~! with
Savéant’s approach.

The slope of the regression analysis of the a versus E plots is
directly linked to the intrinsic barrier through the expression
da/dE = F/SAG§. With the BDE for ASC and DASC known,
the heterogeneous solvation energy, A" is 9.9 kcalmol~! for
ASC and 15.5 kcalmol~! for DASC. These can be compared
with calculated values by using the approaches of Marcus
(13.9 kcalmol ') and Kojima—Bard (20.2 kcalmol !)1®],

The values obtained for AG{ and A from the homogeneous
and heterogeneous data are comparable to previously re-
ported values obtained for other O—O systems, including the
trioxane, artemisinin, and a number of acyclic perox-
ides.[#6: 4841 Tn general, the intrinsic free energies are similar
for all systems, within error (an error of 0.1 V in Eg,, manifests
itself as an error of 1 kcalmol~! in AG{). Since the BDE of
the endoperoxides is much lower than that of the acyclic
peroxides, the result is a somewhat higher average value for 1.
Keeping in mind that an error of 1 kcalmol~! in AG{ leads to
more uncertainty in 4, it is tempting to think that the higher 1
values in the endoperoxides may reflect additional internal
reorganization energy in these strained systems. Such con-
tributions are generally considered to be small in dissociative
processes with large BDEs but, with the much lower BDEs in
these endoperoxides, they may contribute to the intrinsic
barrier. Also of interest is the observation that the 4 is larger
for DASC than ASC. DASC, lacking the alkene moiety, is
somewhat more floppy that ASC. This floppiness is reflected
in the C-O-O-C dihedral angles (0° in ASC against 15° in
DASC).®

Conclusion

ASC and DASC undergo a concerted dissociative reduction
by an ET to the o* orbital of the O—O bond. The systems
reported here provide interesting cases for testing the theories
of dissociative ET since, on reduction, both the charged and
the radical fragments remain in the same molecule. We
provide the only reliable and most comprehensive kinetic
data to date for ET to these types of cyclic O—O systems and
use them to determine accurate standard reduction potentials
for model endoperoxides. Further, our temperature-depend-
ent rate studies provide support for the theory that the
concerted dissociative ET to endoperoxides is nonadiabatic.
Like the O—O bond in acyclic peroxides, the nonadiabaticity
and thus poor electronic coupling between reactant and
product surfaces may be the result of the symmetry of the
O-0 bond and the lack of change in dipole moment during
bond stretching in the transition state. In addition to providing
the best example of the quadratic nature of the activation—
driving relationship for dissociative ETs, fits of the homoge-
neous and heterogeneous ET kinetic data to nonadiabatic ET
theory provide an estimate of AG§. The use of a reasonable
BDE for this system provides an understanding of the
reorganization energies. Now that the thermochemical prop-
erties of O—O reduction are better understood, the electro-
chemical approaches described herein may be used to
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determine BDE and other thermochemical parameters
for other endoperoxides, especially those of biological rele-
vance.

Experimental Section

Materials: Ascaridole and dihydroascaridole were synthesized by standard
literature procedures®”®! and purified by distillation with a Kugelrohr
apparatus at 40°C (0.025 mm). CAUTION: Peroxides are potentially
explosive; heat with care. The homogeneous ET mediators 9,10-diphenyl-
anthracene, fluoranthene, perylene, acenaphthylene, 1,4-dicyanobenzene,
tetracene, azobenzene, 2-nitrobiphenyl, nitrobenzene, 4-nitrobiphenyl, and
1-nitronaphthalene were used as received from Aldrich. Other mediators
were synthesized: 4-methoxyazobenzene (m.p. 55 — 56 °C ) and 4-methoxy-
4'methylazobenzene (m.p. 100-100.5°C) were made by treatment of the
corresponding hydroxy-substituted azobenzenes with methyl iodide and
potassium carbonate in acetone. 4,4'-dimethoxyazobenzene,®) 3,3'-dimeth-
oxyazobenene! and 4-hydroxy-4'-methylazobenzene®! were made by
following literature procedures. All of the substituted azobenzenes were
recrystallized with an appropriate solvent or purified by column chroma-
tography according to the corresponding literature procedure before use.
Spectroscopic grade N,N-dimethylformamide (Lancaster) was distilled
over CaH, under nitrogen at reduced pressure. Spectroscopic grade
acetonitrile (BDH) was distilled over CaH, and run through a column of
activated alumina prior to storage. Both solvents were stored over alumina,
which had been activated at 350 °C while under vacuum (0.02 mm Hg), for
48 hours. Tetraethylammonium perchlorate (TEAP, Aldrich) was recrystal-
lized three times from ethanol and dried under vacuum at 60°C.

Nuclear magnetic resonance spectra were recorded on a Varian XL300
spectrometer with tetramethylsilane as the internal reference standard. IR
spectra were recorded on Aviv-17 IR spectrometer and mass spectra were
recorded on a MAT 8200 Finigan high resolution mass spectrometer.

Electrochemical apparatus and procedures: Cyclic voltammetry was
performed by using a PAR 283 or 263 potentiostat interfaced to a personal
computer with PAR270 electrochemistry software. A three-electrode
arrangement was used in the electrochemical cell.”Y The cell ohmic drop
was compensated for by using a positive feedback approach and adjusted to
at least 98% of the oscillation value. The electrodes and a stir-bar were
assembled in a water-jacketed electrochemical cell, while in an oven at
100°C, and placed in a Faraday cage to cool under a continuous flow of
high-purity dry argon. An argon atmosphere was maintained throughout
the experiment to protect the contents of the cell from atmospheric oxygen
and moisture. After cooling, a temperature of 25°C was maintained
through the jacketed cell by using a circulating water bath. For the
temperature-dependence studies, the temperature was controlled by a
VWR Scientific Model 1150 A constant-temperature circulator; the cell
was allowed to equilibrate for 30 minutes at each temperature. The
appropriate solvent and 0.1M electrolyte were added to the cell, and oxygen
was purged from the solution with argon. Throughout the experiment, an
argon atmosphere was maintained. The working electrode was a 3 mm
diameter glassy carbon rod (Tokai, GC-20) sealed in glass tubing. Prior to
each experiment, the working electrode was freshly polished with 0.25 um
diamond paste and ultrasonically rinsed in 2-propanol for fifteen minutes.
Electrochemical activation of the electrode was carried out in the
background solution by cycling several times between 0 and —2.7 V versus
SCE at a 0.2 Vs~! scan rate. The surface area was calculated with reference
to the diffusion coefficient of ferrocene in ACN and DMF with TEAP
(0.1m). The counter electrode was a platinum plate placed symmetrically
under the working electrode. The reference electrode was made of a silver
wire immersed in a glass tube with a fine sintered bottom containing TEAP
(0.1m) in the desired solvent. Its potential remained constant for the
duration of the experiment and was then calibrated by adding ferrocene. In
these studies, the standard potential of the ferrocene/ferrocenium couple
was 0.449 V and 0.475 V versus SCE for ACN and DMF, respectively. All
reported potentials are referenced to SCE.

Standard potentials for the homogeneous donors were determined in a

standard voltammetry cell. Cyclic voltammograms at scan rates ranging
from0.1to5 Vs~ of al-3 mmol L' solution of donor were obtained, then
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ferrocene was added to the cell and a series of ferrocene/ferrocenium
voltammograms were acquired. The standard potentials for the reversible
homogeneous donors and ferrocene were determined as the average of the
anodic and cathodic peak potentials. Simulation of homogeneous redox
catalysis data was performed with Digisim 2.1® software.

Preparative electrolysis: All preparative electrolysis was carried out in
argon-purged solutions containing TEAP (0.1M, 25 mL), with the reference
and glassy carbon electrode described for cyclic voltammetry. The working
electrode was a reticulated vitreous-carbon or platinum gauze and the
anode a platinum wire that was separated by a glass tube with a sintered
bottom and a 3mm layer of neutral alumina. Constant potential
electrolysis was carried out in an identical cell to that described for
constant current electrolysis, except that the electrodes were connected to a
potentiostat. Electrolysis was carried out at a potential of approximately
100 mV past the peak maximum and continued until the current was
reduced to the initial background level.

A cyclic voltammogram on a small 3 mm glassy carbon electrode was used
as a probe for the concentration of the substrate in the electrolysis cell in
both constant potential and constant current experiments. After electrol-
ysis, water (40 mL) was added to the cell, and the contents were extracted
with dichloromethane (4 x 20 mL). The organic extracts were then washed
with water (2 x 20 mL), dried over sodium sulfate, filtered and evaporated.

In the preparative scale electrolysis of ASC and DASC, only one product
was formed in each; this corresponded to the following: electrolysis of
ASC: cis-1-isopropyl-4-methylcyclohex-2-ene-1,4-diol. '"H NMR (CDCl;):
0=0.87(d,J=6.9 Hz,3H), 0.93 (d,/=6.9 Hz, 3H), 1.23 (s,3H), 1.62-1.87
(m, 7H), 5.53 (dd, /=10.1,1.3 Hz, 1H), 5.69 (dd, /=10.1, 1.3 Hz, 1H);
BC NMR (CDCl): 6 =16.72, 18.74, 27.38, 35.19, 37.52, 69.88, 72.18, 137.54,
132.36; IR: 3353 cm™! (br), 3024, 2969, 2880, 1606, 1374, 1381, 1138, 1004;
MS: m/z (%): 155 (12), 127 (62), 109 (100). Deuterium exchange verified
that there were two alcoholic protons.

Electrolysis of DASC: cis-1-isopropyl-4-methylcyclohexane-1,4-diol.
'H NMR (CDCl3): 6=0.85 (d, J=6.9 Hz, 6H), 1.15 (s, 3H), 1.32-1.86
(m, 10H); 3C NMR (CDClL): 6 =16.76, 25.79, 31.89, 35.78, 36.11, 38.76,
70.25; MS: m/z (%): 154 (8), 139 (10), 129 (15), 111 (100); IR: 3353 cm™!
(br), 2956, 2875, 1371, 1379, 1123, 998. Deuterium exchange verified that
there were two alcoholic protons.
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Spirocyclopropanated Bicyclopropylidenes: Straightforward Preparation,
Physical Properties, and Chemical Transformations**

Armin de Meijere,*?! Malte von Seebach,!*! Stefan Zollner,*! Sergei I. Kozhushkov,®!
Vladimir N. Belov,'”! Roland Boese,'! Thomas Haumann,'*! Jordi Benet-Buchholz,!*!
Dmitrii S. Yufit,!9! and Judith A. K. Howard!"!

Dedicated to Professor Oleg Nefedov on the occasion of his 70th birthday

Abstract: Perspirocyclopropanated bi-
cyclopropylidene (6) was prepared in
three steps from 7-cyclopropylidenedi-
spiro[2.0.2.1]heptane (4) (24 % overall)
or, more efficiently, through dehaloge-
native coupling of 7,7-dibromo|[3]trian-
gulane (15) (82%). This type of reduc-
tive dimerization turned out to be suc-
cessful for the synthesis of (E)- and (Z)-
bis(spiropentylidene) 14 (67%) and
even of the “third-generation” spirocy-
clopropanated bicyclopropylidene 17
(17% overall from 15). Whereas the
parent bicyclopropylidene 1 dimerized
at 180°C to yield [4]rotane, dimerization
of 6 at 130°C under 10 kbar pressure
occured only with opening of one three-
membered ring to yield the polyspirocy-
clopropanated (cyclopropylidene)cyclo-
pentane derivative 19 (34 % yield), and
at the elevated temperature the poly-

spirocyclopropanated 2-cyclopropyl-
idene[3.2.2]propellane  derivative 20
(25% yield). Perspirocyclopropanated
bicyclopropylidene 6 and the “third-
generation” bicyclopropylidene 17 gave
addition of bromine, hydrogen bromide,
and various dihalocarbenes without re-
arrangement. The functionally substitut-
ed branched [7]triangulane 28 and
branched dichloro-C,,-[15]triangulane
32 were used to prepare the perspirocy-
clopropanated [3]rotane (Ds,-[10]trian-
gulane) 49 (six steps from 6, 1.4%
overall yield) and the C,,-[15]triangu-
lane 51 (two steps from 17, 41 % overall).

Keywords: bicyclopropylidene .

carbenoids cyclopropanation
small ring systems - strained mole-
cules

Upon catalytic hydrogenation, the per-
spirocyclopropanated bicyclopropyl-
idene 6 yielded 7,7'-bis(dispiro[2.0.2.1]-
heptyl) (52) and, under more forcing
conditions, 1,1'-bis(2,2,3,3-tetramethyl-
cyclopropyl) (53). The bromofluorocar-
bene adduct 33 of 17 reacted with
butyllithium to give the unexpected
polyspirocyclopropanated 1,4-di-n-bu-
tyl-2-cyclopropylidenebicyclo[2.2.0]hex-
ane derivative 37 as the main product
(55% yield) along with the expected
“third-generation” perspirocyclopropa-
nated dicyclopropylidenemethane 38
(21 % yield). Mechanistic aspects of this
and the other unusual reactions are
discussed. The structures of all new
unusual hydrocarbons were proven by
X-ray crystal structure analyses, and the
most interesting structural and crystal
packing features are presented.

Introduction

Although tetraalkyl-substituted alkenes are by definition
more electron-rich than lesser substituted ones, they are often
less reactive than the latter due to the steric influences of the

alkyl groups. Bicyclopropylidene (1), however, in spite of
being a tetrasubstituted ethene, in many transformations is
more reactive than methylenecyclopropane and tetramethyl-
ethylene. As a result of its unique reactivity, bicyclopropyl-
idene (1) has developed into a useful model alkene to probe

[a] Prof. Dr. A. de Meijere, Dr. M. von Seebach, Dr. S. Zéllner,
Dr. S. I. Kozhushkov
Institut fiir Organische Chemie
Georg-August-Universitiat Gottingen
Tammannstrasse 2, 37077 Gottingen (Germany)
Fax: (+49) 551-399475
E-mail: armin.demeijere@chemie.uni-goettingen.de
[b] Dr. V. N. Belov
St. Petersburg State University, Chemical Department
Universitetskii Prosp. 2, Staryi Peterhof
198904, St. Petersburg (Russia)

Chem. Eur. J. 2001, 7, No. 18

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

[c] Prof. Dr. R. Boese, Dr. T. Haumann, Dr. J. Benet-Buchholz
Institut fiir Anorganische Chemie der Universitit-GH Essen
Universititsstrasse 3 -5, 45117 Essen (Germany)

[d] Dr. D.S. Yufit, Prof. Dr. J. A. K. Howard
Department of Chemistry, University of Durham
South Road, Durham, DH1 3LE (UK)

[**] Preliminary communications: a) S. Zollner, H. Buchholz, R. Boese, R.
Gleiter, A. de Meijere, Angew. Chem. 1991, 103, 1544 —1546; Angew.
Chem. Int. Ed. Engl. 1991, 30, 1518 -1520; b) M. von Seebach, S. 1.
Kozhushkov, R. Boese, J. Benet-Buchholz, D.S. Yufit, J. A. K.
Howard, A. de Meijere, Angew. Chem. 2000, 112, 2617 -2620; Angew.
Chem. Int. Ed. 2000, 39, 2495 -2498.

0947-6539/01/0718-4021 $ 17.50+.50/0 4021





FULL PAPER

A. de Meijere et al.

certain reaction principles,? and a versatile multifunctional Cg
building block for organic synthesis, especially since it has
become available in multigram quantities.’) The synthetic
value of 1 covers a wide range from various cycloadditions all
the way to its applicability in novel three-component reac-

Editorial Board Member:* Ar-
min de Meijere, born 1939 in
Homberg (Niederrhein), Ger-
many, studied Chemistry at the
universities of Freiburg and
Gottingen and obtained his doc-
torate (Dr.rer.nat.) at the Uni-
versity of Gottingen under the
guidance of Wolfgang Liittke.
Following postdoctoral training
under Kenneth B. Wiberg at
Yale University in New Haven,
CT (USA) he fulfilled the requirements for his “Habilitation”
in 1971 at the University of Gottingen. He became Full
Professor of Organic Chemistry at the University of Hamburg
in 1977, and returned to the University of Gottingen to succeed
his former mentor in the chair of Organic Chemistry in
October 1989. He has been visiting Professor at the University
of Wisconsin in Madison, WI, the IBM Research Laboratories
in San Jose, CA, USA, the Technion in Haifa, Israel, Princeton
University in Princeton, NJ, the Universite d’ Aix-Marseille 111,
Marseille, France, the Universita degli Studi, Firenze, Italy, the
Ecole Normale Superieur, Paris, France, the University of
Colorado, Boulder, CO, the Tarrant Distinguished Lecturer of
the University of Florida, Gainesville, FL, USA, and Lady
Davis Distingushed Lecturer at the Technion in Haifa, Israel.
He received a fellowship from the Studienstiftung des Deut-
schen Volkes, obtained the award “Dozentenstipendium” from
the Fonds der Chemischen Industrie in 1972, he was elected a
member of the Norwegian Academy of Sciences and Letters in
1992, and in 1996 received the Alexander-von-Humboldt-Gay-
Lussac Prize of the French Ministry for Higher Education and
Research. In 1997 he was elected as a member of the
Braunschweigische Wissenschaftliche Gesellschaft, as an Hon-
orary Professor of the St. Petersburg State University in St.
Petersburg, Russia, and nominated as a Fellow of the Japan
Society for the Promotion of Science. He is editor or member of
the editorial board of a number of scientific journals including
Chemical Reviews, as well as several periodicals and books.
His scientific achievements have been published in over 460
original publications, review articles, and chapters in books.
His current research interests include the development of new
cascade reactions for the efficient construction of complex
organic skeletons and new small-ring building blocks to be
applied in the synthesis of natural and non-natural compounds,
new highly strained polycyclic compounds with interesting
properties, as well as the development of new synthetic
methodology based on metal-mediated and -catalyzed trans-
formations of organic compounds.

* Members of the Editorial Board will be introduced to readers with their
first manuscript.

4022

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

tions involving palladium-catalyzed cascade transforma-
tions.! Among other purposes, it serves as the best starting
material for various branched [n]triangulanes 2—hydrocar-
bons consisting exclusively of spiroannelated cyclopropane

units.!
>=< | X S NI
{\ Im )n
1 2 3
o 34
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Results and Discussion

Consecutive spirocyclopropanation of the three-membered
rings in 1 not only increases the total strain in the molecule,®
but also adds some specificity to its reaction modes.[
Bicyclopropylidenes 3 and 4 with an additional one and two
spirocyclopropane annelations on the same ring can be easily
prepared according to the same methodology as bicyclopro-
pylidene itself.?! The trispirocyclopropanated and perspiro-
cyclopropanated analogues of 1, 7-spiropentylidenedispiro-
[2.0.2.1]heptane (5) and 7,7'-bis(dispiro[2.0.2.1]heptylidene)
(6) were first prepared along a tedious multistep sequencel!”)
starting  from  7-cyclopropylidenedispiro[2.0.2.1]heptane
(4).5% 81 Treatment of its dibromocarbene adduct 7 with
methyllithium gave the allene 8°! which, upon reaction with
diazocyclopropane in situ generated from N-nitroso-N-cyclo-
propylurea,l'”) yielded 6 (36 %) along with 11-cyclopropyli-
denetetraspiro[2.0.0.2.0.2.0.1Jundecane (9) (13%) and the
branched [8]triangulane 10 (16 %) (Scheme 1).
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6 (36%) 9 (13%) 10 (16%)
d
8§ —
(35%) 5 (5%) 12 (46%)

Scheme 1. First preparation of perspirocyclopropanated bicyclopropyl-
idene 6 and cyclopropanation of the allene 8. a) CHBr;, KOH (powder),
TEBACI, CH,Cl,, 0—20°C, 5 h; b) MeLi, Et,0, 0°C, 1.5 h; c) MeONa,
pentane, 0°C, 8 h; d) CH,I,, ZnEt,, Et,0, 34°C, 3 h.

This cyclopropylidenation proceeds with a 2.8:1 regiose-
lectivity for the attack at the less sterically encumbered
double bond in the allene 8, whereas Simmons-Smith
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cyclopropanation of 8 occurs preferentially at the more
crowded, but more highly strained double bond in 8 to yield
predominantly cyclopropylidene[3]rotane 11 (35%) along
with 7-spiropentylidenedispiro[2.0.2.1]heptane (5) (5% ) and
the branched [6]triangulane 12 (46 % ).

The very first approach to substituted bicyclopropylidenes
by dehalogenative coupling of 1-halo-1-lithiocyclopropanes
generated from 1,1-dihalocyclopropanes by treatment with
alkyllithium reagents,'!l has recently been significantly im-
proved. Neuenschwander et al. found that copper(i) salts
assist in the coupling of 1-bromo-1-lithiocyclopropanes gen-
erated from 1,1-dibromocyclopropanes, to give a variety of
substituted bicyclopropylidenes in reasonable to good and
well reproducible yields.'?! Yet, under the conditions devel-
oped by the authors, the reaction of 1,1-dibromospiropentane
1331 did not yield any of the expected bisspirocyclopropa-
nated bicyclopropylidenes 14.12¢ By working at lower tem-
perature, however, a mixture of (E)- and (Z)-bis(spiropentyl-
idene) (E)-14 and (Z)-14 was readily obtained in 67 % yield
(Scheme 2), and the structure of the (E)-diastereomer (E)-14
was unequivocally established by X-ray analysis (Figure 1 and
Table 1). It is quite remarkable that this method can also be
applied to 7,7-dibromodispiro[2.0.2.1]heptane (15),1134 14 the
dibromocarbene adduct of bicyclopropylidene (1), to yield the
perspirocyclopropanated bicyclopropylidene 6 (82 % isolated
yield) making this exotic hydrocarbon—a super-bicyclopro-
pylidene—easily available in preparatively useful quantities
(Scheme 2). It is even more spectacular that the dibromide 16,
the dibromocarbene adduct of 6,1 can be reductively
“dimerized” again to give the “third-generation” perspirocy-
clopropanated bicyclopropylidene 17 (Figure 1).11°]

Br
j Br a -110°C M

13 (E)-14 (27%) (2)-14 (40%)
Br a, —95°C b
———— -
Br 82% 83-93%
15 6
Br a,-95°C
Br 22%
16 17

Scheme 2. Cupric-chloride-assisted dehalogenative dimerizations of spi-
rocyclopropanated dibromocyclopropanes to yield spirocyclopropanated
bicyclopropylidenes. a) CuCl,, THF, temperature given, addition of BuLi
over 1 h, then temperature given —20°C, 2 h; b) CHBr;, KOH (powder),
TEBACI, CH,Cl,, 0—20°C, 5 h.

The typical difference between proximal and distal bond
lengths observed for the outer spirocyclopropane rings in
[3]rotanel'”] and perspirocyclopropanated [3]rotanel””] is also
observed for the outer-sphere cyclopropane rings in 17
(Figure 1), but the lengths of the central double bond turned
out to be essentially the same in bicyclopropylidene (1)
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Figure 1. Structures of bis(spirocyclopropanated) bicyclopropylidene (E)-
14 and the “third-generation perspirocyclopropanated bicyclopropylidene”
17 in the crystals.

[1.304(2) Al)] %) “super-bicyclopropylidene” 6 [1.305(4) A],72)
and the “third-generation” perspirocyclopropanated bicyclo-
propylidene 17 [1.305(3) A]. This is not in line with the
oxidation potentials of these alkenes which decrease on going
from 1 (1.58 V) to 6 (1.12 V, AE =460 mV) and further to 17
(0.98 V, AE =140 mV). It is remarkable that the outer sphere
cyclopropyl groups in 17 still exert a significant influence,
albeit a smaller one than the outer sphere groups in 6, as
indicated by the smaller difference between the values for 17
and 6 compared with that between 6 and 1. These values are in
line with the fact that the rate of bromine addition across the
double bond increases with an increasing number of spiroan-
nelated cyclopropanes, as has experimentally been deter-
mined for a number of oligospirocyclopropanated bicyclo-
propylidenes.™ 181

Differential scanning calorimetry (DSC) traces for 6 and 17
display sharp peaks. The melting point of super-bicyclopro-
pylidene 6 is represented by a peak at 139°C, while the wide
and flat peak with a maximum at 223.4 °C possibly stands for a
rearrangement or decomposition of 6. For 17 no sharp melting
point peak is displayed. The diagram indicates a decomposi-
tion starting above 230°C. The sharp peak at 213°C with
AG =1.45 kcal mol ! possibly indicates a phase transition or a
rearrangement reaction. For comparison, bicyclopropylidene
(1) undergoes a phase transition at —40.2°C with AG =
0.038 kcal mol~".[4!

The thermal behavior of perspirocyclopropanated bicyclo-
propylidene 6 with its maximum number of spirocyclopro-
pane rings is completely different from that of bicyclopropyl-
idene (1).1*> % The steric congestion around the double bond
in 6 apparently impedes its [2 + 2]-dimerization as well as the
type of rearrangement observed for the parent bicyclopro-
pylidene (1) leading to methylenespiropentane (for reviews,
see ref. [4]). After extended heating of a toluene solution of 6
(180°C, 144 h, sealed tube) and column chromatography on
silica gel of the crude product mixture, 50 % of the starting
material 6 was recovered, and 25 % of a dimer with an R; value
very close to that of 6 was isolated."”) Prolonged heating (6 d)
at 180°C as well as heating to higher temperatures (220°C)
led only to an accumulation of polymeric materials. Since the
structure of the dimer could not unequivocally be established
on the basis of its NMR data, a single crystal of appropriate
quality was grown by slow concentration of a dilute solution in
ethanol/pentane, and its structure determined by an X-ray
crystal structure analysis. This revealed the unexpected
structure 20 (Scheme 3) containing a spirocyclopropanated
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Scheme 3. Two modes of thermal dimerization of perspirocyclopropanat-
ed bicyclopropylidene 6. a) toluene, 10 kbar, 130°C, 48 h; b) toluene,
180°C, 144 h; c) dimethyldioxirane, acetone, 0 —20°C, 12 h; d) silica gel,
pentane/Et,O 9:1.

[3.2.2]propellane fragment (Figure 2). To increase the yield in
this reaction, the dimerization of 6 was attempted under high
pressure conditions (toluene, 10 kbar, 130°C, 48 h). But in this
case, compound 20 was formed in only 5 % yield, and the new
dimer 19 (34 % yield) was isolated as an oil along with 41 % of

Figure 2. Structure of the oligospirocyclopropanated 2-cyclopropylidene-
[3.2.2]propellane 20 in the crystal.

the starting material 6.2% The structure of 19 was elucidated
indirectly by an X-ray crystal structure analysis of the ketone
23121 obtained from 19 by epoxidation with dimethyldioxir-
anel®! and subsequent isomerization of the epoxide 24 upon
exposure to silica gel.

A speculative mechanistic rationalization of these dimeri-
zation reactions starts with a rather unreasonable cleavage of
a vinylic C—C bond in 6 to form the diradical 18 (Scheme 3),
which adds across the double bond of a second molecule of 6
to produce 19. Under high pressure at 130°C, 19 is the final
product, but under the more drastic conditions (180°C),
rupture of an allylic spirocyclopropane C—C bond of the
dispiro[2.0.2.1]heptane fragment adjacent to the double bond
occurs, and the resulting 1,3-diradical 22 undergoes a cyclo-
propylcarbinyl radical to 3-butenyl radical rearrangement
(“electron clock”?) to form the intermediate 21. Although
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rather unlikely, a possible route to the propellane 20 would be
by twofold four-membered ring closure of the diradical 21
attacking the double bond.

In view of the known routes and chemical transformations
of small ring propellanes,?! the formation of the [3.2.2]pro-
pellane skeleton under these drastic conditions is quite
surprising. After all, the strain energy (SE) for the parent
[3.2.2]propellane is estimated to be 65 kcalmol!,?* and
every spirofused three-membered ring contributes at least an
additional 28.1 kcalmol™! to the total strain of 20,1/ not
taking into account the additional strain increments due to the
spiro-fusions in the [3.2.2]propellane and dispiro[2.0.2.1]hep-
tane fragments.[ Thus, the survival of compound 20 under the
conditions of its formation is one more excellent example of
the potentially enormous kinetic stability of such extremely
strained compounds.*!

The X-ray crystal structure analysis of the hydrocarbon 20
discloses two crystallographically independent molecules in
the unit cell with almost identical geometries. The five-
membered ring in 20 adopts an envelope conformation with
atom C(3) out of the C(1)-C(2)-C(4)-C(5) plane by 0.41(1) A.
Both four-membered rings are folded along their diagonals by
16.3° (mean value for two molecules). The bond C(1)—C(5)
common to the four- and five-membered rings is elongated to
1.576 A, which is typical for [3.2.2]propellane structures.4!
While the atoms C(1) and C(5) can thus adopt pyramidalized
configurations, they are located only 0.12(1) A out of the
planes C(2)-C(7)-C(8) and C(4)-C(6)-C(9), respectively.

An increasing number of spiroannelated cyclopropanes
apparently stabilizes the bicyclopropylidene skeleton against
ring opening and ring enlargement upon electrophilic addi-
tions. While the addition of bromine to bicyclopropylidene (1)
itself yields 7% of the ring-opening by-product,'®! the
bisspirocyclopropanated (4)!'8] and perspirocyclopropanated
bicyclopropylidene (6)1! both add bromine and hydrogen
bromide virtually without ring opening. In the latter case the
formation of the dibromide 25 and bromide 26 proceeds
almost quantitatively. The same behavior is observed for the
“third-generation” perspirocyclopropanated bicyclopropyl-
idene 17 which rapidly adds bromine to give dibromide 27
with complete conservation of the polyspirocyclopropane
skeleton (Scheme 4). On the other hand, the rhodium acetate
catalyzed alkoxycarbonylcyclopropanation of 1 proceeds with
good yield and without rearrangement,3 whereas that of the
perspirocyclopropanated analogue 6 furnishes the cycload-
duct 28 in only 32% yield along with 9% of the ring-
enlargement product 29 (Scheme 4), the structure of which
was corroborated by an X-ray crystal structure analysis.?”)

Control experiments showed that 28 did not isomerize to 29
upon continuous stirring with [Rh(OAc),], in chloroform or
dichloromethane, and 6 did not react with ethyl diazoacetate
in the absence of rhodium acetate to form the pyrazoline 30,
apparently due to the steric congestion around the double
bond. However, the addition of the carbenerhodium complex
to the highly nucleophilic'® alkene 6 may occur stepwise,
since a 1,3-zwitterionic intermediate of type 31, being an ester
enolate at one and a dispiro[2.0.2.1]hept-7-yl cation!'®! at the
other, would be a reasonably stabilized species. Ring closure
of 31 would lead to 28, and cyclopropylmethyl to cyclobutyl
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25:X = Br (88%)
26:X = H (295%)

X
a
6 —_—
Br

Br
b 27
17 —
74% Br

COLEt
CO,Et 2
6 —m *
% \zs\(sz%) \ 29 (9%)
NP\ ~COEt ~ CO,Et
&
30 31

Scheme 4. Addition of various electrophiles (Br,, HBr, :CHCO,E) to the
perspirocyclopropanated 6 and the “third-generation” bicyclopropylidene
17. a) XBr, pentane, — 15°C; b) Br,, Py, hexane, —15°C; ¢) N,CHCO,Et,
[Rh(OAc),], (1 mol %), CH,Cl,, 0°C, 12 h.

cation rearrangement would lead to the by-product 29
(Scheme 4).

The steric congestion around the double bond arising from
the increased number of spiroannelated three-membered rings
in 17 prevents certain cycloadditions that are possible with 1
and 6. For example, dibromocarbene did not add onto the
double bond in 17 neither under phase transfer catalysis
nor under classical conditions as developed by Doering
et al.”’! and Seyferth et al.*® The addition of bromochloro-
carbene also failed under all of these conditions, while
7-bromo-7-chlorodispiro[2.0.2.1]heptane was obtained from
1in 77 % yield using Doering’s procedure. Also, 17 did neither
react with diazocyclopropane, in situ generated from N-
nitroso-N-cyclopropylurea,!' nor with diazomethane in the
presence of Pd(OAc),.P'l However, with less sterically
demanding carbenes such as dichloro- and bromofluorocar-
bene the corresponding dihalo[15]triangulanes C,,-32 and C,,-
33 were obtained in excellent yields (Scheme 5).

15 16 18 20

“\Cl —-— 17
'Cl 98%
2 1 3130

32 33

Me Me
Me Me Mg  Me Me Me
Me Cl a Me Me c Me F
Me, - -_— Me, B

ci 45%  Me Me 14% r

Me’ Me Me Me

Me Me Me Me

34 35 36

Scheme 5. Dihalocarbene additions to sterically encumbered bicyclopro-
pylidenes 17 and 35. a) CHBr;, 50% aq. NaOH, TEBACI, CH,Cl,, 20°C,
3d; b) CHBr,F, 50% aq. NaOH, TEBACI, CH,Cl,, 20°C, 3 d; ¢c) CHBI,F,
50% aq. NaOH, TEBACI, 20°C, 2 d.
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Surprisingly, permethylbicyclopropylidene (35) is even less
reactive than the overly spirocyclopropanated bicyclopropyl-
idene 17 with respect to cycloadditions of various carbenes.
Not only was compound 35 completely unreactive towards
dibromocarbene under the conditions mentioned above, the
dichlorocarbene adduct 34 was produced in only 45 % yield.
Addition of bromofluorocarbene to 35 even using CHBr,F as
the solvent stopped after about 30% conversion, and the
isolated yield of 36 was a mere 14 % (Scheme 5).

The structures of the dihalo[15]triangulanes C,,-32 and C,,-
33 both display unique features. The two spiropentane
moieties making up the central dispiro[2.0.2.1]heptane units
in both of them have lost their usual C, symmetry. In 32, the
deformation of these spiropentane units is both by twisting
(i.e., rotation of the plane of one cyclopropane ring against
the other one), yet by only 1° (v =89.0° for the left and right
spiropentane unit, see Figure 3) and bending (i.e., buckling of
the C, axis which usually bisects the two cyclopropane rings,
see Figure 3) by 10.1° (@ =169.9° for both moieties).*l The

Figure 3. Structures of dihalo[15]triangulanes C,,-32 and C,,-33 and
7-bromo-7-fluorooctamethyldispiro[2.0.2.1]heptane (36) in the crystals.

central dispiro[2.0.2.1]heptane fragment in 33 is also twisted
and bent, but the big bromine atom apparently causes a more
significant twisting for the two sides to be in the same
direction (y =96.6° and 93.3°) as opposed to compound 32
(»=89.0°) while the degree of bending (®=169.9 and
170.5°) is approximately the same as in 32. These deforma-
tions must arise from the mutual repulsion of the two bulky
branched [7]triangulane fragments spiroannelated to the
central cyclopropane moiety of 32 and 33, and it apparently
goes along with a significant change in hybridization of the
two central spiro carbon atoms.
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The sterically congested skeleton in bromofluoro[15]trian-
gulane 33 apparently accommodates the larger bromine and
the smaller fluorine substituents at C(24) best with different
orientations of the C—F and C—Br bonds. The angle between
the C—Br bond axis and the C(9)-C(8)-C(24) plane is only
49.1°, while that between the C—F axis and the same plane is
58.2°. The crystal packing of the molecules 33 is also
noteworthy. The terminal three-membered rings attached at
C(4), C(11), C(18), and C(26) form a large enough cavity
which accommodates the Br substituent of the adjacent
molecule quite nicely: the shortest intermolecular contact
Br(1)---H(28B) 2.97(1) A is the same as the shortest intra-
molecular ones Br(1)---H(312) 2.96(1) and Br(1)--- H(152)
2.98(1) A, while the sum of van der Waals radii of hydrogen
(1.20 A) and bromine (1.85 A) atoms is 3.05 A (Figure 4).

The crystal structure of 7-bromo-7-fluorooctamethyldispiro-
[2.0.2.1]heptane (36) was also determined for comparison
(Figure 3). The dispiroheptane unit in 36 was found to be
distorted, too, but with 1 =89.8 and 92.1° and @ =174.4° in
the two spiropentane moieties to a significantly lesser extent
than in 33. The angle between the C—Br bond axis and the
C(3)-C(4)-C(7) plane in 36 is 51.7°, while that between the
C—F axis and the same plane is 56.7°. The interatomic
distances are equal to C(7)—C(2) 2.746, C(7)—C(5) 2.715,
C(7)—C(1) 2.747, and C(7)—C(6) 2.768 A.

In order to test the possibility of reductively dimerizing a
carbenoid from 33 to an even more highly spirocyclopropa-
nated analogue of 17, the bromofluoro-C,,-[15]triangulane 33
was treated with alkyllithium reagents. While no reaction was
observed with methyllithium in the temperature range from
—78 to 0°C, treatment of 33 with n-butyllithium at —10 to
—5°C led to a remarkable skeletal rearrangement and
incorporation of two n-butyl groups to give the hydrocarbon
37 containing a bicyclo[2.2.0]hexane fragment, as the main

Figure 4. Adjacent molecules in the crystal of 24-bromo-24-fluoro-C,,-[15]triangulane (33) and a section showing
the crystal packing of 7-bromo-7-fluorooctamethyldispiro[2.0.2.1]-heptane (36).
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product (Scheme 6). The structure of 37 was proved by X-ray
analysis (Figure 5). In addition, the expected allene 38 was
isolated in 21% yield. Essentially the same results were
obtained at + 65 °C. When the reaction was performed at — 90
to —75°C in the presence of CuCl,, 32% of the starting
material 33 was recovered, and the major product fraction was
a mixture of unidentified soluble oligomers. Only a trace of
the bicyclohexane derivative 37 could be detected.

F a Bu |
> — + -
By,
Bu
33

37 (55%) 38 (21%)
BuLi l —?uBr 1) BuLi
- LiF 2) BuBr
39 40
| 42

Scheme 6. Treatment of bromofluoro-C,,-[15]triangulane 33 with n-butyl-
lithium. a) nBuLi, THF, —10——5°C, 0.5 h.

Based on literature prece-
dents for the individual steps,
the transformation of 33 to 37
can be rationalized as follows:
Bromine —lithium exchange in
33 leads to a carbenoid which
may o-eliminate lithium fluo-
ride to form the cyclopropyl-
idene intermediate 39. A minor
fraction of this undergoes the
usual ring opening (corre-
sponding to the so-called Doe-
ring — Skattebgl —-Moore reac-
tion) to allene 38 (“third-gen-
eration” perspirocyclopropanat-
ed dicyclopropylidenemethane),
the major fraction experiences
a cyclopropylcarbene to cyclo-
butene ring enlargement.(
The resulting excessively strain-
ed bicyclo[2.1.0]pent-1(4)-ene
derivative 41 then opens its
cyclopropene to a vinylcarbene
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Figure 5. Structures of the oligospirocyclopropanated bicyclo[2.2.0]hex-
ane 37 as well as the “third-generation” perspirocyclopropanated dicyclo-
propylidenemethane 38 and a section showing the crystal packing of the
latter with benzene solvent molecules in the channels.

unitB to give 42 which can undergo a cyclopropylcarbene to
cyclobutene rearrangement®! once more. The resulting
bicyclo[2.2.0]hex-1(4)ene 4089 with its highly strained bridge-
head—bridgehead double bond> 37 then adds a molecule of n-
butyllithium, and the bridgehead lithio derivative finally
reacts with the initially formed butyl bromide.>®!

Such type of rearrangement was not observed for the
carbenoid derived from 15,15-dibromo-C,,-[7]triangulane 16
which reacted with methyllithium in the presence of lithium
iodide to produce the expected allene (perspirocyclopropa-
nated dicyclopropylidenemethane) 43 and 7-bromo-7-methyl-
C,-[7]triangulane 44 in different proportions at different
temperatures (Scheme 7).

Br a Me
+
Br q Br

16 43 44
0°C 45% 4.5%
-78°C 13% 48%

Scheme 7. Reaction of dibromo-C,,-[7]triangulane 16 with methyllithium.
a) MeLi/Lil, Et,0, 1 h.
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The oligospirocyclopropanated bicyclopropylidenes 6 and
17, as well as some of their transformation products, appeared
to be appropriate starting materials for the synthesis of higher
branched triangulanes. Towards this goal, the ester 28 was
hydrolyzed to the acid 45 (80 % yield), which was transformed
into the acid chloride 46 (99 % yield) with thionyl chloride.
Analogous to the synthesis of N-cyclopropyl-N-nitroso-
urea,['%] the acid chloride 46 was converted to the N-nitroso-
N-[7]triangulanylurea 48 in 31% overall yield (Scheme 8).

45: X = CO,H
99%1 b

a 46: X = COCI

28 L % oc
80% 63%1 ¢

47: X = NHCONH,

1
d N/NO ! a Xe
47 — —_ - 5 +
62% >/—NH2 d
o e
)

48 49 (14% 43 27%)

50

Scheme 8. Preparation of perspirocyclopropanated [3]rotane (Ds,-[10]tri-
angulane) 49 and perspirocyclopropanated dicyclopropylidenemethane 43.
a) NaOH, H,0, 100°C, 5 h; b) SOCl,, 80°C, 2 h; c¢) 1. NaNj;, acetone, 0°C,
2h; 2. CH,, 80°C, 2h; 3.NH;, C¢Hy, 5°C; d) N,O,, Et,0, 0°C, 2h;
¢) MeONa, 0°C, 10 h; f) 0°C, one year. Bond lengths [A] (averaged over
D, symmetry) for 49: a = 1.484(1), b=1479(1), c = 1.476(2), d = 1.481(1),
e=1.529(2).

The crucial step in the synthesis of 49—the in situ generation
of the diazo[7]triangulane®—was performed by treatment
with ten equivalents of solid sodium methanolate at 0°C in a
large excess of bicyclopropylidene (1). The perspirocyclopro-
panated [3]rotane (Dj,-[10]triangulane) 49 was isolated in
14 % yield by column chromatography, and its structure was
examined by X-ray crystal structure analysis.'”) The main
product obtained from this reaction was the allene 43. Upon
storage in a refrigerator for one year, the allene 43 completely
transformed to its “head-to-head” dimer 50 which was
characterized by an X-ray crystal structure analysis.[*]

In view of a total strain energy of about 360 kcal mol 1! it
is particularly noteworthy that D5 -[10]triangulane 49 is stable
for an extended period of time even at its melting point of
200-201°C. Thermal decomposition occurs only above
250°C, as revealed by differential scanning calorimetry
(DSC).*! The bonds in the central three-membered ring of
49 (1484 A with a standard deviation of 0.001 A) are
significantly longer than those in the central ring of [3]rotane
[1.475(2) A].1") This might be attributable to an additional
electronic interaction in terms of spiro conjugation between
six outer rings and the central cyclopropane ring.[*”]
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The perspirocyclopropanated [3]rotane 49 turned out not to
be the ultimate achievable size of a branched triangulane. The
dichlorocarbene adduct 32 (Scheme 5) from the “third-gen-
eration” perspirocyclopropanated bicyclopropylidene 17 was
reductively dechlorinated to the hydrocarbon 51 (Scheme 9
and Figure 6) which, with its 15 spirofused cyclopropane rings,

Figure 6. Structure of C,,-[15]triangulane 51 in the crystal.

already sets a new record. The successful generation of the
carbenoid from the bromofluoro-C,,-[15]triangulane 33 fuels
new hope that the limits for generating even higher aggregates
of spiroannelated cyclopropane rings can be pushed forward
even further.

The structure of the branched C,,-[15]triangulane 51 also
displays twisting by —4.3° and +5.8° (»=285.7° and 95.8°,
respectively, for the left and right spiropentane unit, see
Figure 6) and bending by 11.7° (@ =168.3° for both moieties)
of the two spiropentane fragments making up the central
dispiro[2.0.2.1]heptane unit, caused by the mutual repulsion
of the two bulky branched C,,-[7]triangulane fragments
spiroannelated to the central cyclopropane ring of 51, and it
apparently goes along with a significant change in hybrid-
ization of the two central spiro carbon atoms leading to a
shortening of the proximal C—C bond [1.470(2) A] in the
central ring.

32 —
41%
51
H b Me HMe Me
65% c
-~ 6 Me Me
ord o,
H 23% H Me
82% (8% isolated) ~ Me~ Me
52 o A 53

76%
Scheme 9. Preparation of the branched C,,-[15]triangulane 51 and cata-
lytic hydrogenation of the perspirocyclopropanated bicyclopropylidene 6.
a) Li, -BuOH, THF, 20°C, 2 d; b) H,, Pd/BaSO,, hexane/MeOH, 20°C, 2 h;
c) H,, PtO,, hexane/AcOH, 20°C, 2.5 h; d) H,, PtO,, hexane/MeOH/
AcOH, —15°C, 1.5 h; e) H,, PtO,, hexane/Et,0/AcOH/MeOH, —15°C,
6d.

As permethylbicyclopropylidene 35 did not add dibromo-
carbene and, therefore, a reductive “dimerization” of the
corresponding bromocuprocyclopropylidenoid to give the
permethylated “super-bicyclopropylidene” could not be at-
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tempted, an alternative approach to this hydrocarbon by
hydrogenolytic ring opening!*>#] of the outer-sphere spirocy-
clopropane rings in the “third-generation” bicyclopropylidene
17 has been examined. Unfortunately, however, the attempt-
ed hydrogenolysis of 17 in acetic acid at room temperature
under platinum catalysis led to a complex mixture of at least
eight hydrocarbons, and no reaction was observed at —15°C.
Control experiments with “super-bicyclopropylidene” 6
(Scheme 9) demonstrated that the double bond in 6 reacts
first. Thus, no reaction was observed under Pd/C catalysis in
MeOH or HOAc. Hydrogenolysis over a Pd/BaSO, catalyst at
ambient temperature or over a PtO, catalyst at —15°C led to
the predominant formation of 7,7'-bis(dispiro[2.0.2.1]heptyl)
(52), which was isolated in 65 and 82% yield, respectively.
Hydrogenation of 6 under PtO, catalysis at ambient temper-
ature resulted also in hydrogenolytic ring opening of all four
outer-sphere spirocyclopropanes to produce the octamethyl-
bicyclopropyl (53)* in 23% yield, as indicated by GC
analysis (the isolated yield was only 8%). Catalytic hydro-
genation of 52 over PtO, at —15°C also led to 53 in 76 % yield,
but the latter could not be isolated in pure form from this
hydrogenation.

The vicinal coupling constants between the methine
protons in 52 were 3J(H,H)=750+0.25 (20°C), 7.25+0.25
(—8°C), 700+ 0.25 (—25°C), and 7.00+ 0.25 Hz (- 50°C), as
determined in the 3C satellites of its 'H NMR spectrum
measured at the respective temperature in CDCI; solution.
This temperature dependence indicates a conformational
change with an increasing proportion of a synclinal confor-
mation of the central bicyclopropyl moiety upon decreasing
temperature. An analogous behavior was reported for bicy-
clopropyl itself with 3J(H,H)=4.394+0.02 Hz (20°C), as
determined for octadeuteriobicyclopropyl.l* Contrary to this,
for octamethylbicyclopropyl (53) an increasing proportion of
an anticlinal conformation of the central bicyclopropyl moiety
upon decreasing temperature was observed (J(H,H) =83 +
0.1 Hz at 20°C).*1 The corresponding {*C,H} coupling
constants are essentially independent of the temperature
and equal to 160 £ 1, 152.0 £ 0.5 and 157.76 £ 0.03 Hz for 52,
53,14 and bicyclopropyl,[*! respectively.

Experimental Section

General aspects: 'H and *C NMR: Spectra were recorded at 200, 250 ('H),
and 62.9 MHz [BC, additional DEPT (distortionless enhancement by
polarization transfer)] on Varian XL 200 and Bruker AM 250 instruments
in CDCl; solution, CHCLy/CDCl, as internal reference; o in ppm, J in Hz.
Low-temperature 'H NMR spectra were recorded at 500 MHz on a Varian
INOVA-500 instrument in CDCl;, CHCl;/CDCl, as internal reference. IR
spectra were recorded on a Perkin—Elmer 298 and Bruker IFS66
instruments, measured as KBr pellets, oils between KBr plates. Mass
spectra were measured at 70 eV with a Finnigan MAT 95 spectrometer
(EI). Melting points were determined on a Biichi 510 capillary melting
point apparatus and are uncorrected. GC analyses were carried out with a
Siemens Sichromat1-4, 25m capillary column CP-SIL-5-CB, and GC
separations with an Intersmat 130 instrument, 20 % SE-30 on Chromaton
W-AW-DMCS, 1000 x 8.2 mm Teflon column. TLC analyses were per-
formed using Macherey-Nagel precoated aluminum plates, 0.25 mm Sil G/
UV,s,, and column chromatography using Merck silica gel, grade 60, 230 -
400 mesh. Starting materials: Anhydrous diethyl ether and THF were
obtained by distillation from sodium/benzophenone, pyridine from CaH,

0947-6539/01/0718-4028 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 18





Spirocyclopropanated Bicyclopropylidenes 4021-4034
and methylene chloride from P,O. Table 1. Crystal and data collection parameters for compounds (E)-14, 17, 20, 32, 33, 3638, 51.
Bicyclopropylidene (1), 7-cyclopro-
pylidenedispiro[2.0.2.1]heptane  (4)8 (E)-14 1 2 32 3
1,1-dibromospiropentane 13),"1  formula C,oH,, CyoHs, CyHs, CyH;,Cl, C;H;,BrF
7,7-dibromodispiro[2.0.2.1]heptane molecular mass 132.20 392.56 368.54 47547 503.48
(15),13¢. 141 and 1,1-dibromotetrameth- crystals triclinic tetragonal triclinic monoclinic monoclinic
ylcyclopropanel®! were prepared ac-  space group P1 I4/a P1 C2/c P2,/n
cording to published procedures. All a[A] 5.0981(4) 23.293(2) 10.599(3) 22.340(2) 7.4062(5)
other chemicals were used as commer- b [A] 6.0900(6) 13.098(6) 7.5679(5) 31.471(2)
cially available (Merck, Acros, BASF, c[A] 6.7959(6) 8.8272(5) 15.778(6) 17.3642(14) 11.6954(8)
Bayer, Hoechst, Degussa AG, and a[°] 71.890(4) 94.01(4)
Hiils AG). All reactions were per- A 1°] 77.336(4) 99.98(3) 112.558(1) 105.32(1)
formed under argon. Organic extracts v [°] 72.645(4) 91.53(3)
were dried with MgSO,. V [A3] 189.54(3) 4789.4(6) 2150(1) 2711.1(4) 2629.1(3)
Crystal structure determinations: Suit- z 1 8 4 4 4
able crystals were grown by slow F(000) 72 1696 800 1008 1048
concentration of diluted solutions in plgem] 1158 1.089 1138 L1165 1.272
pentane [(E)-14, at 0°C], methanol/  # [mm~!] 0.065 0.061 0.064 0.256 1.587
diethyl ether (20), benzene (38), or T[K] 100 143 153 263 120
hexane/diethyl ether mixture (other Omax [] 298 28.41 251 2831 30.49
compounds). The data were collected refl. collected 2271 9384 5486 11502 26051
on a Siemens P3 (20) or a Bruker refl. independent 1016 2321 5091 2918 7363
SMART CCD 1 K (other compounds) Rin 0.0480 0.0413 0.0416 0.0947 0.0430
diffractometer, the latter equipped WR,(F?) 0.0895 0.1464 0.1210 0.1426 0.0810
with a home-built low temperature R(F) 0.0372 0.0564 0.0530 0.0587 0.0485
device, for (E)-14, 33, 37, and 38 it was no.‘ parameters 70 136 697 150 434
equipped with an Oxford Cryostream refined
devise, for 20 a Siemens LT-2 unit, GOF 1.100 1018 Lo12 081 1174
Moy, radiation (graphite monochro- 36 37 38 51
mator). The structures were solved by
direct methods and refined by full- formula CisHyBrF CyHso CyHs, - CeHgg CyHsy
matrix least squares on F2. All non- molecular mass 303.25 518.79 482.67 406.58
hydrogen atoms were refined aniso- crystals orthorhombic monoclinic monoclinic tri_clinic
tropically, all hydrogen atoms were space group P2,2:2, P2/c C2le P1
located on the difference Fourier maps a [A] 7.076(1) 7.5471(2) 21.623(1) 8.945(2)
and refined isotropically. The param- b [A] 13.374(3) 40.871(1) 10.3065(5) 12.061(2)
eters of crystal data collections and c[A] 16.035(3) 10.8826(4) 13.0931(6) 12.605(3)
structure refinements are presented in al’] 67.514(4)
Table 1.146] ] 108.79(1) 101.63(1) 79.915(4)
. - [] 80.625(4)
Cyclopropylidene(7-dispiro[2.0.2.1]- vl
heptylidene)methane (8): A 144n V [A?] 1517.3(5) 3177.9(2) 2858.0(2) 1230.3(4)
. .. V4 4 4 4 2
solution of MeLi in Et,O (1.46 mL, F(000) 632 1136 1040 440
2.10 mmol) was added dropwise at 0°C =
within 1.5 h to a stirred solution of the ple CH{ | 1.327 1.084 1.122 1.098
. . u [mm™] 2.699 0.060 0.063 0.061
dibromo|[5]triangulane 7 (529 mg,
1.74 mmol) in anhydrous diethyl ether r [K]O 120 120 120 203
(10 mL). The resulting mixture was O [] 301 25.50 273 2841
allowe d'to warm to ambient temper- refl. collected 17234 18579 12425 15611
ature over a period of 0.5 h, poured refl. independent 4184 5892 3283 6098
into ice-cold water (10 mL)’and ex- Rin 0.0574 0.09 0.113 0.0379
tracted with ELO (3x 10 mL). The WR,(F?) 0.0919 0.1876 0.1880 0.1241
. > . ’ R(F) 0.0378 0.0847 0.0741 0.0510
combined _ organic solutions were no. parameters
peted i 50 0110t wd 5
’ ’ GOF 1.046 1.095 1.049 0.912

ed under reduced pressure. The resi-
due was purified by column chroma-
tography (20 g silica gel, column 35 x

2 cm, pentane) to give 8 (210 mg, 84 %) as a white powder, R;=0.36. An
analytical sample obtained by sublimation at 45°C (0.5 Torr) had a melting
point range 84 -86°C (decomp). IR: 7 =3073, 2993, 2044, 1415, 1146, 1044,
1000, 951, 885, 811, 758 cm™!; 'H NMR (C¢Dy): 6 =1.33 (s, 4H), 1.06, 0.77
(m, AA'BB’,8H); BCNMR (C4Dg): 6 =8.2 (4CH,); 7.6 (2CH,); 21.3 (2C);
172.0, 93.5, 83.6 (C); elemental analysis calcd (%) for C,H,, (144.2):
C91.61, H 8.39; found: C 91.90, H 8.72.

7,7-Bis(dispiro[2.0.2.1]heptylidene) (6), 11-(cyclopropylidene)tetraspiro-
[2.0.0.2.0.2.0.1]undecane (9), and heptaspiro[2.0.0.2.0.2.0.0.0.2.0.2.0.0]hep-
tadecane (10): A solution of the allene 8 (251 mg, 1.7 mmol) in anhydrous
olefin-free pentane (20 mL) was vigorously stirred with powdered sodium
methanolate (2.30 g, 43 mmol) and N-nitroso-N-cyclopropylurea (370 mg,
2.9 mmol) at 0°C for a period of 8 h. The resulting mixture was poured into
a mixture of ice-cold water (20 mL) and pentane (20 mL). The organic
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solution was washed with H,O (4 x 10 mL) and brine (5 mL), dried, and
concentrated under reduced pressure. The products were separated by
column chromatography (40 g silica gel, column 35 x 2 cm, pentane) to give
starting allene 8 (88 mg, 35%), perspirocyclopropanated bicyclopropyli-
dene 6 (113 mg, 36 % ), bicyclopropylidene 9 (41 mg, 13 %), and triangulane
10 (61 mg, 16%).

Compound 6: R;=0.45; colorless crystals; subl.p. 115°C; Raman (powder):
7=1868, 1487, 1448, 1421, 1301, 1004, 956, 914, 887, 791, 620, 410 cm™!;
'HNMR: 4 =1.01,0.99 (m, AA'BB’, 16 H); 3*C NMR: 6 =8.8 (8 CH,); 16.1
(4C); 115.0 (20).

Compound 9: R;=0.65; colorless oil; 'H NMR (C¢Dy): 6 =1.21-1.02 (m,
8H), 0.94 (m, 4H), 0.75, 0.60 (m, AA'BB’, 4H); ®C NMR (C¢Dy): 6 =6.3,
5.1,3.0 2CH,); 2.6, 2.4 (CH,); 21.0 (2C); 119.1, 104.5, 23.5, 16.0 (C); MS
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(CT): m/z (%): 368 (100) [2M]*, 219 (40) [M+NH,+NH,]*, 218 (48)
[M+2NH,]*, 202 (28) [M+NH,J*, 201 (100) [M — H+NH,]*, 170 (20)
[M — CH,]*, 143 (64) [M — C;H;]*.

Compound 10: R;=0.78; colorless powder; m.p. 60°C (subl. at 60°C/
0.5 Torr); 'HNMR: 6 =0.82-0.69 (m, 12H), 0.70 (s, 4H; 2 CH,), 0.56 - 0.47
(m,4H); BCNMR: 0 =6.1,3.3, (4CH,); 1.3 (2CH,); 17.8 (4C); 25.9 (2C);
16.7 (C); elemental analysis calcd (%) for Cj;H,, (224.3): C 91.01, H 8.99;
found: C 90.75, H 8.92.

The structures of the compounds 6 and 10 have been proven by X-ray
crystal structure analysis.[’2]

Simmons - Smith cyclopropanation of cyclopropylidene(7-dispiro[2.0.2.1]-
heptylidene)methane (8): Diethyl zinc (0.5 mmol, 410 pL of a 1.2 M solution
in Et,0) was added in one portion to a solution of the allene 8 (72 mg,
0.5 mmol) in anhydrous diethyl ether (4 mL). To the resulting mixture, a
solution of methylene iodide (200 mg, 60 pL, 0.75 mmol) in Et,O (2 mL)
was added dropwise at 35°C over a period of 2 h. After additional stirring
for 1 h at 35°C, the reaction mixture was cooled to ambient temperature,
poured into an ice-cold sat. NH,Cl solution (10 mL), and the aqueous layer
was extracted with Et,0 (10 mL). The combined organic phases were
washed with H,O (2 x 10 mL) and brine (5 mL), dried, and concentrated
under reduced pressure at 0°C. The residue was purified by column
chromatography (40 g silica gel, column 40 x 1 cm, pentane) to give starting
allene 8 (7 mg, 10 %), 1-(cyclopropylidene)trispiro[2.0.2.0.2.0]nonane (11)
(28 mg, 35%), pentaspiro[2.0.2.0.0.0.2.1.1.0]tridecane (12) (40 mg, 46 %),
and 7-(spiropentylidene)dispiro[2.0.2.1]heptane (5) (4 mg, 5%).

Compound 5: R;=0.39; colorless oil; 'H NMR: 6 =1.25 (s, 2H), 1.0-0.62
(m, 12H); ®C NMR: 8 =5.6, 4.9, 4.0 (2CH,); 7.1 (CH,); 22.7 (2C); 1170,
110.4,21.6 (C); MS (EI): m/z (%): 158 (4) [M]*, 157 (7) [M — H]*, 148 (10),
144 (52) [M—CH,]*, 131 (100) [M—GH,]*, 117 (45) [M —CHJ]*;
HRMS: m/z: 158.1095; calcd for C,H,,: 158.1096.

Compound 11: R;=0.51; colorless powder; m.p. 34-36°C (subl. at 30°C/
0.1 Torr); '"H NMR: 6 =1.40 (quint, J=1.9 Hz, 2H), 1.19 (ddd, J =2, 4,
6.8 Hz,4H), 0.89-0.76 (m, 8H); *'CNMR: 6 =5.6,4.9 (2CH,); 9.0,3.3,2.6
(CH,); 21.7 (2C); 114.7, 108.0, 21.6 (C); elemental analysis caled (%) for
C,H,, (158.2): C 91.08, H 8.92; found: C 91.11, H 8.99.

Compound 12: R;=0.64; colorless oil. Its spectroscopic data were identical
with the published ones.*”)

General procedure (GP 1) for the preparation of spirocyclopropanated
bicyclopropylidenes 6, 14, and 17: Anhydrous CuCl, (1.385 g, 10.3 mmol)
was added in one portion to a solution of the respective gem-dibromo-
triangulane 13, 15, or 16 (103 mmol) in anhydrous THF (150 mL), and the
resulting slurry was cooled to —95°C (—110°C for 13). A 2.60M solution of
nBuLi in hexane (47.7 mL, 124 mmol) was added dropwise at this temper-
ature over a period of 1h. The resulting mixture was stirred for an
additional 1 h at this temperature, allowed to warm to room temperature
over 1 h, and then poured into an ice-cold mixture of sat. NH,ClI solution
(150 mL) and dichloromethane (pentane for hydrocarbon 14) (100 mL).
The aqueous layer was extracted with the same solvent (2 x 100 mL), the
combined organic phases were washed with H,O (2 x 200 mL), dried, and
concentrated under reduced pressure (at 0°C for 14). The product was
purified as described individually below.

7,7-Bis(dispiro[2.0.2.1]heptylidene) (6): From 7,7-dibromodispiro[2.0.2.1]-
heptane (15) (26.0 g, 103 mmol), CuCl, (1.385 g, 10.3 mmol), and nBuLi in
hexane (124 mmol, 47.7 mL of a 2.60M solution), hydrocarbon 6 (7.80 g,
82 %) was obtained according to GP 1 after column chromatography (100 g
silica gel, column 16 x 4.5 cm, hexane) followed by recrystallization from
hexane/Et,0O 2:1, as colorless crystals; R;=0.29; m.p. 134-136°C (sealed
capillary). Its spectroscopic data were identical with the published ones.!’]

(E)- and (Z)-1,1'-Bis(spiropentylidene) (14): The residue obtained from the
treatment of dibromospiropentane 13 (21.91 g, 97 mmol) with CuCl,
(1.394 g, 10.4 mmol) and nBuLi in hexane (100 mmol, 37.6 mL of a 2.66 M
solution) according to GP 1 was distilled under reduced pressure to give 14
(430 g, 67%) as a 2:3 mixture of (E)- and (Z)-isomers, b.p. 40-45°C
(1.5 Torr). The diastereomers were separated by preparative GC.

Compound (E)-14: colorless crystals; m.p. 43-45°C (pentane); 'H NMR:

5=144 (s, 4H), 1.21-1.05 (m, AA'BB’, 8H); 3C NMR: 6 =92 (4 CH,);
10.1 (2CH,); 112.5,10.9 (2C).
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Compound (Z)-14: colorless oil; 'H NMR: 6 =1.54 (s, 4H), 1.81-1.43,
0.97-0.93 2m, AA'BB’, 8H); ¥C NMR: 0=9.4 (4CH,); 104 (2CH,);
113.0, 11.5 (2C).
15,15"-Bis(hexaspiro[2.0.2.0.0.0.2.0.2.0.1.0]pentadecylidene)  (17): The
brown oil obtained according to GP 1 from the treatment of dibromo-
triangulane 16 (2.885 g, 8.10 mmol) with CuCl, (109 mg, 0.811 mmol) and
nBuLi in hexane (8.11 mmol, 3.05 mL of a 2.66 M solution) was dissolved in
Et,0 (20 mL). The resulting solution was kept at —20°C for 24 h, the
precipitate was filtered off and washed with a small quantity of cold diethyl
ether to give hydrocarbon 17 (356 mg, 22%). An analytical sample
obtained by sublimation at 155°C (0.1 Torr) followed by recrystallization
from Et,0 had m.p. 245-246°C (decomp); 'H NMR: 6 =0.90-0.73 (m,
24H), 0.66-0.57 (m, 8H); C NMR: 6 =73, 4.6 (8CH,); 21.4 (8C); 26.6
(4C); 1142 (2C); MS (CL): m/z (% ): 427 (4) [M+NH;+NH,]*, 412 (3), 411
(22), 410 (100) [M+NH,]"; elemental analysis calcd (%) for C;,Hj, (392.6):
C 91.78, H 8.22; found: C 91.64, H 8.09.

Octamethylbicyclopropylidene (35): A solution of methyllithium, freshly
prepared from Li (0.902¢g, 130 mmol) and Mel (842g, 3.70 mL,
59.3 mmol) in Et,O (65 mL) was added dropwise at —78°C within 10 min
to a solution of 1,1-dibromo-2,2,3,3-tetramethylcyclopropanet®! (10.0 g,
39.1 mmol) in Et,0 (130 mL). The resulting mixture was stirred for an
additional 20 h at this temperature and allowed to warm to ambient
temperature; the reaction was then quenched with water. The organic
phase was dried and concentrated under reduced pressure, and the residue
was sublimed at 35°C (20 mbar) to give 35 (2.75 g, 73 % ). Its spectroscopic
data were identical with the published ones./*l

General procedure (GP 2) for the preparation of dibromotriangulanes 7
and 16: Powdered KOH (8.98 g, 160 mmol) was added in one portion at
—10°C to a vigorously stirred solution of the respective bicyclopropylidene
(8 mmol), CHBr; (4.03 g, 1.43 mL, 16.0 mmol), and TEBACI (36.4 mg,
0.16 mmol, 2 mol %) in dichloromethane (15 mL). The exothermal reac-
tion started at 5°C. The temperature of the mixture was maintained at 5—
10°C by external cooling for 0.5 h, then the mixture was vigorously stirred
at ambient temperature for 5 h, filtered through a 2 cm pad of sea sand,
concentrated under reduced pressure and purified as described individually
below.

11,11-Dibromotetraspiro[2.0.0.2.0.2.0.1]Jundecane (7): The residue ob-
tained from the bicyclopropylidene 4 (3.790 g, 28.67 mmol) according to
GP 2 was recrystallized from MeOH at —20°C to give 7 (7.00 g, 80%) as a
light yellow solid. An analytical sample was obtained by column
chromatography (pentane, R;=0.54) followed by sublimation at 60°C
(0.5 Torr). M.p. 71-72°C; IR: % = 3070, 2994, 1499, 1436, 1419, 1216, 1138,
1115, 1044, 1002, 948, 913, 893, 766, 707 cm~'; '"H NMR: 6 =1.43 (ddd, J =
3.9,54,93Hz, 2H), 1.18, 1.12 (2m, AA'BB’, 4H), 0.86 (ddd, J=3.4, 5.1,
9.6 Hz, 2H), 0.76 (m, 2H), 0.68 (ddd, J=3.4, 5.1, 8.9 Hz, 2H); *C NMR:
0=9.3,3.8,2.6 (2CH,); 21.9 (2C); 41.4, 32.9, 31.5 (C); elemental analysis
caled (%) for C,;H,,Br, (304.0): C43.45, H 3.98, Br 52.57; found: C 43.40, H
3.87, Br 52.46.

15,15-Dibromohexaspiro[2.0.2.0.0.0.2.0.2.0.1.0]pentadecane (16): The res-
idue obtained from the bicyclopropylidene 6 (1.47 g, 7.98 mmol) according
to GP 2 was purified by column chromatography (35 g silica gel, column
10 x 3 cm, hexane) to give 16 (2.37 g, 83 %) as a colorless powder. R;=0.39;
m.p. 154°C; 'TH NMR: 6 =1.46-1.38 (m, 4H), 0.92-0.85 (m, 4H), 0.82—
0.65 (m, 8H); *C NMR: 6 =6.8, 2.6 (4, CH,); 22.3 (4C); 35.5 (2C); 43.40
(C); MS (CI): m/z (%): 393/391/389 (1/2/1) [M+NH;+NH,]*, 376/374/372
(3/6/3) [M+NH,]", 278 (100); elemental analysis calcd (%) for C;;H (Br,
(356.1): C 50.60, H 4.53, Br 44.88; found: C 50.92, H 4.81, Br 44.70.
9-(Dispiro[2.0.2.1]hept-7""-ylidene)dispiro{bis(dispiro[2.0.2.1]heptane)-
7,7';8,7"-dispiro[2.0.2.3]nonane} (19): A solution of the hydrocarbon 6
(100 mg, 0.54 mmol) in toluene (1.5mL) in a sealed Teflon tube was
pressurized to 10 kbar and then heated at 130°C for 2 d, cooled, the Teflon
tube was carefully opened, and the reaction mixture was concentrated
under reduced pressure. Column chromatography of the residue (50 g silica
gel, column 20 x 3 cm, pentane) gave 19 (34 mg, 34 %) as a colorless oil.
R;=0.40; '"HNMR:  =1.40 to —0.08 (m); *C NMR: 6 =10.2,9.0, 8.8, 6.4,
6.0,5.5,4.2,3.5(2CH,); 16.1, 15.0, 13.2 (2C); 135.3, 112.9, 38.9, 36.3, 31.5,
30.4 (C).

2-(Dispiro[2.0.2.1]hept-7'-ylidene) hexaspiro(tricyclo[3.2.2.0"5|nonane-
3,1”-cyclopropane-4,1"’-cyclopropane-6,1""-cyclopropane-7,1""""-cyclopro-
pane-8,1"""-cyclopropane-9,1""""’-cyclopropane) (20): A solution of the
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hydrocarbon 6 (200 mg, 1.085 mmol) in toluene (1.5 mL) was heated in a
sealed tube at 180°C for 6 d, cooled to room temperature, the ampoule was
carefully opened, and the reaction mixture was concentrated under
reduced pressure. The product was separated from unreacted 6 (R;=
0.45, pentane) by column chromatography of the residue (100 g silica gel,
column 20 x 4 cm, pentane). Subsequent recrystallization from MeOH
furnished 20 (50 mg, 25 %) as colorless crystals. R;=0.50; m.p. 127 -128°C;
'H NMR: 6 =0.88 (m, 4H), 0.75 (m, 2H), 0.60-0.03 (m, 26 H); *C NMR:
0=11.8,9.8,8.3,6.8,6.5, 6.3, 6.0, 4.6 (2CH,); 29.4,29.2 (2C); 133.3, 117.3,
50.6, 50.1, 36.2, 31.8, 14.4, 14.2 (C).

Trispiro{9,8"'-(dispiro[2.0.2.2]octane-7""-one)bis(dispiro[2.0.2.1]heptane)-
7,7;8,7"-dispiro[2.0.2.3]nonane} (23): Hydrocarbon 19 (22 mg, 0.06 mmol)
was added at 0°C to a 0.092Mm solution of dimethyldioxirane in acetone
(2 mL, 0.18 mmol). The resulting solution was stirred at 20°C for 12 h and
then concentrated under reduced pressure. Column chromatography of the
residue (20 g silica gel, column 20 x 2 cm, pentane/Et,0 9:1) gave 23
(21 mg, 91%) as a colorless powder. R;=0.60; m.p. 70-71°C (from aq.
MeOH); 'THNMR: 6 =1.33 to —0.15 (m); 3CNMR: 0 =13.8,11.8,8.6, 8.1,
8.0,6.9,6.0,5.5,548,5.45,54,5.1,4.6,4.2,4.0,3.1 (CH,); 215.7,75.4, 42.3,
39.7, 372, 31.6, 31.2, 275, 20.5, 19.0, 18.6, 17.8 (C).

General procedure (GP 3) for the bromination of bicyclopropylidenes 6
and 17: To a stirred solution of the respective bicyclopropylidene
(48.9 umol) in anhydrous olefin-free pentane or hexane (SmL) in the
presence of one drop of pyridine, a solution of Br, (0.26 uL, 51 umol) in the
same solvent (0.25 mL) was added at —15°C. The yellow suspension was
allowed to warm to 0°C, then poured into sat. Na,SO; solution (20 mL) and
extracted with CH,Cl, (20 mL). The combined organic phases were washed
with sat. NH,Cl solution and brine (30 mL each), dried, and concentrated
under reduced pressure.

7,7-Bis(7-bromodispiro[2.0.2.1]heptyl) (25): From the treatment of bicy-
clopropylidene 6 (2.0 mg, 11 pmol) in pentane (1 mL) with pyridine
(0.5 mg) and Br, (12 umol, 17 pL of a 0.71m solution in pentane) according
to GP 3, crude 25 (3.3mg, 88%) was obtained as a yellow powder;
'"H NMR: 6 =1.63, 0.87 (2m, AA'BB’, 16H).

15,15"-Bis(15-bromohexaspiro[2.0.2.0.0.0.2.0.2.0.1.0 Jpentadecyl) 27:
From the treatment of the bicyclopropylidene 17 (19.2 mg, 48.9 umol) in
hexane (5mL) with one drop of pyridine and Br, (0.26 pL, 51 umol) in
hexane (0.25 mL) according to GP 3, 27 was obtained as colorless crystals
(20.0 mg, 74%). M.p. > 200°C (decomp); 'H NMR: 6 =1.41-1.25 (m,
8H),0.92-0.71 (m, 16 H), 0.65-0.55 (m, 4H), 0.53 -0.42 (m, 4 H); 'H NMR
(C¢Dg): 6=1.60-1.53 (m, 8H), 1.06-0.99 (m, 4H), 0.93-0.61 (m, 16H),
0.55-0.48 (m, 4H); *CNMR (C4Dg): 6 =6.0 (8CH,); 7.1,2.5 (4 CH,); 32.2,
21.4,20.6 (4C); the 13C signal of the CBr fragment was not detected under
the routine conditions; MS (CI): m/z (%): 589/587/585 (4/8/4)
[M+NH;+NH,]*, 573/572/571/570/569/568 (15/50/30/100/15/50)
[M+NH,]", 492/490 (5/5) [M — Br+NH,]*.

Ethyl hexaspiro[2.0.2.0.0.0.2.0.2.0.1.0]pentadecane-15-carboxylate  (28)
and ethyl (Z)-pentaspiro[2.0.2.0.0.2.0.2.0.1.0]tetradec-14-ylideneacetate
(29): Ethyl diazoacetate (2.39 g, 2.19 mL, 20.94 mmol) was added at 0°C
over a period of 12 h to a stirred solution of bicyclopropylidene 6 (1.93 g,
10.47 mmol) and [Rh(OAc),], (46 mg, 0.1 mmol, 1 mol%) in anhydrous
CH,Cl, (10 mL). After additional stirring at 20°C for 2 h, the mixture was
concentrated under reduced pressure, and the residue purified by column
chromatography (50 g silica gel, 40 x 2 cm column, pentane/Et,O 10:1) to
give unreacted 6 (745 mg, 39%, R;=0.67), 28 (903 mg, 32%), and 29
(258 mg, 9%).

Compound 28: colorless crystals; R;=0.42; m.p. 80-82°C; 'H NMR: 6 =
4.05 (q, /=70Hz, 2H; OCH,), 2.09 (s, 1H; CH), 1.22 (t, /=70 Hz, 3H;
CH;), 1.0-091 (m, 2H), 0.91-0.63 (m, 12H), 0.63-0.52 (m, 2H);
BC NMR: 6=14.1 (CH,); 70, 6.6, 5.0, 3.5 (2CH,); 59.9 (CH,); 25.6
(CH); 31.6, 18.5, 18.1 (2C); 172.5 (C); elemental analysis calcd (%) for
CsH,,0, (270.4): C 79.96, H 8.20; found: C 79.71, H 8.36.

Compound 29: colorless crystals; R;=0.33; m.p. 66—68°C; 'H NMR: 6 =
5.20 (s, 1H;=CH), 4.11 (q, /=71 Hz, 2H; OCH,), 1.25 (t, /=71 Hz, 3H;
CH,), 1.05-0.95 (m, 4H), 0.87-0.75 (m, 4H), 0.73-0.64 (m, 4H), 0.54—
0.45 (m, 2H), 0.12-0.05 (m, AB, J=5.0 Hz, 2H); C NMR: 6=14.6
(CH;); 14.4,6.2,4.1,2.8 (2CH,); 59.3 (CH,); 104.1 (CH); 26.5 (2C); 175.6,
165.3, 39.1, 32.0, 29.6 (C); elemental analysis calcd (%) for C;sH,,O,
(270.4): C 79.96, H 8.20; found: C 79.91, H 8.27.
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General procedure (GP 4) for the preparation of gem-dihalotriangulanes
32-34 and 36: A mixture of the respective bicyclopropylidene (0.3—
0.8 mmol), CHCl; (CH,Cl, for 32, no solvent for 36) (10 mL), 50%
aqueous NaOH solution (10 mL), TEBACI (20 mol %), dibromofluoro-
methane (1 -10 equiv, only for compounds 33, 36), and a drop of EtOH was
vigorously stirred at ambient temperature for 3 d. After this, the mixture
was diluted with water (20 mL), the aqueous phase was extracted with the
same organic solvent that was used in the carbene addition (2 x 30 mL), the
combined organic phases were washed with water (100 mL) and dried.
After concentration of the solution under reduced pressure, the residue was
purified by column chromatography (silica gel, hexane).

24,24-Dichlorotetradecaspiro[2.0.2.0.0.0.0.0.2.0.2.0.0.0.2.0.2.0.0.1.0.0.2.

0.2.0.0.0]untriacontane (32): From bicyclopropylidene 17 (138 mg,
0.352 mmol), dichloro[15]triangulane 32 (163 mg, 98%) was obtained
according to GP 4 after column chromatography (20 g silica gel, column
13 x 2.5 cm) as colorless crystals. R;=0.28; m.p. 212°C (decomp); 'H NMR:
0=1.25-1.15 (m, 4H), 0.94-0.61 (m, 28 H); *C NMR: 6 =77, 7.0, 6.8, 5.0
(4CH,); 19.0 (8C); 179 (4C); 32.5 (2C); 37.7 (C); MS (CI): m/z (% ): 513/
512/511/510/509 (0.5/1/4/2/6) [M+NH;+NH,]*, 497/496/495/494/493/492 (3/
10/17/64/28/100) [M+NH,]*, 278 (100); elemental analysis calcd (%) for
C;H;,Cl, (475.5): C78.31, H 6.78, C1 14.91; found: C 78.20, H 6.75, C1 14.68.

24-Bromo-24-fluorotetradecaspiro[2.0.2.0.0.0.0.0.2.0.2.0.0.0.2.0.2.0.0.1.0.0.
2.0.2.0.0.0Juntriacontane (33): From bicyclopropylidene 17 (296 mg,
0.754 mmol) and CHB&,F (1.456 g, 0.60 mL, 7.59 mmol), bromofluoro[15]-
triangulane 33 (356 mg, 94 % ) was obtained according to GP 4 after column
chromatography (10 g silica gel, column 7 x 2.5 cm) as colorless crystals;
R;=0.24; m.p. 223-225°C (decomp); 'H NMR: 6 =1.42-1.34 (m, 2H),
1.00-0.61 (m, 30H); *C NMR: 6 =7.5,70, 6.9, 6.8, 6.6, 5.0, 4.9 (2CH,); 6.5
(d, SJ(C,F)=3.8 Hz, 2CH,); 32.5, 19.0, 18.1, 17.6 (2C); 34.1 (d, 2/(C.F) =
10.6 Hz, 2C); 31.9 (d, *J(C,F) =1.8 Hz, 2C); 18.6 (d, */(C,F) =3.1 Hz, 2C);
90.6 (d, 'J(C,F) =320.7 Hz, C); MS (CI): m/z (% ): 540/539/538/537 (2/7/2/7)
[M+NH;+NH,]*, 523/522/521/520 (30/100/30/99) [M+NH,]*, 441 (36)
[M — Br+NH,]*; elemental analysis caled (%) for C;;H3,BrF (503.5): C
73.95, H 6.41, Br 15.87; found: C 73.84, H 6.38, Br 15.64.

7,7-Dichloro-1,1,2,2,5,5,6,6-octamethyldispiro[2.0.2.1]heptane (34): From
bicyclopropy-lidene 35 (310 mg, 1.61 mmol), dichloro[3]triangulane 34
(201 mg, 45 %) was obtained according to GP 4 after column chromatog-
raphy (30 g silica gel, column 30 x 2 cm) as a colorless powder. R;=0.54;
m.p. 138-140°C; '"H NMR: 6 =1.36 (s, 12H; 4CH,), 1.11 (s, 12H; 4 CHs;);
BCNMR: 6 =21.9 (4CHj;,4C); 19.6 (4CHs;); 28.3 (2C); 41.5 (C); MS (EI):
m/z (%): 278/276/274 (0.1/0.6/0.9) [M]*, 263/261/259 (2/12/18) [M — CH,]*,
241/239 (13/40) [M — C1]*+, 197 (40), 183 (32), 175 (50), 157/155 (32/100), 135
(35), 119 (46), 105 (26), 91 (30), 84 (32), 69 (35), 57 (55), 41 (42); elemental
analysis caled (%) for C;sH,,Cl, (275.3): C 65.45, H 8.79, C1 25.76; found: C
61.35, H 8.77, C1 25.85.

7-Bromo-7-fluoroe-1,1,2,2,5,5,6,6-octamethyldispiro[2.0.2.1]heptane  (36):
From bicyclopropylidene 35 (1.114 g, 5.79 mmol), 50% aqueous NaOH
solution (5 mL), and CHBr,F (5 mL), bromofluorotriangulane 36 (250 mg,
14 %) was obtained according to GP 4 after column chromatography (35 g
silica gel, column 35 x 2 cm) as colorless crystals. R;=0.50. An analytical
sample was sublimed at 60°C (0.5 mbar); m.p. 67-68°C; '"H NMR:  =1.32
(s, 6H;2CHj;), 1.25 (s, 6H; 2CHy), 1.14 (s, 6H; 2CHj;), 1.11 (s, 6 H; 2CH;);
BC NMR: 0 =21.9, 21.7 (d, */(C,F) =3.8 Hz), 20.0, 19.1 (2CHj;); 39.3 (d,
2J(CF) =8.8 Hz), 29.0, 27.6 (2C); 94.5 (d, J(C,F) =398 Hz, C); MS (EI):
m/z (%): 304/302 (2/2) [M]*, 389/387 (5/5) [M — CHS]*, 261/259 (5/5), 247/
245 (8/8), 223 (50) [M — Br]*, 163 (36), 139 (100), 121 (37), 81 (35), 69 (42),
57 (82); elemental analysis caled (% ) for C;sH,,BrF (303.3): C59.41, H 7.89,
Br 26.35; found: C 59.16, H 7.88, Br 26.28.

cis-1,4-Di-n-butyl-2-(hexaspiro[2.0.2.0.0.0.2.0.2.0.1]pentadec-15""-ylidene)-
trispiro{dispiro[2.0.2.1]heptane-7’,3-bicyclo[2.2.0]hexane-5,1"-cyclopro-
pane-6,1""-cyclopropane} (37) and 15,15-bis(hexaspiro[2.0.2.0.0.0.2.0.
2.0.1.0]pentadecylidene)methane (38): A 1.65M solution of nBuLi in
hexane (0.79 mL, 1.31 mmol) was added dropwise at —10 to —5°C to a
stirred solution of bromofluorotriangulane 33 (132 mg, 0.262 mmol) in
anhydrous THF (20 mL). The resulting mixture was stirred for an
additional 0.5 h at this temperature, poured into ice-cold water (50 mL),
and the mixture extracted with CH,Cl, (3 x 50 mL). The combined organic
solutions were concentrated under reduced pressure, and the residue was
purified by column chromatography (20 g silica gel, column 13 x 2.5 cm,
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hexane was used to elute 37 and then hexane/Et,O 20:1 to elute 38) to give
37 (74 mg, 55 %) and 38 (22.3 mg, 21 %).

Compound 37: colorless crystals; R;=0.32; m.p. 91-92°C (benzene/Et,O
2:1); 'H NMR (C¢Dg): 6 =1.88-1.27 (m, 13H), 1.04 (t, J=73 Hz, 3H;
CHs;), 0.94 (t, J=74 Hz, 3H; CH;), 1.23-0.43 (m, 27H), 0.29-0.06 (m,
4H); B*CNMR (C¢Dg): 6 =14.3,14.2 (CH;); 8.8,8.3,8.0,78,7.7,7.5,74, 71,
6.7,6.5,62,6.1,5.9,5.7 4.7, 4.5 (Cpr-CH,); 30.7, 30.4, 27.7, 272, 24.2, 24.1
(Bu-CH,); 138.9, 112.0, 58.5, 55.6, 42.2, 31.5,25.7, 24.1, 23.1,22.3, 22.0, 21.4,
21.3 (C); MS (CI): m/z (%): 521/520/519 (10/42/100) [M+H]*.

Compound 38: colorless crystals; R;=0.01; m.p. > 210°C (decomp)
(Et,0); 'TH NMR (C¢Dy): 6=1.03-0.89 (m, 16H), 0.83-0.73 (m, 8H),
0.66-0.59 (m, 8H); *C NMR (C4D¢): 0 =175, 5.8 (8CH,); 21.4 (8C); 32.2
(4C);91.9 (2C); 195.0 (C); MS (CI): m/z (% ): 439 (100) [M+NH;+NH,]*.
7,7 -Bis(dispiro[2.0.2.1]heptylidene)methane (43) and 15-bromo-15-meth-
ylhexaspiro[2.0.2.0.0.0.2.0.2.0.1.0]pentadecane (44): A 1.50M solution of
MeLi/Lil in Et,O (1.10 mL, 1.65 mmol) was added dropwise at 0°C to a
stirred solution of dibromotriangulane 16 (587 mg, 1.648 mmol) in anhy-
drous Et,O (5 mL), and the resulting mixture was stirred for an additional
0.5 h at this temperature. Work-up according to GP 1 followed by column
chromatography (20 g silica gel, column 13 x 2.5 cm, pentane) furnished 43
(146 mg, 45%) and 44 (22 mg, 4.5%).

Under analogous experimental conditions, but at —78°C, from 16 (615 mg,
1.727 mmol) and a 1.50M solution of MeLi/Lil in Et,0 (1.15mL,
1.73 mmol) compounds 43 (44 mg, 13%) and 44 (241 mg, 48%) were
obtained.

Compound 43: colorless powder; R;=0.30; '"H NMR: 6 =1.18, 0.97 (2m,
AA'BB’, 16H); "C NMR: 6 =8.4 (8CH,);21.0 (4C); 95.3 (2C); 165.0 (C).
Compound 44: colorless powder; R;=0.42; m.p. 100-102°C; 'H NMR:
0=173 (s, 3H; CH;), 1.45-1.34 (m, 2H), 1.11-0.90 (m, 2H), 0.90-0.63
(m, 10H), 0.63-0.52 (m, 2H); ¥C NMR: 6 =24.7 (CH,); 6.6, 6.5, 3.7, 2.3
(2CH,); 31.8, 21.3, 19.2 (2C); 48.1 (C); elemental analysis calcd (%) for
CisH,oBr (291.2): C 65.98, H 6.58; found: C 65.70, H 6.38.

Hexaspiro[2.0.2.0.0.0.2.0.2.0.1.0]pentadecane-15-carboxylic acid (45): A
solution of NaOH (178 mg, 4.45 mmol) in H,O (30 mL) was added to a
solution of the ester 28 (1.00 g, 3.7 mmol) in MeOH (5mL). After
additional stirring at 100°C for 5 h, the mixture was concentrated under
reduced pressure, the residue was taken up with H,O (10 mL), the mixture
washed with Et,0 (2 x 10 mL), then acidified to pH 2 with conc. HCl
solution at 0°C and extracted with Et,O (5 x 10 mL). The combined organic
phases were dried and concentrated under reduced pressure to give 45 as a
colorless powder (720 mg, 80%). M.p. 204 -206°C (decomp); 'H NMR:
6=10.50 (s, 1H; OH), 2.03 (s, 1H; CH), 1.10-1.01 (m, 2H), 0.93-0.76 (m,
6H), 0.76 -0.67 (m, 6H), 0.62-0.53 (m, 2H); BCNMR: 6 =70, 6.7,5.1, 3.3,
(2CH,); 25.4 (CH); 32.5, 18.7, 18.1 (2C); 179.7 (C); elemental analysis
caled (%) for C,(H 30O, (242.3): C 79.31, H 7.49; found: C 79.10, H 7.72.

Hexaspiro[2.0.2.0.0.0.2.0.2.0.1.0]pentadecane-15-carbonyl chloride (46): A
solution of the acid 45 (677 mg, 2.794 mmol) in thionyl chloride (6.52 g,
4.0mL, 54.84 mmol) was heated under reflux for 2h, then cooled to
ambient temperature, and concentrated under reduced pressure to give 46
as a yellow oil (722 mg, 99%); '"H NMR: 6 =2.55 (s, 1 H; CH), 1.29-1.12
(m,4H),0.79-0.71 (m, 8H), 0.71-0.58 (m, 4H); *CNMR: 0 ="73,6.7,5.4,
3.4 (2CH,); 36.1 (CH); 36.3,19.1, 182 (2C); 172.4 (C).

N-(Hexaspiro[2.0.2.0.0.0.2.0.2.0.1.0]pentadec-15-yl)urea (47): A solution of
NaNj; (246 mg, 3.784 mmol) in H,O (1 mL) was added dropwise at 0°C to a
stirred solution of the acid chloride 46 (722 mg, 2.769 mmol) in acetone
(7.5 mL). The reaction mixture was stirred for a period of 2 h at this
temperature, poured into ice-cold water (30 mL), the resulting mixture
extracted with diethyl ether (5 x 10 mL), and the combined organic phases
were dried at 0°C for 24 h. After concentration under reduced pressure at
0°C, the residue was taken up with anhydrous benzene (5 mL), and the
solution heated at 80°C for 2 h. After cooling, the reaction mixture was
saturated with anhydrous NHj; at 5°C, the precipitate formed was filtered
off and dried under reduced pressure to give 47 as a colorless solid (449 mg,
63%). M.p. 176 -178°C (decomp); 'H NMR: 6 =4.79 (s,2H; NH,), 4.70 (s,
1H;NH), 2.93 (s, 1H; CH), 1.12-0.60 (m, 16 H); ®*C NMR: 0 = 6.8, 6.6, 4.5,
3.8 (2CH,); 34.0 (CH); 28.7, 18.7, 175 (2C); 160.6 (C).

N-(Hexaspiro[2.0.2.0.0.0.2.0.2.0.1.0]pentadec-15-yl)-N-nitrosourea (48): A

solution of dinitrogen tetroxide (1.31 g, 0.5 mL, 14.2 mmol) in Et,O (5 mL)
was added dropwise at 0°C to a stirred suspension of the urea 47 (449 mg,
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1.75 mmol) and anhydrous powdered NaOAc (2.0g, 24.4 mmol) in
anhydrous Et,0 (50 mL). The reaction mixture was stirred for a period
of 2 h at this temperature, filtered, intensively stirred (3 x 1 min) with a
suspensions of NaHCO; (2 g) in H,O (0.5 mL) followed by rapid decant-
ation and dried. Evaporation of almost all solvent under reduced pressure
and filtration gave 48 as yellow crystals (310 mg, 62%). M.p. 124-125°C
(decomp); 'HNMR: 6 =5.20 (s,2H; NH,), 3.21 (s, 1H; CH), 1.15-0.55 (m,
16H); C NMR: 0=6.7, 6.6, 6.1, 5.0 (2CH,); 36.1 (CH); 29.5, 19.3, 18.7
(2C); 165.0 (C).

Nonaspiro[2.0.0.0.2.0.2.0.0.0.2.0.2.0.0.0.2.0Juneicosane  (D,-[10]triangu-
lane) (49) and 7,7'-Bis(dispiro[2.0.2.1]heptylidene)methane (43): A solu-
tion of the N-nitrosourea 48 (310 mg, 1.09 mmol) in bicyclopropylidene (1)
(3.42 g, 4.0 mL, 42.7 mmol) was vigorously stirred with sodium methano-
late (589 mg, 10.9 mmol) at 0°C for a period of 10 h. The reaction mixture
was filtered, the filtrate concentrated under reduced pressure, and the
residue purified by column chromatography (20 g silica gel, column 13 x
2.5 cm, pentane) to give 49 (42 mg, 14 %) and 43 (58 mg, 27 %).

Compound 49: colorless crystals; R;=0.45; m.p. 200-201°C; 'H NMR:
0=0.75, 0.69 (m, AA'BB’, 24H); “C NMR: 0 =6.5 (12CH,); 182 (6C);
28.8 (3C); MS (CI): m/z (%): 294 (100) [M+NH,]".

Attempted recrystallization of the allene 43 to determine its melting point
as well as prolonged storage at 0°C led to the quantitative formation of its
“head-to-head”  dimer, 15,16-bis(dispiro[2.0.2.1]hept-7-ylidene)hexa-
spiro[2.0.2.0.0.0.2.0.2.0.2.0]hexadecane (50), the structure of which was
confirmed by X-ray crystal structure analysis;“’ '"H NMR: 6 =1.30-0.30
(m, 32H); BC NMR: 6 =10.0, 8.8, 8.4, 5.2 (4CH,); 22.4 (4C); 128.2,119.2,
44.7,16.32,16.28 (2C).
Tetradecaspiro[2.0.2.0.0.0.0.0.2.0.2.0.0.0.2.0.2.0.0.1.0.0.2.0.2.0.0.0 Juntria-
contane (C,,-[15]triangulane) (51): Lithium (19.1 mg, 2.75 mmol) was
added to a solution of dichloro-D,,-[15]triangulane 32 (131 mg,
0.275 mmol) in a mixture of anhydrous THF (10 mL) and rert-butyl alcohol
(205 mg, 0.26 mL, 2.77 mmol). The reaction mixture was stirred for 48 h at
ambient temperature, then poured into ice-cold water (50 mL), and the
mixture extracted with CH,Cl, (2 x 50 mL). The combined organic phases
were concentrated under reduced pressure, and the residue was purified by
column chromatography (20 g silica gel, column 13 x 2.5 cm, hexane) to
give 51 (46 mg, 41%) as colorless crystals. R;=0.33; m.p. 191-193°C
(hexane/Et,O 1:1); 'H NMR: 6=0.94 (s, 2H; 24-CH,), 0.86-0.63 (m,
24H), 0.60-0.47 (m, 8H); ¥C NMR: 0=6.5, 6.0, 4.6, 3.0 (4CH,); 5.8
(CH,); 27.6,18.5,18.0 (4C); 22.6 (2C); MS (CI): m/z (%): 425/424 (34/100)
[M+NH,]*; elemental analysis calcd (%) for C;Hs, (406.6): C 91.57, H
8.43; found: C 91.81, H 8.56.

General procedure (GP 5) for the hydrogenolysis of bicyclopropylidenes 6,
52: Under stirring, a suspension of the respective catalyst in an appropriate
solvent was prehydrogenated with H, under ambient pressure for 15 min.
After this, a solution of the starting material was added dropwise, and the
mixture was stirred at the respective temperature for the time indicated,
monitoring the volume of absorbed hydrogen, filtered through a pad of
Celite, diluted with pentane (50 mL), washed with H,O (2 x 50 mL), sat.
NaHCO; solution (50 mL, only when HOAc was used as a co-solvent), and
brine (50 mL), dried, and concentrated under reduced pressure. The
product was isolated by column chromatography (silica gel, hexane).
7,7-Bis(dispiro[2.0.2.1]heptyl) (52): a) According to GP 5 (20°C, 2 h), from
bicyclopropylidene 6 (451 mg, 2.45 mmol) dissolved in a mixture of hexane
and MeOH (20mL, 1:1) and Pd(10%)/BaSO, (52.1 mg, 49.0 umol,
2mol%) in MeOH (5 mL), hydrocarbon 52 (299 mg, 65 %) was isolated
after column chromatography (20 g silica gel, column 13 x 2.5 cm) as
colorless crystals. R;=0.56; m.p. 61 -63°C (hexane); 'H NMR: 6 =0.94 (s,
2H),0.83-0.72 (m, 4H), 0.68-0.59 (m,8H), 0.54-0.43 (m,4H); "CNMR:
0=5.7,4.1 (4CH,); 23.7 (2CH); 18.2 (4C); elemental analysis calcd (%)
for C,,H 5 (186.3): C 90.26, H 9.74; found: C 90.17, H 9.55.

b) According to GP 5 (—15°C, 1.5 h), from bicyclopropylidene 6 (80 mg,
0.434 mmol), dissolved in hexane (2 mL) and PtO, (84 mg, 0.37 mmol) in a
mixture of MeOH and HOAc (10 mL, 1:1), hydrocarbon 52 (66 mg, 82 %)
was obtained in almost pure form after concentration of the pentane
solution.

1,1'-Bis(2,2,3,3-tetramethylcyclopropyl) (53):“/ a) According to GP5
(20°C, 2.5 h), from bicyclopropylidene 6 (369 mg, 2.0 mmol) dissolved in
hexane (2 mL) and PtO, (200 mg, 0.88 mmol, 44 mol % ) in HOAc (10 mL),
hydrocarbon 53 (31 mg, 8 % ) was isolated by column chromatography (20 g
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silica gel, column 13 x 2.5 cm) and further purified by preparative GCto
obtain the title compound as a colorless oil. R;=0.81; 'H NMR: ¢ = 1.06 (s,
12H;4CH,), 0.93 (s, 12H; 4 CH;), —0.14 (s, 2H; 2CH); *C NMR: 6 =23.7,
179 (4CHj;); 30.1 (2CH); 21.5 (4C); elemental analysis caled (%) for
Ci 4 Hy (194.4): C 86.52, H 13.48; found: C 86.79, H 13.53.

b) According to GP5 (—15°C, 6d), from hydrocarbon 52 (66.0 mg,
0.354 mmol), dissolved in a mixture of hexane and Et,O (6 mL, 2:1) and
PtO, (60 mg, 0.264 mmol, 75mol%) in HOAc/MeOH (15mL, 2:1),
hydrocarbon 53 (70 mg, 75 % purity, 76 % ) was isolated after concentration
of the solution. Column chromatography (20 g silica gel, column 13 x
2.5 cm) furnished 53 (45 mg, 49 %) without improved purity.
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A One-Pot Sequence of Stille and Heck Couplings: Synthesis of Various
1,3,5-Hexatrienes and Their Subsequent 67-Electrocyclizations
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Abstract: Palladium-catalyzed  cross-
coupling reactions of 2-bromocyclohex-
1-enyl triflates 7 and 11 with a variety of
alkenylstannanes occurred chemoselec-
tively at the site of the triflate leaving
group to give bromobutadienes which

readily underwent Heck reactions with

could be used for both coupling steps
making it possible to perform the whole
sequence with only one portion of
catalyst. For some of the functionally
substituted stannanes, specifically ad-
justed catalyst systems had to be used.
The 1,3,5-hexatrienes obtained were

further transformed, in particular the
methoxy-substituted compounds 14a—c
were converted to bicyclo[4.4.0]dece-
nones 30 (71-97%), bicyclo[4.3.0]no-
nenones 35 (74-93%), cyclodecynone
37a (47%), and cyclononynone 39a
(15%). Thermal electrocyclizations of

acrylates and styrene. Both steps could
be performed in the same flask to give
differentially functionalized hexatrienes
in up to 88 % overall yield. With simple
stannanes, the same catalyst precursor

moselectivity

Introduction

Six-membered carbocycles are quite abundant in organic
compounds and accessible through a variety of methods.
Among these the Diels—Alder reaction,!l a [4+2] cyclo-
addition leading to cyclohexene derivatives, is by far the most
versatile one. Others, for example the metal template-assisted
{24242} assembly of three alkynes or two alkynes and an
alkene to give arenes and cyclohexadienes, respectively, are
more or less restricted in their scope.?l As we were in need for
an alternative method for six-membered ring annelations
onto cycloalkene skeletons,! we recently developed a new
formal {2+2+2} assembly of cyclohexadiene moieties utilizing
a twofold Heck coupling! of 1,2-dibromocyclohexene and
-cyclopentene with acrylates and styrene to yield 1,6-disub-
stituted (E,Z,E)-1,3,5-hexatrienes (55-92% yield) with a
central cycloalkene skeleton, and a subsequent thermal 67-
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the other hexatrienes gave tetrahydro-
naphthalines 31 (60-61 %), the tricyclic
lactone 32 (72-75%) and decahydro-
phenanthrene 33 (75%) in good yields.

electrocyclization to afford 2,3-disubstituted 2,3,5,6,7,8-hexa-
hydronaphthalene and 5,6-disubstituted 5,6-dihydroindane
derivatives (50-95% yield).P! In addition, the hexatrienes
thus obtained can be utilized to prepare interesting bicyclic f5-
amino acids,® strained 1,6-oxygen-bridged cyclodeca-1,5-
dienes!® as well as highly functionalized cyclononenones
and cyclodecenones.[l The scope of this method, however, is
also somewhat limited, since the second Heck coupling in
these sequences occurs always considerably faster than the
first one, and thus it is impossible to prepare 1,3,5-hexatrienes
with different substituents at the 1- and 6-position by
consecutive couplings with two different alkenes.’! Even
when employing 2-halocyclohex-1-enyl perfluoroalkanesulfo-
nates with their two distinctly different leaving groups except
for the 2-chlorocyclohex-1-enyl nonafluorobutanesulfonate,
no selective single coupling could be achieved, and the
intermediate dienyl chloride was so unreactive that its
replacement in a second Heck coupling occurred at best in
40 % yield under a pressure of 10 kbar. While certain unsym-
metrically 1,6-disubstituted 1,3,5-hexatrienes are accessible
through 2-bromocyclohexene-1-carbaldehyde by Wittig—
Horner - Emmons olefination and subsequent Heck coupling
(51-86% overall yield), it is a more tedious route than a
twofold coupling of a difunctional cyclohexene derivative
with two different functionally substituted alkenes would be.
Thus, it appeared attractive to try out such a differentiation of
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two different leaving groups on 1,2-disubstituted cycloalkenes
in view of a report by Stille et al.”»# on palladium-catalyzed
cross-coupling reactions of alkenylstannanes with p-bromo-
phenyl triflate which selectively occurred with either leaving
group depending on the reaction conditions. Therefore a
sequence of Stille and Heck cross-coupling reactions on
2-bromocyclohex-1-enyl triflates was developed.

Results and Discussion

As the first substrate for the intended Stille—Heck coupling
sequence the bromoenol triflate 2 was prepared from
bromocyclohexanedione 1 by deprotonation with sodium
hydride and trapping of the enolate with trifluoromethane-
sulfonic acid anhydride (Tf,0) (Scheme 1). The electron-
withdrawing effect of the remaining carbonyl group in this
compound was expected to facilitate the oxidative addition of
the carbon—triflate bond to the palladium species and thus
increase the reactivity difference of triflate versus bromide.
Stille couplings of 3-oxocyclohex-1-enyl triflate without a
bromide substituent with tributylethenylstannane have pre-
viously been reported.’! The optimized conditions of Hou-
pis® [Pd(OAc),, PPh, in THF at 55°C] were applied for the
coupling of bromoenol triflate 2 with tributylethenylstannane.
Complete conversion was achieved in 1h to give the
bromobutadiene 3 in 71 % isolated yield. The crude reaction
mixture did neither reveal even traces of the twofold coupling
product nor the butadienyl triflate. The yield of 3 could be
increased to 94% by performing the reaction at ambient
temperature for 22 h, but unfortunately, an attempted sub-
sequent Heck coupling of the bromobutadiene 3 with tert-
butyl acrylate failed. Only decomposition of the starting
material 3 occurred under various reaction conditions, and
with different palladium precatalysts. This behavior was
attributed to the carbonyl functionality in 3, since 2-alkenyl-
1-bromocyclohexenes generally undergo Heck reactions quite
smoothly.® Therefore, the bromocyclohexenone derivative 3
was reduced with diisobutylaluminum hydride (DIBAH) to
give the allylic alcohol 4, and indeed, this bromodienyl alcohol
did undergo the Heck coupling with fert-butyl acrylate using
[Pd(PPh;),] as precatalyst to give the hexatriene 5 in 52%
yield (Scheme 1). This sequence of Stille coupling, reduction
and Heck coupling gave the desired unsymmetrically sub-
stituted hexatriene § in 32 % overall yield from 2.

According to the generally accepted mechanisms of the
Stillel® and Heck™ coupling, the catalytically active species is
identical in both reactions: a 14-electron palladium(o) com-
plex. Consequently, it should be possible to perform the
sequence of Stille and Heck couplings on 2-bromocyclohex-1-
enyl triflates as a one-pot procedure and eliminate one
workup and purification step.[' Therefore, the cyclohexenol
6, prepared by DIBAH reduction of the cyclohexenone 2
(Scheme 1), was treated with tributylethenylstannane under
the same conditions as applied for the bromoenol triflate 2,
but in DMF as solvent. After 16 h at room temperature
complete conversion of the enol triflate functionality was
detected, and the acrylate as well as triethylamine for the
Heck reaction were added. A fresh portion of Pd(OAc), and
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O 1)NaH, DME OTf
_0-25°C.3h SHBU
Br 2) Tf,0,-78°C, 3 h A THF
0 25°C,22h
1 73% 94%
5 DIBAH, tolueng_ 2N Zco,u =
-78 °C 25h Br B NEt;, DMF /\COZIBu
80°C,68h A,
66% 52%
ori 1 ¢\SnBu3, A
DIBAH, toluene DMF, 25°C, 16 h
2 ° N
~78°C.2h Br  2)7 co,mBu, A
OH NEtg, 80 °C, 75 h
86% 6 35%

Scheme 1. Development of the one-pot Stille—Heck sequence. A:
Pd(OAc),, PPh;. B: [Pd(PPh;),]. Tf: SO,CF;.

PPh; was also necessary, as indicated by the formation of
palladium black in the first step. The Heck reaction was
terminated after 75h at 80°C, and the hexatriene 5 was
isolated in 35 % yield.

These somewhat disappointing overall yields of unsym-
metrically substituted 1,3,5-hexatrienes were attributed to the
presence of the free hydroxyl functionality in 4 and 6.
Therefore, the bromoenol triflates 7 with a silyl-protected
hydroxyl group and 11 without any additional substituent
were tested (Scheme 2). 2-Bromocyclohex-1-enyl triflate (11)
had previously been prepared from bromocyclohexanone 10
by deprotonation with lithium hexamethyldisilazide
(LiHMDS) and trapping of the enolate with Tf,0, but the
isolated yield dropped considerably (from 39 to 23 %) when
the reaction was performed on a 10 mmol instead of 1 mmol
scale. Among different protocols for the synthesis of enol
triflates,'] the use of N-phenyltriflimide!!!®! after deprotona-
tion of 10 with LIHMDS consistently gave the best yields of 11
(62%) even on a 30 mmol scale (Scheme 2). An exploratory
test showed that 11 also underwent coupling with tributyl-
ethenylstannane chemoselectively to give the bromobuta-
diene 12 (71 % yield) as a single product (Scheme 2). The one-
pot Stille—Heck protocol with tributylethenylstannane and
tert-butyl acrylate on both 7 and 11 gave the unsymmetrical
hexatrienes 8 and 13a in 73 and 75% yield, respectively
(Table 1, entries 1, 2).

Again, all the catalyst had decomposed after the first
coupling step, and a second portion of Pd(OAc), had to be
added for the Heck reaction to occur. Although additional
lithium chloride prevented the precipitation of palladium
black during the Stille coupling, it led to a significant
prolongation of the reaction time, yet the hexatriene 13a
was isolated in 70 % yield after the subsequent Heck reaction
with another portion of the catalyst being added (entry 3).
These influences of chloride ions on Stille couplings of alkenyl
triflates have previously been reported.'” Thus, it is possible
to add all of the Pd(OAc), and PPh; at the beginning of the
first step, and later just add the amine and acrylate to initiate
the Heck reaction (entry 4). Although the yield of 13a was
slightly lower—most likely due to the Heck coupling being
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retarded by the additional lithium chloride—the result clearly
showed that the same catalyst molecules remain available for
the Heck catalytic cycle after having served in the Stille
catalytic cycle.

In view of these positive results other stannanes were tested
for their performance in the same sequence. Tributyl(1-
methoxyethenyl)stannane did undergo clean and chemose-
lective couplings with the bromoenol triflates 7 and 11,
although elevated temperatures (60—-70°C) and the presence
of LiCl were required. Although no decomposition of the
catalyst was observed during the Stille reaction, a second
portion of catalyst had to be added for the Heck coupling to
occur, and the desired hexatrienes 9 and 14a were isolated in
60 and 71% yield, respectively (Scheme?2 and Table 1,
entries 5, 6). With only 7 mol% of Pd(OAc), added at the
beginning for both steps, the Heck reaction of the intermedi-
ate bromobutadiene 15 proceeded less completely, probably
due to catalyst decomposition, and 10% of 15 were isolated

R
TBDMSC! oTi NAor
imidazole /kSnBu S
LTl
‘ OTeDMs ~ ANEls TBDMS
O,
98% 7 60-73% 8 (R =H)
9 (R = OMe)
O PhN(TH), oTt
(:‘/[ nBuLi, HMDS O[ “snBu, (I\
THF, =78 — A
Br 25e¢, 255 Br s5eC 18h Br
10 62% 1 71% 12
R
1) Aor
1 B, = SnBuy ~
2 “w AR
A, NEt,
55-75% 13a (R=H)
14a-¢c (R = OMe)
B, Me Me 2N SnBuy
1 =~ “SnBu X Pd(OAc), P(oToh,
—_~ SnBug
60 — 75 °C, 6.5 h B T NEL, CHCN
90°C, 145h
74% 15 48%

Scheme 2. Stille reactions with tributylethenyl- and trlbutyl(l-methoxy-
ethenyl)stannane followed by Heck couplings. For details see Table 1.

Table 1. Stille reactions with tributylethenyl- and tributyl(1-methoxyethen-
yl)stannane followed by Heck couplings with acrylates and acrylamides.

Product T[°C] (¢ [h]) Yield®

Entry Starting Conditions/®

material (mol% of Pd(OAc),) Stille Heck [%]
Stille Heck

1 7 A (7) A (7) 8 25 (21) 80 (22) 73
2 11 A (7) A (7) 13a 25(22) 90 (21) 75
3 11 B (7) A (7) 13a 25 (73) 90 (18) 70
4 1 B (14) - 13a 25 (51) 90 (40) 55l
5 7 B (7) A (7) 9 60 (18) 90 (27) 60
6 11 B (7) A (7) 14a 70 (20) 90 (42) 71
7 1 B (7) - 14a 60 (34) 90 (40) 550
8 1 B (7) A (7) 14b 70 (40) 90 (63) 56
9 1 B (7) A (7) 14c 70 (25) 90 (19) 62

[a] A: Pd(OAc),, PPh;, DMF; B: as in A, plus 3 equiv LiCl. [b] Isolated
yields. [c] Plus 10% of 15.
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along with 55% of 14a (entry 7). Therefore the catalyst
precursor was added in two portions in all subsequent
experiments. For the Heck reaction with methyl acrylate
and the N-acryloylcamphorsultamel' the yields were slightly
lower, but still reasonable (entries 8, 9). To achieve other
combinations of functionalities in the 1,3,5-hexatrienes, the
intermediate bromodienes 12 and 15 can also be coupled with
a second alkenylstannane. This was demonstrated with 15
being coupled with tributylethenylstannane adopting a pro-
tocol of Quayle et al.l'! (Scheme 2) to give the 2-methoxy-
1,3,5-hexatriene (16) in 48 % yield, but due to rapid decom-
position of the catalyst, 21 mol% of Pd(OAc), in three
portions was necessary to achieve full conversion.

The Stille coupling of 7 with methyl (E)-3-(tributylstannyl)-
acrylate also occurred with a certain degree of selectivity for
the triflate leaving group, but apparently the electron-with-
drawing methoxycarbonyl substituent in the bromodiene 17
formed first activates the carbon—bromide bond towards
oxidative addition to such an extent that the formation of the
biscoupling product 18b could not be suppressed, and even
with a 1.5-fold excess of the stannane, some of the starting
material 7 was isolated as well (Scheme 3). By screening
different conditions for the Stille coupling (DMF or CH,CN
as solvent, presence or absence of LiCl, reaction temperature
0-100°C), the highest selectivity for the formation of 17
(63 % yield) was found upon running the reaction at 45°C in
DMEF with LiCl present. Applying these optimized conditions
for the first step, the one-pot Stille—Heck sequence with the
bromoenol triflate 7 gave the product 19 in 46 % yield along
with a small amount of 18b (13 %) and traces of 18a (3 %), the
product of a twofold Heck coupling of 7 (Scheme 3).

COMe R
. BUsSIePNcome S g
AorB Br /\R‘
0-100°C OTBDMS OTBDMS
17 (16-63%) 18b (12-31%)

1) BuGSn\4\CO Me
2!

CO,Me
B,457°C.40h > + 18b + 18a
2) %COZIBU, A CO,Bu
NEt,, 80 °C, 38 h OTBDMS
19 (46%) (13%)  (3%)
1) BugSn. 2\ .
) 3 \C/ 'SiMe, O\/E/&Me:,
— P
2) Z R, A NEt, R
22-76% 20a,b
1) A, BuSn O @AOH
"M — i
2) Z r B, NEt, 2R
50-67% 21a,b,d,e

Scheme 3. Stille reactions with various 2-substituted ethenylstannanes and
subsequent Heck couplings. For details see Table 2.

For tributyl[(E)-2-trimethylsilylethenyl]stannane as a cou-
pling partner, the usual catalytic system for the first step—
Pd(OAc), and PPh;—turned out to be less suitable, as it led to
partial desilylation of the product. However, with [Pd(PPhs;),]
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which has previously been used to couple trimethyl(trimeth-
ylsilylethenyl)stannane with alkenyl triflates,'>! the Stille
reaction of 11 and the silylethenylstannane also occurred
chemoselectively, and the subsequent Heck reaction with tert-
butyl or methyl acrylate could be achieved upon addition of
Pd(OAc), and PPh; to afford the hexatrienes 20a and 20b in
76 and 22 % yield, respectively (Scheme 3 and Table 2, entries
1,2).

Table 2. Stille reactions with various 2-substituted ethenylstannanes and
subsequent Heck couplings.

Entry Starting Conditions®  Product T [°C] (t[h])  Yield®
material  (mol % of Pd) Stille  Heck  [%]
Stille Heck
1 1 CG) A@) 20a 90 (20) 90 (24) 76
2 1 C@G) A7) 20b 90 (20) 90 (36) 22
3 1 B(7) A(7) 2la 65 (50) 90 (24) 67
4 1 A7) A7) 21a 65(3) 90(2) 15
5 1 A7) B(7) 2la 65(3) 90(38) 53
6 1 A(7) B(7) 21b 65(3) 90(32) 56
7 1 A7) B(@) 21d 65(3) 90 (53) 50
8 1 A7) B(7) 2le 65(3) 95(37) 65

[a] A:Pd(OAc),, PPhy, DMF; B: asin A, plus 3 equiv LiCl; C: [Pd(PPh;),],
DME, 3 equiv LiCl. [b] Isolated yields.

In contrast, Pd(OAc), plus PPh; worked well for Stille
couplings  with  tributyl(3-hydroxyprop-1-enyl)stannane
(Scheme 3). In this case the addition of LiCl at the beginning
significantly retarded the Stille coupling, yet the subsequent
Heck reaction with another portion of catalyst gave the
hexatriene 21a in 67 % yield (Table 2, entry 3). As previously
observed, the Stille reaction proceeded much faster in the
absence of LiCl, but side reactions in the Heck coupling led to
a very low yield of 21a (entry 4). When LiCl was added after
completion of the Stille coupling, the final product 21a was
isolated in 53 % yield (entry 5). These conditions were also
suitable for Heck reactions with methyl acrylate (entry 6),
styrene (entry 7), and cyclopropyl ethenyl ketone (entry 8).

In the attempted Stille couplings of tributyl(cyclohexenyl)-
stannane (23),'! obtained in 63% yield by treatment of
cyclohexanone-2,4,6-triisopropylbenzenesulfonylhydrazone
(22)1'1 with nBuLi and then addition of tributyltin chloride
(Scheme 4),71 with the bromoenol triflate 11, a selectivity
issue occurred although again only the triflate acted as the
leaving group. But with two different catalytic systems,
[Pd(PPhs),] plus LiCl and [Pd(PhCN),Cl,] plus tri(2-furyl)-
phosphine (TFP), the transfer of the cyclohexenyl group from
23 was accompanied by the transfer of a butyl group. This
problem commonly appears in cross-coupling reactions of
trialkyl(cyclohexenyl)stannanes, but has been overcome by
Farina etal. employing a catalyst system consisting of
[PA(PhCN),Cl,], AsPh;, and Cull"l In this system, the
organic group most likely is not directly transferred from
the stannane to the palladium species but via an organocopper
intermediate which enhances the selectivity for the coupling
of the alkenyl substituent. On the one hand these conditions
also worked for the coupling of 23 with 11, and the
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bromobutadiene 25 was formed as a single product
(Scheme 4). On the other hand, one component of this
catalytic system affected the outcome of the subsequent Heck
reaction with additional Pd(OAc), and PPh; as the catalyst
precursor. After 2 h palladium black precipitated and even
with a second portion of 7 mol % of Pd(OAc), the conversion
did not go to completion. Thus, only mixtures of the
hexatrienes 24 and bromobutadiene 25 were isolated (Table 3,
entries 1, 2).

In previously reported Stille couplings of cyclic stannylenol
ethers a catalyst system consisting of [Pd(dba),], TFP, and
ZnCl, has proved to be advantageous.'”l Indeed, with only
2 mol % of [Pd(dba),] the Stille coupling of 11 with stannyl-
cycloalkenol ethers proceeded at ambient or slightly elevated
temperature smoothly in 24 h and after subsequent Heck
reaction with acrylates or styrene the hexatrienes 26 and 27
were obtained in up to 88% yield (Scheme 4 and Table 3,
entries 3-6).

Finally, the conjugated tetraene 28 was prepared by a
Stille - Heck coupling sequence with tributyl[(E,E)-5-hydroxy-
penta-1,3-dienyl|stannanel® and rert-butyl acrylate (Scheme 4
and Table3, entry7). Although the same catalytic

1) nBuLi, TMEDA SnBu,
d\‘ hexane, ~78 — 0 °C O/
2) BuaSnCl, 0°C, 1.5 h
63%
1)D, BUSSn/Q
"

R, A, NE,
24a,b (32-41%) 25 (55-56%)
1)E, BUSSH/@)H A
n 2) R, B, NEt at
64-88% 26b  (n=1)
27a,b,d (n=2)

1) B, BuySn" >0 OC/\\/\OH
" ZCO,BuU

2) 22 Co,Bu, A, NE
49% 28

Scheme 4. Stille reactions with cyclohexenyl-, oxacycloalkenyl- and dien-
yl-substituted stannanes followed by Heck couplings. For details see
Table 3.

system was applied as in reactions with the cyclohexenyl-
stannane 23, the intermediate bromohexatriene was com-
pletely consumed under the Heck coupling conditions. Yet the
overall yield was only 49 %, and some side products were
observed as well, indicating that some of the bromohexatriene
was not converted to the desired product 28.

As was previously demonstrated, hexatrienes such as 14, 16
are perfectly set up for thermal 6m-electrocyclizations to
produce oligofunctional ring-annelated cyclohexa-1,3-di-
enes.’l The thermal transformation of a trimethylsilylenol
ether corresponding to 16 has previously been reported by
Scott et al. to produce the bicyclodecenone 30 f in only 34 %
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Table 3. Stille reactions with cyclohexenyl-, oxacycloalkenyl- and dienyl-
substituted stannanes followed by Heck couplings.

Entry Starting Conditions®  Product T [°C] (t[h])  Yield®

material  (mol % of Pd) Stille  Heck  [%]
Stille Heck

1 1 D (10) A (14) 24a 65(4) 95 (84) 411

2 1 D (10) A (14) 24b 65(4) 95 (84) 32

3 1 E2) B(7) 26b 40 (19) 95 (29) 64

4 1 EQ2) B(7) 27a  25(26) 95(35) 88

5 1 E2) B() 27b 40 (19) 95 (29) 64

6 1 EQ B(®7) 27d 40 (19) 90 (44) 80

7 1 D(10) A(7) 28 65(5) 95(39) 49

[a] A: Pd(OAc),, PPh;, DMF; B: as in A, plus 3equiv LiCl; D:
[Pd,(dba);] - CHCl;, AsPh;, Cul, DMEF, 3 equiv LiCl; E: [Pd(dba),], TFP,
ZnCl,, DMF. [b] Isolated yields. [c] Plus 55% of 25. [d] Plus 56 % of 25.

yield after 7 d in refluxing toluene, but the yield could be
greatly increased to 84% applying a palladium-catalyzed
transformation.?l The poor yield in the thermal reaction was
attributed to the high electron density caused by the presence
of the silyloxy substituent in the starting material, therefore
the hexatrienes 14 with their electron-withdrawing group
were expected to cyclize more readily. However, heating
compound 14a at 145 °C in refluxing xylene, as had previously
been found to be appropriate for the transformation of
hexatrienes with electron-withdrawing substituents in both
the 1- and the 6-position,’ proved to be unsuitable. Even
after 39 h, the conversion of 14a was incomplete, and a
mixture of products was formed. But by heating compounds
14a,b in decalin in a sealed thick-walled bottle at 215°C,
complete conversion was achieved within 80 min. Subsequent
hydrolysis of the enol ether with 2N HCI gave the bicyclode-
cenones 30a,b in excellent yields (Scheme 5 and Table 4,

1) decalin OMe
215°C, 1 h O@
R’
29
(0]
2) HCI, EtOH
25 °C, 10 min
R’
71-97% 30a-c,f

Scheme 5. Thermal 6m-electrocyclization of methoxy-substituted hexa-
trienes 14, 16 and subsequent hydrolysis to yield bicyclo[4.4.0]decenones
30. For details see Table 4.

Table 4. Thermal 6m-electrocyclizations of hexatrienes 14 and 16 with
subsequent hydrolysis.

Entry Starting Product T[°C] t [h] Yield®
material [%]

1 14a 30a 215/1.3 93

2 14b 30b 215 1 95

3 14c¢ 30c 225 0.7 7101

4 16 30f 225 1.2 97

[a] Isolated yields. [b] Sum of 42% of diastereomerI and 29% of
diastereomer II.
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entries 1, 2). Even the hexatriene 14c¢ with its chiral N-
acryloylcamphorsultame moiety, gave the bicyclodecenone
30cin quite good yield (entry 3), however, the stereochemical
induction was poor with the two diastereomers being formed
in a ratio of 59:41.

Under the same conditions, the hexatriene 16 without an
electron-withdrawing group as present in compounds 14a—c¢
was converted to the bicyclodecenone 30f in 97% yield
(entry 4). Thus, the electron-withdrawing group cannot be a
prerequisite for a low activation energy for a 6m-electro-
cyclization of a hexatriene, and the higher activation energies
in the systems 14, 16 must be due to the substituent in the
2-position which may disfavor the sp,sp-conformation that the
system has to adopt towards the transition state of the
cyclization.

The overall transformation of 2-bromocyclohexanone (10)
via 11 and 14 or 16 corresponds to a cyclohexenone
annelation, just like the well-known Robinson annelation.
The new methodology may be regarded to complement the
established sequence of Michael addition onto methyl ethenyl
ketone with subsequent intramolecular aldol condensation, as
it yields ring-annelated cyclohexenones with a different
position of the carbonyl group and the a,(5-unsaturation.
While the core structure 4,4a,5,6,7,8-hexahydro-3 H-naphtha-
len-2-one was obtained in 42 % yield from cyclohexanone and
methyl ethenyl ketone in the classical Robinson annelation,?]
the bicyclo[4.4.0]decenones 30 can be prepared in up to 41 %
yield starting from bromocyclohexanone 10.

Under the conditions for the electrocyclization of com-
pounds 14 and 16 some of the other unsymmetrically
substituted hexatrienes were cyclized as well (Scheme 6).

decalin

P . a|COo,Bu
R R b|coMe
20a,b 60-61%  31ab
decalin
OH 200°C,2h 0
A
21a,b 75-88% 32 o
decalin
215°C,1h
e et
FC0,Bu CO,BuU
24a 74% 33

Scheme 6. Thermal transformations of hexatrienes 20, 21, and 24.

Unfortunately, after 2 h at 215°C the silyl-substituted deriv-
atives 20a,b did not give the desired cyclohexa-1,3-dienes
with a versatile allylsilane moiety, but the tetrahydronaph-
thalenes 31ab (61 and 60% yield) resulting from formal
dehydrodesilylation. Such processes have previously been
observed to accompany electrocyclizations of 1,2-bis(2-tri-
methylsilylethenyl)cyclohexene at high temperatures.?! In
the thermal transformations of the alcohols 21a,b, an intra-
molecular transesterification occurred after the electrocycli-
zation, to afford the tricyclic lactone 32 in 75 and 88 % yield,
respectively. In contrast, the substrates 21d,e (R’ = Ph, cyclo-
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propylcarbonyl), lacking the possibility of intramolecular
lactonization, gave complex mixtures. Finally, the cyclohex-
enyl-containing hexatriene 24a under the rather harsh con-
ditions underwent cyclization with subsequent hydrogen
migration to give the 1,2,3.4,5,6,7,8,9,10-decahydrophenan-
threnecarboxylate 33 rather than the 1,2,3,4,5,6,7,8,8a,9-deca-
hydrophenanthrene derivative.

In view of some of these secondary reactions of the readily
formed cyclization products and the fact that attempted
cyclizations of the oxacycloalkenyl-containing hexatrienes 26
and 27 failed, it would be desirable to explore alternative
milder conditions, that is palladium-catalyzed cyclizations, for
these transformations.

The 5-methoxy-substituted hexatrienes 14a—c can also
serve as starting materials for the preparation of bicy-
clo[4.3.0]nonenones 35. Hydrolysis of 14a—c¢ by treatment
with 2.0N HCI gave the 3-(2-acetylcyclohex-1-enyl)acrylic
acid derivatives 34a—c in 91-98 % yield. These, upon treat-
ment with potassium hexamethyldisilazide (KHMDS) in the
presence of 18[crown]-6 in THF afforded the bicyclo[4.3.0]-
non-1(6)-en-7-one derivatives 35a—c¢ in good to excellent
yields (Scheme 7). Since the a-C,H acidity of a ketone in

(o]
HCliaq) KHMDS ?
Et,0/EtOH 18-C-6, THF
14a-¢c ————— —_—
25 °C, 15 min /\R, -78 - 0°C
6 min
34a 91% 35a 100% B
b 97% b 96%
b| CO,Me ¢ 98% ¢ 75%, d.e. 26%
[+
)
0,
(0]

TsNH-NH,

NaOH, H,0, —
H,0, MeOH AcOH, CH,Cl,
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Scheme 7. Preparation of bicyclo[4.3.0]nonenones as well as cycloalky-
nones by Eschenmoser fragmentation of epoxybicyclo[4.n.0]alkenones.

general is higher than that of an ester, substoichiometric
amounts of base (0.4 equiv) were sufficient to achieve total
conversions. The stereoselectivity in this transformation of
34c¢ was disappointing, as the diastereomeric excess of the
product 35¢ did not exceed 26 %.

The bicyclo[4.4.0]decenone 30a and bicyclo[4.3.0]non-
enone derivative 35a thus accessible can serve as precursors
to 10- and 9-membered ring compounds, since their enone
moieties may be epoxidized and the resulting epoxyketones
subjected to Eschenmoser fragmentations.?) Upon treatment
of 30a and 35a with alkaline hydrogen peroxide the epoxides
36a and 38a were obtained in good and moderate yield,
respectively (Scheme 7). The subsequent treatment of 36a
with p-toluenesulfonylhydrazide (TsNH-NH,) in acetic acid/
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methylene chloride gave the cyclodecynone 37ain 72 % yield.
Under the same conditions the cyclononynone 39a was
obtained from 38a in only 30% yield, and this yield could
neither be improved under a variety of conditions nor could
any other product such as the tosylhydrazone from 39a be
isolated.

Conclusion

The chemoselective one-pot sequence of Stille and Heck
couplings on readily available bromoenol triflates offers a fast
and flexible access to oligofunctional 1,3,5-hexatrienes. These
compounds present themselves for thermal 67t-electrocycliza-
tions and other further transformations to yield a variety of
bicyclic and cyclic skeletons. While the previously reportedt’]
sequence of twofold Heck reaction on dibromocycloalkenes
and subsequent electrocyclization was restricted to 1,3,5-
hexatrienes with electron-withdrawing groups in the 1- and
6-position, this current approach exhibits fewer limitations in
the substitution pattern and the types of substituents. It may
therefore serve as a useful tool in organic synthesis, especially
of terpenoid frameworks.[*’!

Experimental Section

General: 'H and *C NMR spectra: recorded in CDCl; solution at 250 MHz
and 62.9 MHz, respectively. Chemical shifts are reported in J, ppm relative
to the residual CHCl; signal, recalculated relative to tetramethylsilane
(TMS). The multiplicities of the *C signals were determined by the DEPT
technique and are quoted as (+) for CH; and CH groups, (—) for CH, and
(C,) for quaternary carbons. MS: ionizing voltage of 70 eV. HRMS: pre-
selected ion peak matching at R >>10000 to be within +2 ppm of the exact
masses. Elemental analyses: Mikroanalytisches Labor der Universitét
Gottingen, Germany. Melting points are uncorrected. Solvents for extrac-
tion and chromatography were technical grade and distilled before use.
Flash chromatography was performed using Merck Kieselgel 60 (200—
400 mesh). Aluminum oxide (ICN Alumina N, Super I) was obtained from
ICN Biomedicals. TLC analyses were performed using Macherey — Nagel
precoated plates, 0.25 mm, Alugram Sil G/UV,s, (I) and Merck precoated
silica gel 60 F,s, aluminum sheets (II). All reactions were carried out under
an atmosphere of dry nitrogen or argon in oven- and/or flame-dried
glassware. Unless otherwise specified, solutions of NH,Cl, NaCl, Na,SO;,
and NaHCO; are saturated aqueous solutions. Tetrahydrofuran, decalin,
1,2-dimethoxyethane, toluene, hexane, and diethyl ether were distilled
from potassium/benzophenone, tetramethylethylenediamine (TMEDA)
was distilled from KOH, and CH,Cl,, NEt;, acetonitrile, and DMF were
distilled from CaH,. 2-Bromocyclohexane-1,3-dione (1),?% 2-bromocyclo-
hexanone (10),%1 1-[(15)-10,10-dimethyl-3,3-dioxo-34%-thia-4-azatricyclo-
[5.2.1.0']dec-4-yl]propenone,® cyclopropyl ethenyl ketone,? tribut-
yl(1-methoxyethenyl)stannane,®  methyl  (E)-3-(tributylstannyl)acry-
late,® tributyl[(E)-2-trimethylsilylethenyl]stannane,® ! tributyl[(E)-3-hy-
droxyprop-1-enyl]stannane,® tributyl(4,5-dihydrofuran-2-yl)stannane,*> %I
tributyl(5,6-dihydro-4 H-pyran-2-yl)stannane,’’! tributyl[(E,E)-5-hydroxy-
penta-1,3-dienyl]stannane®®! and cyclohexanone-2,4,6-triisopropylben-
zenesulfonylhydrazone (22)1'%] were prepared as described in the literature.
2-Bromo-3-oxocyclohex-1-enyl triflate (2): 2-Bromocyclohexane-1,3-dione
(1, 3.82 g, 20.0 mmol) was slowly added at 0°C to a suspension of sodium
hydride (760 mg, 19 mmol, 60 % in mineral oil) in 1,2-dimethoxyethane
(80 mL). After 10 min the mixture was warmed to RT, stirred for 3 h, and
then cooled to —78°C. Trifluoromethanesulfonic acid anhydride (5.20 g,
18.4 mmol) was added, and stirring was continued for 3 h at —78°C. The
solvents were evaporated, the residue was dissolved in CH,Cl, (150 mL),
and the solution was washed with NaHCO; and H,O (100 mL each). The
aqueous layer was extracted with CH,Cl, (100 mL), and the combined

0947-6539/01/0718-4040 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 18





Stille —Heck Couplings

4035-4046

organic layers were dried over MgSO, and concentrated in vacuo. After
column chromatography on silica gel (50 g, CH,Cl,), compound 2 (R;=
0.67, CHCl;) was obtained as a colorless oil (4.74 g, 73%). IR (film): 7=
1703 cm™! (C=0); 'H NMR: 6=2.11 (m, 2H), 2.60 (m, 2H), 2.79 (1,
3J(H,H)=6.1 Hz, 2H); C NMR: 6 =202 (t, J(C,H) = 132.5 Hz, —), 30.2
(t, J(C,H) = 130.7 Hz, —), 36.5 (t, J(C,H) = 130.8 Hz, —), 117.4 (C,), 118.0
(g, Y(CF)=320.3 Hz, C,), 163.7 (C,), 190.1 (t, 2J(C,H) =6.8 Hz, C,); MS
(ED): miz (%): 3241322 (79/79) [M]*, 174/172 (11/11) [M — CF,SO,H]*, 69
(100) [CF;]*; elemental analysis caled (%) for C;H¢BrF;O,S (323.1): C
26.02, H 1.87; found: C 25.89, H 1.77.

2-Bromo-3-hydroxycyclohex-1-enyl triflate (6): A solution of ketone 2
(3.741 g, 11.58 mmol) in toluene (64 mL) was treated with diisobutylalu-
minum hydride (12.7 mL, 13 mmol, 1.0M in hexane) at —78°C. The mixture
was stirred for 2 h at —78°C, quenched by addition of methanol (2 mL),
diluted with Et,0 (100 mL) and washed with 2N hydrochloric acid and H,O
(100 mL each). The aqueous layer was extracted with Et,O (100 mL), and
the combined organic layers were dried over Na,SO, and concentrated in
vacuo. Column chromatography onsilica gel (70 g, CH,Cl,) yielded 6 (R;=
0.37) as a colorless solid (3.22 g, 86 % ). M.p. 34°C; 'H NMR: 6 =1.73-2.04
(m, 4H), 2.43 (m, 2H), 2.68 (brs, 1H), 445 (m, 1H); ¥C NMR: 6 =18.1
(=), 29.5 (-), 30.8 (), 70.4 (+), 1182 (q, 'J(CF)=320.3 Hz, C ), 118.9
(Cy), 148.5 (C,): MS (EI): m/z (%): 326/324 (16/16) [M]*, 245 (100) [M —
Br]*, 69 (22) [CF;]*; elemental analysis caled (%) for C,HgBrF;O,S
(325.1): C25.86, H 2.48; found: C 25.82, H 2.38.

2-Bromo-3-(tert-butyldimethylsilyloxy)cyclohex-1-enyl triflate (7): A sol-
ution of the alcohol 6 (2.674 g, 8.225 mmol) in DMF (10 mL) was treated
with imidazole (5.60 g, 82.3 mmol) and tert-butyldimethylsilyl chloride
(16.5 mL, 50% in hexane, d =0.75 gmL~!, 41.1 mmol) and stirred for 19 h
at RT. The mixture was diluted with Et,0 (200 mL), washed with H,O (2 x
100 mL), dried over Na,SO,, and concentrated in vacuo. Column
chromatography on silica gel (130g, CH,Cl,) yielded 7 [R;=0.30,
petroleum ether (PE)] as a colorless solid (3.54 g, 98%). M.p. 29°C;
'H NMR: 6=0.11 (s, 3H), 0.17 (s, 3H), 0.90 (s, 9H), 1.70-1.84 (m, 3H),
1.93-2.07 (m, 1H), 2.39-2.44 (m, 2H), 4.44 (m, 1H); ®*C NMR: 6 =—4.7
(+), —=4.6 (+), 176 (), 18.0 (Cy), 25.7 (+), 29.5 (—), 32.4 (-), 71.2 (+),
1182 (q, (CF)=3203 Hz, C,), 1192 (C,), 148.1 (C,); MS (DCI, NH,):
mlz (%): 458/456 (100/97) [M+NH,]*; elemental analysis calcd (%) for
C,3H,,BrF;0,SSi (439.4): C 35.54, H 5.05; found: C 35.63, H 4.94.

2-Bromocyclohex-1-enyl triflate (11): n-Butyllithium (16.5 mL, 38.9 mmol,
2.36M in hexane) was added to hexamethyldisilazane (HMDS) (6.54 g,
40.5 mmol) in THF (140 mL) at —78°C. After 20 min, a solution of
2-bromocyclohexanone (10, 5.31 g, 30.0 mmol) in THF (30 mL) was added
within 10 min. After additional 10 min, N-phenyltriflimide (11.25g,
31.49 mmol) in THF (30 mL) was added within 8 min. The mixture was
stirred for 30 min at —78°C, for 8 h at 0°C and for 17 h at room
temperature, concentrated in vacuo, and filtered through aluminum oxide
(150 g, 5% H,O, PE/Et,0O 30:1). Column chromatography on silica gel
(150 g, PE/Et,0 30:1) yielded 11 (R;=0.52, PE/Et,0 20:1) as a colorless oil
(5.73 g, 62%). For analytical data, see literature.[>

Tributyl(cyclohex-1-enyl)stannane  (23): Hydrazone 22 (0.757 g,
2.00 mmol) was dissolved in a mixture of hexane and TMEDA (1:1,
20 mL) and cooled to — 78°C. n-Butyllithium (3.90 mL, 6.00 mmol, 1.54 M in
hexane) was added within 8 min, and the deep red solution was stirred for
15 min at —78°C and then slowly warmed to 0°C. When the evolution of
nitrogen had ceased (10 min), tributyltin chloride (1.30 g, 4.00 mmol) was
added within 10 min. After being stirred for 1.5 h at 0°C, the reaction
mixture was poured into H,O (30 mL), and the aqueous phase was
extracted with Et,O (30 mL). The combined organic layers were repeatedly
washed with H,O (30 mL), dried over MgSO,, and concentrated in vacuo.
After column chromatography on silica gel (40 g, hexane), 23 (R;=0.89)
was obtained as colorless oil (0.465 g, 63%). '"H NMR: 6 =0.77-1.55 (m,
27H), 1.60-1.62 (m, 4H), 2.06-2.15 (m, 4H), 5.79 (m, 1H); *CNMR: 6 =
8.8 (—), 12.7 (+), 22.7 (<), 23.7 (=), 274 (=), 275 (—), 29.2 (), 31.9 (-),
137.2 (+), 140.5 (C,); MS (EI): m/z (%): 371 (1) [M]*, 311/312/313/314/315/
316/317/318/319  (42/29/74/34/100/16/15/3/18)  [M — C,H,o]*, 57 (16)
[C{Ho]*; elemental analysis caled (%) for CgHsSn (371.2): C 5825, H
9.78; found: C 57.97, H 9.47.

General procedure for the one-pot sequence of Stille and Heck coupling of
2-bromocyclohex-1-enyl triflates (GP 1): In a Pyrex bottle containing a
magnetic stirring bar, were placed Pd(OAc), (16 mg, 71 umol), PPh;
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(37 mg, 0.14 mmol), LiCl (127 mg, 3.00 mmol), and the bromoenol triflate
(1.00 mmol). The bottle was sealed with a septum, evacuated, and purged
with nitrogen. DMF (15 mL) was added, and the resulting suspension was
purged with nitrogen in an ultrasonic bath for 10 min. After addition of the
stannane (1.30 mmol), the septum was removed. The Pyrex bottle was
sealed with a screw cap and heated under vigorous stirring for the stated
time at the given temperature. When the reaction had ceased the reaction
mixture was cooled down to RT and Pd(OAc), (15 mg, 67 umol), PPh;
(37 mg, 0.14 mmol), NEt; (0.28 mL, 2.0 mmol), and the alkene (2.5 mmol)
were added. The reaction mixture was stirred for the stated time at the
given temperature. In case of acid-sensitive products (workup A) the
reaction mixture was poured into Et,0 (70 mL) and NH; solution (5%,
70 mL). The organic layer was washed with NH; solution (5%, 40 mL), and
the combined aqueous layers were extracted back once with Et,0 (80 mL).
The combined organic layers were dried over K,CO;, concentrated in
vacuo, and the residue was purified by column chromatography on
aluminum oxide. Alternatively (workup B), the reaction mixture was
poured into Et,0 and H,O (70 mL each). The organic layer was washed
twice with water (30 mL), and the combined aqueous layers were extracted
back once with Et,0 (50 mL). The combined organic layers were dried over
MgSO, and evaporated in vacuo, and the residue was purified by column
chromatography on silica gel.

General procedure for the Heck coupling of bromobutadienes with alkenes
(GP 2): In a Pyrex bottle containing a magnetic stirring bar, were placed
Pd(OAc), (9.0 mg, 40 umol, 4 mol % per Br), PPh; (31 mg, 0.12 mmol) and
the bromobutadiene (1.00 mmol). The bottle was sealed with a septum,
evacuated, and refilled with nitrogen. DMF (15 mL) was added, and the
resulting suspension was purged with nitrogen in an ultrasonic bath for
10 min. To the stirred solution were added NEt; (0.28 mL, 2.0 mmol) and
the alkene (2.5 mmol). The septum was removed, and the Pyrex bottle was
sealed with a screw cap and heated under vigorous stirring for the stated
time at the given temperature. Then, the reaction mixture was cooled down
to RT and worked up according to GP 1, workup B.

2-Bromo-3-ethenylcyclohex-2-enone (3): According to GP 1, (only Stille
coupling, no LiCl added) the bromoenol triflate 2 (980 mg, 3.03 mmol) was
treated with Pd(OAc), (48 mg, 0.21 mmol), PPh; (111 mg, 0.423 mmol),
and tributylethenylstannane (1.15 g, 3.63 mmol) in THF (50 mL) for 22 h at
RT. The reaction mixture was concentrated in vacuo to yield after column
chromatography on silica gel (120 g, PE/EtOAc 10:1) bromobutadiene 3
(R;=0.30) as a colorless oil (573 mg, 94%). IR (film): #=1680 cm™!
(C=0); 'H NMR: 0=2.03 (m, 2H), 2.61 (m, 4H), 5.62 (d, *J(H,H)=
11.0 Hz, 1H), 5.80 (d, *J(H,H)=174 Hz, 1H), 712 (dd, *J(H,H) =11.0,
3J(H,H) =174 Hz, 1H); C NMR: 6 =214 (-), 274 (), 38.1 (—), 123.8
(—),124.5(C,),136.9 (+), 153.2 (C,), 191.7 (C,): MS (EI): m/z (% ): 202/200
(96/98) [M]*, 174/172 (60/62) [M — C,H,]*, 121 (25) [M —Br]*, 65 (100);
elemental analysis calcd (% ) for CgHoBrO (201.1): C47.79, H 4.51; found: C
48.71, H 4.80.

2-Bromo-3-ethenylcyclohex-2-enol (4): A solution of the ketone 3 (86 mg,
0.43 mmol) in toluene (2.5mL) was treated with diisobutylaluminum
hydride (0.64 mL, 0.64 mmol, 1.0M in hexane) at —78°C. The mixture was
stirred for 2.5 h at —78°C, quenched by addition of methanol (0.5 mL),
diluted with Et,O (50 mL) and washed with 2N hydrochloric acid and H,O
(30 mL each). The aqueous layer was extracted with Et,O (30 mL), and the
combined organic layers were dried over Na,SO, and concentrated in
vacuo. Column chromatography on silica gel (16 g, PE/EtOAc 10:1+5%
MeOH) afforded alcohol 4 (R;=0.35) as a colorless oil (57 mg, 66%).
'"H NMR: d =1.64-1.73 (m, 1H), 1.75-1.97 (m, 3H), 2.14-2.26 (m, 1H),
2.31-2.42 (m, 1H), 2.82 (s, 1 H), 4.35 (m, 1H), 5.27 (d, */(H,H) =11.0 Hz,
1H), 5.40 (d, 3J(H,H) =173 Hz, 1H), 6.85 (dd, *J(H,H) =173, 3J(H,H) =
11.0 Hz, 1H); BCNMR: 6 =17.7 (=), 272 (=), 31.9 (-), 71.5 (+), 1174 (—),
1275 (C,), 135.4 (C,), 136.6 (4); MS (EI): m/z (%): 204/202 (4/5) [M]", 123
(100) [M — Br]*, 95 (13) [M — Br— G,H,]*; CgH;;BrO (203.1).

tert-Butyl (E)-3-(2-ethenyl-6-hydroxycyclohex-1-enyl)acrylate (5), starting
from 4: According to GP 2, the bromobutadiene 4 (148 mg, 0.729 mmol)
was treated with [Pd(PPh;),] (59 mg, 51 pmol), NEt; (0.20 mL, 1.4 mmol),
and tert-butyl acrylate (233 mg, 1.82 mmol) in DMF (7 mL) for 68 h at
80°C. After column chromatography (30 g, PE/EtOAc 7:1), the hexatriene
5 (R;=0.24, PE/EtOAc 10:1) was obtained as a colorless oil (95 mg, 52%).
'H NMR: 6 =1.42-1.99 (m, 5H), 1.50 (s, 9H), 2.13-2.28 (m, 1H), 2.47-
2.55 (m, 1H), 4.56 (m, 1H), 5.32 (d, 3J(H,H)=10.9 Hz, 1H), 5.46 (d,
3J(HH)=172Hz, 1H), 6.13 (d, *J(H,H)=158Hz, 1H), 706 (dd,
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3J(H,H) =10.9, *J(H,H) = 172 Hz, 1H), 786 (d, 3J(H,H) =158 Hz, 1H);
CsH,0; (250.4).

tert-Butyl (E)-3-(2-ethenyl-6-hydroxycyclohex-1-enyl)acrylate (5), starting
from 6: According to GP 1, the bromoenol triflate 6 (125 mg, 0.385 mmol)
was treated with Pd(OAc), (6.0 mg, 27 pmol), PPh; (14 mg, 53 umol), and
tributylethenylstannane (146 mg, 0.460 mmol) in DMF (7 mL) for 16 h at
RT (Stille coupling). For the Heck coupling, Pd(OAc), (6.0 mg, 27 pmol),
PPh; (14 mg, 53 umol), NEt; (0.21 mL, 1.5 mmol), and fert-butyl acrylate
(246 mg, 1.92 mmol) were added, and the reaction mixture was stirred for
75 h at 80°C. After workup B and column chromatography on silica gel
(15 g, PE/EtOAc 5:1), 5 was obtained as a colorless oil (34 mg, 35%).

tert-Butyl (E)-3-[6-(tert-butyldimethylsilyloxy)-2-ethenylcyclohex-1-enyl]-
acrylate (8): According to GP 1, the bromoenol triflate 7 (1.316 g,
2.995 mmol) was treated with Pd(OAc), (47 mg, 0.21 mmol), PPh;
(110 mg, 0.419 mmol) and tributylethenylstannane (1.14 g, 3.60 mmol) in
DMF (30 mL) for 21 h at RT (Stille coupling). For the Heck coupling,
Pd(OAc), (47 mg, 0.21 mmol), PPh; (110 mg, 0.419 mmol), NEt; (0.83 mL,
6.0 mmol), and fert-butyl acrylate (960 mg, 7.49 mmol) were added, and the
reaction mixture was stirred for 22 h at 80°C. After workup B and column
chromatography (100 g, PE/EtOAc 25:1), the hexatriene 8 (R;=0.30, PE/
EtOAc 60:1) was obtained as a colorless oil (795 mg, 73 %), which could
not be separated from traces of impurities. IR (film): #=1710 cm~! (C=0);
'"H NMR: 6 =0.11 (s, 6 H), 0.86 (s, 9H), 1.46-1.68 (m, 2H), 1.48 (s, 9H),
1.82-1.91 (m, 2H), 2.13-2.24 (m, 1H), 2.40-2.55 (m, 1H), 4.52 (m, 1H),
5.23 (d, 3/(H,H) =11.0 Hz, 1H), 5.39 (d, *J(H,H) =17.3 Hz, 1H), 5.91 (d,
3J(H,H) =15.8 Hz, 1H), 7.00 (dd, *J(H,H) =11.0, *J(H,H) =17.3 Hz, 1H),
7.69 (d, *J(HH) =158 Hz, 1H); ®C NMR: 6 =—4.7 (+), —3.9 (+), 16.4
(=), 182 (Cy), 259 (+), 26.3 (—), 28.1 (+), 31.7 (—), 65.7 (+), 79.9 (C,),
116.4 (—), 121.1 (+), 133.5 (C,), 134.2 (4), 139.9 (+), 140.0 (C,), 166.8 (C,);
MS (DCI, NH;): m/z (%): 382 (100) [M+NH,]*, 250 (87) [M+NH,—
HOSIi(CHs;),C,Hy]*; CH3605Si (364.6).

tert-Butyl  (E)-3-[6-(tert-butyldimethylsilyloxy)-2-(1-methoxyethenyl)cy-
clohex-1-enyl]acrylate (9): According to GP 1, the bromoenol triflate 7
(879 mg, 2.00 mmol) was treated with Pd(OAc), (31 mg, 0.14 mmol), PPh;
(72 mg, 0.27 mmol), LiCl (254 mg, 5.99 mmol), and tributyl(1-methoxy-
ethenyl)stannane (833 mg, 2.40 mmol) in DMF (40 mL) for 18 h at 60°C
(Stille coupling). For the Heck coupling, Pd(OAc), (32 mg, 0.14 mmol),
PPh; (75 mg, 0.29 mmol), NEt; (0.56 mL, 4.0 mmol), and tert-butyl acrylate
(641 mg, 5.00 mmol) was added, and the reaction mixture was stirred for
26.5 h at 90°C. Workup A and column chromatography on aluminum oxide
(100 g, 2.5% H,O, PE/Et,0 50:1) afforded the hexatriene 9 (R;=0.20, PE/
Et,0 50:1, aluminum oxide) as a colorless solid (472 mg, 60 % ). M.p. 48°C;
IR (KBr): 7=1710 cm™! (C=0); '"H NMR: 0 =0.11 (s, 6H), 0.85 (s, 9H),
1.43-1.62 (m, 2H), 1.46 (s, 9H), 1.78-1.96 (m, 2H), 2.12-2.27 (m, 1H),
2.38-2.52 (m, 1H), 3.58 (s, 3H), 4.02 (d, 2J(H,H)=2.3 Hz, 1H), 427 (d,
2J(HH) =2.3 Hz, 1H), 4.53 (m, 1H), 5.89 (d, *J(H,H) =16.0 Hz, 1H), 7.61
(d, 3J(HH)=16.0 Hz, 1H); BC NMR: 6 =—4.7 (+), —3.8 (+), 163 (—),
18.1(C,),25.9 (+),28.2 (+),29.9 (-), 31.5(—), 55.0 (4), 64.4 (+),79.7 (C,),
86.6 (—), 119.1 (+), 133.3 (C,), 141.9 (+), 143.6 (C,), 160.8 (C,), 167.1 (C,);
MS (DCI, NH;): m/z (%): 414 (100) [M+2H-+NH,]*, 412 (67) [M+NH,]*;
elemental analysis caled (% ) for C,,H330,Si (394.6): C 66.96, H 9.71; found:
C 66.97, H 9.64.

1-Bromo-2-ethenylcyclohex-1-ene (12): According to GP 1, (Stille coupling
only, no LiCl added) the bromoenol triflate 11 (162 mg, 0.524 mmol) was
treated with Pd(OAc), (8.0 mg, 36 umol), PPh; (19 mg, 72 pmol), and
tributylethenylstannane (200 mg, 0.631 mmol) in DMF (10 mL) for 18 h at
RT. The reaction mixture was worked up according to procedure B, and
column chromatography on silica gel (30g, pentane) afforded the
bromobutadiene 12 (R;=0.42) as a colorless oil (70 mg, 71%). 'H NMR:
0=1.73 (m, 4H), 2.27 (m, 2H), 2.62 (m, 2H), 5.12 (d, *J(H,H) =10.9 Hz,
1H), 5.26 (d, */(H,H) =172 Hz, 1H), 6.89 (dd, *J(H,H) =10.9, *J(H,H) =
172 Hz, 1H); CgH,,Br (187.1).

tert-Butyl (E)-3-(2-ethenylcyclohex-1-enyl)acrylate (13a): According to
GP 1, the bromoenol triflate 11 (155 mg, 0.501 mmol) was treated with
Pd(OAc), (8.0 mg, 36 pmol), PPh; (19 mg, 72 umol), and tributylethenyl-
stannane (239 mg, 0.754 mmol) in DMF (8 mL) for 22 h at RT (Stille
coupling). For the Heck coupling, Pd(OAc), (8.0 mg, 36 umol), PPh,
(18 mg, 69 umol), NEt; (0.14 mL, 1.0 mmol), and fert-butyl acrylate
(161 mg, 1.26 mmol) were added, and the reaction mixture was stirred for
21 h at 90°C. After workup B and column chromatography on aluminum
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oxide (50 g, 2.5% H,0, PE/Et,0 50:1), the hexatriene 13a (R;=0.30, PE/
Et,0 60:1) was obtained as a colorless oil (88 mg, 75%). IR (film): 7=
1706 cm~! (C=0); 'H NMR: 6 =1.49 (s, 9H), 1.65 (m, 4H), 2.25 (m, 2H),
2.32 (m, 2H), 5.18 (d, *J(H,H) =11.0 Hz, 1H), 5.33 (d, */(H,H) =17.2 Hz,
1H), 5.80 (d, 3J(H,H) =15.6 Hz, 1H), 7.12 (dd, *J(H,H) =11.0, 3J(H,H) =
172 Hz, 1H), 7.96 (d, 3/(H,H) = 15.6 Hz, 1 H); 3C NMR: 6 =22.0 (—), 22.1
(=),26.1(-),26.2 (-),28.2 (+), 80.0 (C,), 114.9 (), 1182 (++), 131.2 (C,),
133.4 (+), 140.1 (C,), 140.2 (+), 167.1 (C,); MS (DCI, NH;), m/z (%): 252
(100) [M+NH,]*, 235 (24) [M+H]*, 196 (45) [M+NH, — C;H]*; elemen-
tal analysis calcd (%) for C;sH,,0, (234.3): C 76.88, H 9.46; found: C 76.96,
H 9.63.

tert-Butyl (E)-3-[2-(1-methoxyethenyl)cyclohex-1-enyl]acrylate (14a): Ac-
cording to GP 1, the bromoenol triflate 11 (1.546 g, 5.002 mmol) was
treated with Pd(OAc), (79 mg, 0.35 mmol), PPh; (184 mg, 0.702 mmol),
LiCl (636 mg, 15.0 mmol), and tributyl(1-methoxyethenyl)stannane
(2.257 g, 6.502 mmol) in DMF (70 mL) for 20 h at 70°C (Stille coupling).
For the Heck coupling, Pd(OAc), (78 mg, 0.35 mmol), PPh; (183 mg,
0.698 mmol), NEt; (1.4 mL, 10 mmol), and tert-butyl acrylate (1.603 g,
12.51 mmol) were added, and the reaction mixture was stirred for 41.5 h at
90°C. Workup A and column chromatography on aluminum oxide (100 g,
5% H,0, PE/Et,0 50:1) afforded the hexatriene 14a (R;=0.36, PE/Et,O
20:1, aluminum oxide) as a colorless oil (942 mg, 71%). IR (film): 7=
1707 cm~! (C=0); 'H NMR: 0 =1.44 (s, 9H), 1.61 (m, 4H), 2.16 (m, 2H),
229 (m, 2H), 3.55 (s, 3H), 3.97 (d, J(HH)=2.2Hz, 1H), 422 (d,
2J(H,H) =2.2 Hz, 1H), 5.72 (d, *J(H,H) = 15.9 Hz, 1H), 7.75 (d, 3/(H,H) =
15.9 Hz, 1H); BCNMR: 6 =21.9 (-), 22.0 (—), 25.0 (—), 28.0 (+),29.7 (—),
54.8 (4), 79.7 (C,), 86.0 (—), 117.6 (+), 131.1 (C,), 142.4 (C,), 143.3 (+),
160.9 (C,), 1670 (Cy); MS (EI): m/z (%): 264 (3) [M]*, 208 (23) [M —
C,Hg]*, 191 (11) [M —OCH,]*, 163 (100) [M — CO,CH,]*", 57 (11)
[C,Hg]*; elemental analysis calcd (% ) for C,sH,,0; (264.4): C72.69, H 9.15;
found: C 72.84, H 9.09.

1-Bromo-2-(1-methoxyethenyl)cyclohex-1-ene (15): According to GP 1,
the bromoenol triflate 11 (155 mg, 0.501 mmol) was treated with Pd(OAc),
(8.0 mg, 36 umol), PPh; (18 mg, 69 umol), LiCl (64 mg, 1.5 mmol), and
tributyl(1-methoxyethenyl)stannane (260 mg, 0.749 mmol) in DMF
(10mL) for 3h at 60°C and for 3.5h at 75°C (only Stille coupling).
Workup A and column chromatography on aluminum oxide (70 g, 5%
H,O, PE) yielded bromobutadiene 15 (R;=0.61) as a colorless oil (81 mg,
74%). 'HNMR: 0 =1.68 (m, 4H), 2.25 (m, 2H), 2.53 (m, 2H), 3.57 (s, 3H),
4.09 (d, 2J(H,H) =2.5 Hz, 1H), 4.17 (d, 2J(H,H) =2.5 Hz, 1H); *C NMR:
0=22.0(-),24.3(-),31.1(-),36.4(—),54.9 (+),84.1(-),121.6 (C,),134.7
(Cy), 1623 (C,); MS (EI): m/z (%): 218/216 (43/40) [M]", 137 (65) [M —
Br]*, 79 (100) [M — Br — C;H,O]*; CoH3BrO (217.1).
2-Ethenyl-1-(1-methoxyethenyl)cyclohex-1-ene (16): According to GP 1,
the bromobutadiene 15 (120 mg, 0.553 mmol) was treated with Pd(OAc),
(6.0 mg, 27 pmol), P(oTol); (17 mg, 56 pmol), NEt; (40 uL, 0.29 mmol), and
tributylethenylstannane (210 mg, 0.662 mmol) in acetonitrile (5 mL) for 4 h
at 90°C. After addition of Pd(OAc), (6.0 mg, 27 umol) and P(oTol); (17 mg,
56 umol), stirring was continued for 6 h at 90°C. Pd(OAc), (6.0 mg,
27 umol), P(oTol); (17 mg, 56 umol), and tributylethenylstannane (88 mg,
0.28 mmol) were added, and the reaction mixture was stirred for 4.5 h at
90°C. After workup A and column chromatography on aluminum oxide
(40 g, 5% H,O, pentane), hexatriene 16 (R;=0.55) was obtained as a
colorless oil (44 mg, 48 %). '"H NMR: 6 = 1.64 (m, 4H), 2.23 (m, 4H), 3.58
(s,3H),3.98 (d, 2J(H,H) = 2.0 Hz, 1H), 4.19 (d, 2J(H,H) = 2.0 Hz, 1H), 4.96
(d, 3J(H,H)=10.9 Hz, 1H), 5.16 (d, *J(H,H)=17.6 Hz, 1H), 6.85 (dd,
3J(H,H) =10.9, 3J(H,H) =17.6 Hz, 1H); *C NMR: 6 =22.2 (-), 22.5 (-),
24.4(-),29.7 (=), 54.8 (+), 84.6 (—), 111.4 (), 132.7 (C,), 135.2 (C,), 136.4
(+),162.2 (C,); C;;H,(O (164.2).

Methyl  (E)-3-[2-bromo-3-(tert-butyldimethylsilyloxy)cyclohex-1-enyl]-
acrylate (17): According to GP 1, (only Stille coupling) the bromoenol
triflate 7 (110 mg, 0.250 mmol) was treated with Pd(OAc), (4.0 mg,
18 pmol), PPh; (9.0 mg, 34 pmol), LiCl (32 mg, 0.75 mmol), and methyl
(E)-3-(tributylstannyl)acrylate (140 mg, 0.373 mmol) in DMF (5 mL) for
38.5 hat 45°C. Workup A and column chromatography on aluminum oxide
(55 g, 3% H,0, PE/Et,0 10:1) yielded the starting material (14 mg, 13 %)
(R;=0.87) and bromobutadiene 17 (R;=0.49) as a colorless solid (59 mg,
63%). M.p. 42°C; IR (KBr): 7=1726 cm™! (C=0); '"H NMR: 6 =0.12 (s,
3H), 0.18 (s, 3H), 0.91 (s, 9H), 1.65-1.93 (m, 4H), 2.10-2.20 (m, 1H),
2.28-2.37 (m, 1H), 3.77 (s, 3H), 4.36 (m, 1H), 5.99 (d, 3J(H,H) = 16.0 Hz,
1H), 7.85 (d, *J(H,H) =16.0 Hz, 1H); ®C NMR: 6 = —4.7 (+), —4.4 (+),
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172 (=), 18.1 (C,), 25.8 (+), 27.6 (=), 33.4 (=), 51.7 (+), 723 (+), 120.4 (+),
133.3(C,), 134.9(C,), 144.7 (+), 1672 (C,); MS (ET): m/z (%): 361/359 (2/2)
[M — CH,]*, 319/317 (100/98) [M — C H,]"; elemental analysis caled (%)
for C¢H,,BrO;Si (375.4): C 51.20, H 7.25; found: C 51.49, H 7.36.

Methyl (E)-3-{2-[ (E)-2-tert-butoxycarbonylethenyl]-3-(zert-butyldimethyl-
silyloxy)cyclohex-1-enyl}acrylate (19): According to GP 1, the bromoenol
triflate 7 (121 mg, 0.275 mmol) was treated with Pd(OAc), (4.3 mg,
19 pmol), PPh; (10 mg, 38 umol), LiCl (35 mg, 0.83 mmol), and methyl
(E)-3-(tributylstannyl)acrylate (155 mg, 0.413 mmol) in DMF (10 mL) for
40 h at 45°C (Stille coupling). For the Heck coupling, Pd(OAc), (4.3 mg,
19 pmol), PPh; (10 mg, 38 pmol), NEt; (77 pL, 0.55 mmol), and ftert-
butylacrylate (88 mg, 0.69 mmol) were added, and the reaction mixture was
stirred for 39h at 90°C. Workup A and column chromatography on
aluminum oxide [80 g, 3% H,O, PE/Et,O 10:1 (440 mL), then PE/EtOAc
10:1] yielded the tert-butyl (E)-3-{2-[(E)-2-tert-butoxycarbonylethenyl]-3-
(tert-butyldimethylsilyloxy)cyclohex-1-enyl}acrylate (18a) (R;=0.31, PE/
Et,0 10:1) as a colorless solid (4 mg, 3%), hexatriene 19 (R;=0.19, PE/
Et,0 10:1) as a colorless oil (54 mg, 46%) and methyl (E)-3-{2-[(E)-2-
methoxycarbonylethenyl]-3-(tert-butyldimethylsilyloxy)cyclohex-1-enyl}-

acrylate (18b) (R;=0.10, PE/Et,0 10:1) as a colorless solid (14 mg, 13%).

Compound 19: IR (film): #=1721 cm~! (C=0); 'H NMR: 6 =0.11 (s, 6 H),
0.85 (s, 9H), 1.49 (s, 9H), 1.58-1.96 (m, 4H), 2.12-2.25 (m, 1 H), 2.35-2.46
(m, 1H), 3.76 (s, 3H), 4.51 (m, 1H), 5.96 (d, 3/(H,H) =15.8 Hz, 1H), 6.01
(d, 3J(HH)=158Hz, 1H), 765 (d, 3J(HH)=15.8 Hz, 1H), 790 (d,
3J(HH) =158 Hz, 1H); B*C NMR: 6 =—4.8 (+), —4.0 (+), 16.4 (-), 18.1
(Cy), 257 (+), 26.4 (—), 28.1 (+), 31.4 (—), 51.6 (+), 66.0 (+), 80.3 (C,),
119.7 (+),123.9 (4), 136.7 (C,), 139.1 (+), 140.2 (C,), 141.4 (+), 166.0 (C,),
167.2 (C,); MS (DCI, NH;): m/z (%): 440 (100) [M-+NH,]*, 291 (72) [M —
OSi(CHj;),C Ho]*; Cy3H305Si (422.6).

Compound 18b: M.p. 89°C; 'H NMR: 6 =0.10 (s, 3H), 0.11 (s, 3H), 0.84 (s,
9H), 1.56-1.72 (m, 2H), 1.82— 1.94 (m, 2H), 2.13-2.27 (m, 1 H), 2.37-2.50
(m, 1H),3.76 (s, 3H), 3.77 (s, 3H), 4.53 (m, 1 H), 6.04 (d, *J(H,H) = 15.7 Hz,
2H), 778 (d, 3J(H,H)=15.8 Hz, 1H), 791 (d, ¥/(H,H)=15.7 Hz, 1H);
elemental analysis calcd (% ) for C,yH3,05Si (380.6): C 63.12, H 8.48; found:
C 63.44, H 8.52.

Compound 18a: M.p. 54°C; '"H NMR: 6 =0.08 (s, 6H), 0.83 (s, 9H), 1.44 -
1.65 (m, 2H), 1.47 (s, 18H), 1.78-1.94 (m, 2H), 2.06-2.22 (m, 1H), 2.30—
242 (m, 1H), 448 (m, 1H), 591 (d, 3/(H,H)=15.7 Hz, 1H), 5.92 (d,
3J(H,H) =15.8 Hz, 1 H), 761 (d, */(H,H) = 15.8 Hz, 1 H), 7.79 (d, *J(H,H) =
15.7 Hz, 1 H); elemental analysis calcd (% ) for C,sH,,05Si (464.7): C 67.20,
H 9.54; found: C 67.48, H 9.55.

tert-Butyl (E)-3-{[ (E)-2-trimethylsilylethenyl]cyclohex-1-enyl}acrylate
(20a): According to GP 1, the bromoenol triflate 11 (309 mg, 1.00 mmol)
was treated with [Pd(PPh;),] (58 mg, 50 umol), LiCl (127 mg, 3.00 mmol),
and tributyl[(E)-2-trimethylsilylethenyl]stannane (408 mg, 1.05 mmol) in
DMF (16 mL) for 20 h at 90°C (Stille coupling). For the Heck coupling,
Pd(OAc), (16 mg, 71 umol), PPh; (55 mg, 0.21 mmol), NEt; (202 mg,
2.00 mmol), and fert-butyl acrylate (215 mg, 1.68 mmol) were added, and
the reaction mixture was stirred for 24 h at 90°C. Workup A and column
chromatography on silica gel (70 g, pentane/Et,0 30:1) afforded the
hexatriene 20a (R;=0.57) as a colorless solid (234 mg, 76 % ). M.p. 74°C;
IR (KBr): #=1706 cm~! (C=0); 'H NMR: 6 =0.11 (s, 9H), 1.51 (s, 9H),
1.64 (m, 4H), 2.26 (m, 2H), 2.34 (m, 2H), 5.79 (d, *J(H,H) =16 Hz, 1H),
6.11 (d, 3(HH)=16 Hz, 1H), 729 (d, *J(H,H)=16 Hz, 1H), 8.07 (d,
3J(HH) =16 Hz, 1H); BCNMR: 0 = — 1.2 (+),22.1 (—),22.2 (-),26.2 (-),
26.6 (—), 282 (+), 80.0 (Cy), 118.3 (+), 131.3 (+), 131.5 (C,), 139.8 (+),
140.2 (+), 141.0 (Cy), 167.1 (C,); MS (EI): m/z (%): 306 (9) [M]*, 205 (21)
[M — CO,C,H,]t, 73 (100) [Si(CHs3);]*, 57 (20) [C4H,]*; elemental analysis
caled (%) for CgH;3,0,Si (306.5): C 70.54, H 9.87; found: C 70.89, H 9.58.

tert-Butyl  (E)-3-{2-[ (E)-3-hydroxyprop-1-enyl]cyclohex-1-enyl}acrylate
(21a): According to GP 1 the bromoenol triflate 11 (155 mg, 0.500 mmol)
was treated with Pd(OAc), (8.0 mg, 36 umol), PPh; (27 mg, 0.10 mmol),
LiCl (64 mg, 1.5 mmol), and tributyl[(£)-3-hydroxyprop-1-enyl|stannane
(226 mg, 0.651 mmol) in DMF (8 mL) for 50 h at 65°C (Stille coupling). For
the Heck coupling Pd(OAc), (8.0 mg, 36 umol), PPh; (27 mg, 0.10 mmol),
NEt; (101 mg, 1.00 mmol), and tert-butyl acrylate (162 mg, 1.26 mmol) were
added, and the reaction mixture was stirred for 24 h at 90°C. Workup A and
column chromatography on silica gel (40 g, PE/Et,O 1:1) yielded hexa-
triene 21a (R;= 0.42) as a yellow oil (89 mg, 67 % ). IR (film): #=3429 cm™!
(OH), 1704 (C=0); 'THNMR: 6 =1.50 (s, 9H), 1.66 (m, 4 H), 2.16 (brs, 1 H),
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226 (m, 2H), 234 (m, 2H), 427 (d, J(HH)=6Hz, 2H), 581 (d,
3J(H,H) =16 Hz, 1H), 5.97 (dt, *J(H,H) = 6, *J(H,H) = 16 Hz, 1 H), 702 (d,
3J(H,H) =16 Hz, 1H), 798 (d, J(H,H) =16 Hz, 1H); 3C NMR: 6 =22.1
(=), 260 (=), 27.1 (=), 282 (4), 29.7 (=), 64.1 (=), 80.2 (C,), 1182 (+),
1282 (4), 129.7 (), 1313 (C,), 139.4 (C,), 1403 (+), 1673 (C,); MS (EI):
mlz (%) 264 (3) [M]*, 190 (52) [M—C.H,O]*, 145 (98) [M—
CO,C(CH,); ~ H,0]*, 57 (84) [C(CH,)3]*; CygH,05 (264.4).

tert-Butyl (E)-3-(bicyclohexyl-1,1'-dien-2-yl)acrylate (24a): According to
GP 1 the bromoenol triflate 11 (309 mg, 1.00 mmol) was treated with
[Pd,(dba);] - CHCl; (104 mg, 0.100 mmol), AsPh; (25 mg, 82 pmol), LiCl
(127 mg, 3.00 mmol), Cul (10 mg, 53 umol), and tributyl(cyclohex-1-
enyl)stannane (23, 390 mg, 1.05 mmol) in DMF (10 mL) for 4 h at 65°C
(Stille coupling). For the Heck coupling, Pd(OAc), (16 mg, 71 umol), PPh;
(55 mg, 0.21 mmol), NEt; (202 mg, 2.00 mmol), and tert-butyl acrylate
(320 mg, 2.50 mmol) were added, and the reaction mixture was stirred for
39h at 95°C. Due to incomplete conversion and decomposition of the
catalyst a second portion of Pd(OAc), (16 mg, 71 pmol) and PPh; (55 mg,
0.21 mmol) was added, and the reaction mixture was stirred for 45 h at
95°C. Workup A and column chromatography on silica gel (60 g, pentane/
Et,0 30:1) afforded 2-bromobicyclohex-1-enyl (25, 133 mg, 55%) (R;=
0.74, pentane) and hexatriene 24a (117 mg, 41 %) (R;=0.46) as colorless
oils.

Compound 24a: IR (film): 7=1704 cm~! (C=0); 'H NMR: 6 =141 (s,
9H), 1.49-1.66 (m, 8H), 1.95 (m, 2H), 2.07 (m, 6 H), 5.32 (m, 1 H), 5.59 (d,
3J(HH) =18 Hz, 1H), 7.59 (d, *J(H,H) =18 Hz, 1H); C NMR: 6 =22.1
(=),223(-),22.4 (-),22.5(—),22.8(—),25.2(—),26.0 (—),28.2 (+), 30.6
(=), 79.5 (Cy), 115.9 (+), 126.2 (+), 127.3 (C,), 138.6 (C,), 144.3 (+), 150.6
(Cy), 1675 (Cy); MS (EI): miz (%): 288 (2) [M]*+, 232 (73) [M — C,H;] ", 187
(100) [M — CO,C(CH,);]*, 145 (45) [M — CO,C(CH3;); — C;Hg]*; elemental
analysis calcd (%) for C;yHx0, (288.4): C 79.12, H 9.78; found: C 78.98, H
9.79.

Compound 25: '"HNMR: 6 = 1.65 (m, 8 H), 2.17 (m, 4 H), 2.19 (m, 2H), 2.51
(m,2H),5.42 (m, 1H); BCNMR: 6 =22.0 (-),22.6 (—),22.8 (-),24.7 (-),
25.0 (—),26.6 (—),31.9 (—),36.3 (—), 117.6 (C,), 124.1 (+), 140.0 (C,), 140.2
(Cy); MS (EI): m/z (%): 242/240 (70/64) [M]*+, 161 (100) [M — Br]*; analysis
caled for C,H;;Br: 240.0513 (correct mass according to HRMS).

Methyl (E)-3-[2-(4,5-dihydrofuran-2-yl)cyclohex-1-enyl]acrylate (26b):
According to GP 1 the bromoenol triflate 11 (309 mg, 1.00 mmol) was
treated with [Pd(dba),] (12 mg, 21 pmol), TFP (10 mg, 43 pmol), ZnCl,
(300 mg, 2.20 mmol), and tributyl(4,5-dihydrofuran-2-yl)stannane (467 mg,
1.30 mmol) in DMF (16 mL) for 19 h at 40°C (Stille coupling). For the Heck
coupling, Pd(OAc), (16 mg, 71 umol), PPh; (55mg, 0.21 mmol), LiCl
(127 mg, 3.00 mmol), NEt; (202 mg, 2.00 mmol), and methyl acrylate
(215 mg, 2.50 mmol) were added, and the reaction mixture was stirred for
29 h at 95°C. Workup A and column chromatography on aluminum oxide
(100 g, 5% H,O0, pentane/Et,0 10:1) afforded hexatriene 26b (R;=0.25) as
a colorless oil (150 mg, 64 %). IR (film): 7=1718 cm~! (C=0); 'H NMR:
0=1.65 (m, 4H), 2.27 (m, 4H), 2.72 (dt, *J(H,H) =2, *J(H,H) =9 Hz, 2H),
3.72 (s,3H), 4.38 (t,J(H,H) =9 Hz, 2H), 4.94 (t,J(H,H) =2 Hz, 1 H), 5.97
(d, 3J(H,H) =17 Hz, 1H), 7.14 (d, *J(H,H) =17 Hz, 1H); *C NMR: 6 =
22.0(—),22.1(-),25.9(-),29.0 (—),30.5 (—),51.4 (+), 69.7 (—), 102.1 (+),
115.5 (+),132.2 (Cy), 135.6 (C,), 144.7 (+), 156.1 (C,), 168.3 (C,); MS (EI):
miz (%): 234 (30) [M]*, 175 (100) [M —CO,CH;]*, 133 (32) [M —
CO,CH; — C;H¢]*; anal. caled for CH;gOs: 234.1255 (correct mass
according to HRMS).

tert-Butyl  (E)-3-{2-[5,6-dihydro-4H-pyran-2-yl]cyclohex-1-enyl}acrylate
(27a): According to GP 1, the bromoenol triflate 11 (309 mg, 1.00 mmol)
was treated with [Pd(dba),] (12 mg, 21 pmol), TFP (10 mg, 43 umol), ZnCl,
(300 mg, 2.20 mmol), and tributyl(5,6-dihydro-4H-pyran-2-yl)stannane
(485 mg, 1.30 mmol) in DMF (16 mL) for 26 h at 25°C (Stille coupling).
For the Heck coupling, Pd(OAc), (16 mg, 71 umol), PPh; (55mg,
0.21 mmol), LiCl (127 mg, 3.00 mmol), NEt; (202 mg, 2.00 mmol), and
tert-butyl acrylate (320 mg, 2.50 mmol) were added, and the reaction
mixture was stirred for 35 h at 95°C. Workup A and column chromatog-
raphy on aluminum oxide (100 g, 5% H,O, pentane/Et,O 15:1) yielded
hexatriene 27a (R;=0.26) as a colorless oil (256 mg, 88 %). IR (film): 7=
1705 cm™! (C=0); '"H NMR: 6 =1.49 (s, 9H), 1.64 (m, 4H), 1.85 (m, 2H),
2.09-2.22 (m, 4H), 2.30 (m, 2H), 4.03 (m, 2H), 4.66 (t, *J(H,H) =4 Hz,
1H), 571 (d, 3J(HH)=15Hz, 1H), 785 (d, 3/(H,H)=15Hz, 1H);
BC NMR: 6=20.6 (), 22.1 (), 22.2 (=), 223 (), 25.3 (=), 282 (+),
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29.5 (-), 66.3 (), 79.7 (C,), 102.2 (+), 1172 (+), 131.0 (C), 142.3 (C),
143.8 (+), 152.1 (C,), 167.3 (C,); MS (EI): m/z (%): 290 (5) [M]*, 234 (8)
[M — CH]*, 189 (100) [M — CO,C(CHs;);]*; anal. caled for C;sHyOs:
290.1881 (correct mass according to HRMS).

tert-Butyl (E)-3-{2-[(E,E)-5-hydroxypenta-1,3-dienyl]cyclohex-1-enyl}-
acrylate (28): According to GP 1 the bromoenol triflate 11 (309 mg,
1.00 mmol) was treated with [Pd,(dba);]- CHCl; (104 mg, 0.100 mmol),
AsPh; (25 mg, 0.082 mmol), LiCl (127 mg, 3.00 mmol), Cul (10 mg,
0.053 mmol), and tributyl[(E,E)-5-hydroxypenta-1,3-dienyl]stannane
(392 mg, 1.05 mmol) in DMF (10 mL) for 5h at 65°C (Stille coupling).
For the Heck coupling, Pd(OAc), (16 mg, 71 umol), PPh; (55 mg,
0.21 mmol), NEt; (202 mg, 2.00 mmol), and tert-butyl acrylate (320 mg,
2.50 mmol) were added, and the reaction mixture was stirred for 39 h at
95°C. Workup A and column chromatography on silica gel (65 g, pentane/
Et,0 1:1) afforded hexatriene 28 (R;=0.32) as a yellow oil (143 mg, 49 %).
IR (film): # =3426 cm~' (OH), 1704 (C=0); 'HNMR: 6 =1.48 (s, 9H), 1.64
(m, 4H), 2.25 (m, 2H), 2.34 (m, 2H), 3.64 (brs, 1H), 4.20 (d, *J(H,H) =
6 Hz, 2H), 5.79 (d, *J(H,H) =16 Hz, 1H), 5.90 (dt, *J(H,H) =6, */(H,H) =
15 Hz, 1H), 6.36 (m, 2H), 6.99 (d, *J(H,H) =15 Hz, 1H), 7.96 (d, *J(H,H) =
16 Hz, 1H); *C NMR: 0 =22.1 (-), 22.2 (—), 26.3 (—), 26.8 (—), 282 (+),
63.4 (), 80.2 (Cy), 118.0 (+), 129.2 (+), 129.7 (+), 131.7 (Cy), 132.2 (+),
1332 (+), 138.6 (Cy), 140.1 (+), 167.3 (Cy); MS (EI): m/z (%): 290 (40)
[M]*, 171 (100) [M —CO,C(CH,); — H,0]", 57 (92) [C;H,]*; CisHaO;
(290.4).

General procedure for the 6mn-electrocyclization of the 2-methoxy-1,3,5-
hexatrienes 14 and 16 (GP 3): In a Pyrex bottle containing a magnetic
stirring bar, the hexatriene (0.20 mmol) and NEt; (0.1 mL, 0.7 mmol) were
dissolved in decalin (10 mL), and the mixture was purged with nitrogen in
an ultrasonic bath for 15 min. The bottle was sealed with a screw cap and
the solution was stirred for a given time and temperature. The reaction
mixture was hydrolyzed as described in the procedures and poured into a
mixture of Et,0 and saturated NaHCO; solution (50 mL each). The
aqueous phase was extracted with Et,O (40 mL), and the combined organic
layers were dried over MgSO,. Et,0 was evaporated in vacuo and the
resulting solution in decalin was separated by column chromatography on
silica gel.

tert-Butyl 4-0x0-1,2,3.4,5,6,7.8-octahydronaphthalene-2-carboxylate (30a):
According to GP 3, the hexatriene 14a (600 mg, 2.27 mmol) was treated
with NEt; (0.30 mL, 2.15 mmol) in decalin (30 mL) for 80 min at 215°C.
The reaction mixture was cooled to RT and treated with a mixture of
tBuOH (15 mL) and 2~ HCI (3 mL) for 10 min. Column chromatography
on silica gel [75 g, PE (200 mL), then PE/EtOAc 10:1] yielded compound
30a (R;=0.35, PE/Et,0 3:1) as a colorless solid (531 mg, 93%). M.p. 31°C;
IR (KBr): #=1719 cm™! (C=0); '"H NMR: 6 =140 (s, 9H), 1.52-1.70 (m,
4H), 2.16 (m, 4H), 2.41-2.65 (m, 4H), 2.81-2.93 (m, 1H); *C NMR: 6 =
21.8 (-),21.9 (—,2C),27.89 (+),31.6 (—), 33.5(—), 39.6 (—), 40.3 (+), 80.9
(Cy), 1322 (Cy), 154.6 (Cy), 172.6 (C,), 196.9 (C,): MS (EI): m/z (%): 250
(<1) [M]*, 194 (24) [M — CHg]*, 149 (100) [M — CO,C,H,]*; elemental
analysis calcd (%) for C,sH,,0; (250.3): C 71.97, H 8.86; found: C 71.89, H
8.69.

General procedure for the 6rt-electrocyclization of the 1,3,5-hexatrienes 20,
21, and 24 (GP 4): In a Pyrex bottle containing a magnetic stirring bar, the
hexatriene was dissolved in decalin, and the mixture was purged with
nitrogen in an ultrasonic bath for 15 min. The bottle was sealed with a screw
cap, and the solution was stirred for a given time at 200-215°C. The
reaction mixture was cooled down to RT, concentrated (40°C, 0.4 mbar)
and purified by column chromatography on silica gel.

tert-Butyl 5,6,78-tetrahydronaphthalene-2-carboxylate (31a): According
to GP 4, the hexatriene 20a (24 mg, 78 umol) was heated in decalin
(10mL) for 2h at 210°C. Column chromatography on silica gel (5g,
pentane/Et,0 30:1) afforded 31a (R;=0.39) as a colorless oil (11 mg,
61%). IR (film): #=1714 cm~! (C=0); '"H NMR: 6 = 1.58 (s, 9H), 1.80 (m,
4H), 2.79 (m, 4H), 708 (d, 3/(H,H) =8 Hz, 1H), 7.67 (m, 2H); C NMR:
0=22.9 (-), 23.0 (), 28.22 (+), 29.3 (—), 29.6 (), 80.6 (C,), 126.4 (+),
129.0 (4),129.2 (C,), 130.2 (+), 137.0 (C), 142.2 (C), 166.1 (C,); MS (EI):
miz (%): 232 (26) [M]*, 176 (100) [M —CHg*, 131 (82) [M—
CO,C(CHs;);]*; analysis caled for C;sH,O,: 232.1463 (correct mass
according to HRMS).

3a,5,6,78,9 a-Hexahydro-3H-naphtho[2,3-c]furan-1-one (32): According to
GP 4, the hexatriene 21a (24 mg, 0.091 mmol) was heated in decalin
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(10 mL) for 2h at 200°C. Column chromatography on silica gel (26 g,
pentane/Et,O 1:1) afforded hexatriene 21a (6 mg, 25%) and 32 (13 mg,
75%) (R;=0.47) as colorless oils. IR (film): 7=1759 cm™! (C=0);
'H NMR: 6 =159 (m, 4H), 2.32 (m, 4H), 3.28 (m, 2H), 4.08 (m, 1H),
451 (m, 1H), 5.51 (m, 2H); BCNMR: 6 =23.6 (—), 23.7 (), 30.4 (=), 30.5
(=), 35.4 (+), 404 (+),73.4 (=), 112.8 (+), 118.1 (+), 136.5 (C,), 136.5 (C,),
178.7 (C,); MS (EI): m/z (%): 190 (56) [M]*; analysis caled for C;,H;,0,:
190.0993 (correct mass according to HRMS).

tert-Butyl 1,2,3.4,5,6,7.8,9,10-decahydrophenanthrene-9-carboxylate (33):
According to GP 4, the hexatriene 24a (23 mg, 80 umol) was heated in
decalin (6 mL) for 1 h at 215°C. Column chromatography on silica gel (6 g,
pentane/Et,0, 100:1) afforded 33 (R;=0.38) as a colorless oil (17 mg,
74%). IR (film): 7=1728 cm~! (C=0); 'H NMR: 6 =1.39 (s, 9H), 1.49-
2.63 (m, 18H), 2.71 (m, 1H); 3C NMR: 6=22.7 (-), 22.8 (-), 23.1 (-),
232 (=), 24.7 (=), 252 (=), 28.0 (+), 29.3 (—), 30.5 (=), 31.8 (), 45.7 (+),
79.9 (Cy), 125.4 (Cy), 1271 (Cy), 128.1(C,), 130.3 (C,), 174.1 (C,); MS (EI):
mlz (%): 288 (19) [M]*, 232 (61) [M—CHg*, 187 (100) [M—
CO,C(CHj;)3)]*; analysis caled for C;yH,30,: 288.2089 (correct mass
according to HRMS).

tert-Butyl (E)-3-(2-acetylcyclohex-1-enyl)acrylate (34a): A solution of the
enol ether 14a (49 mg, 0.19 mmol) in /BuOH (5 mL) and Et,0 (2 mL) was
treated with 2.0N HCI (46 pL, 92 pmol) for 10 min at RT and then
concentrated in vacuo. Column chromatography on silica gel (10 g, PE/
EtOAc 15:1) yielded 34a (R;=0.19, PE/EtOAc 20:1) as a colorless oil
(42 mg, 91%). IR (film): 7=1707 cm~! (C=0); '"H NMR: 6 =1.42 (s, 9H),
1.63 (m, 4H), 2.20 (m, 2H), 2.26 (s, 3H), 2.31 (m, 2H), 5.82 (d, 3/(H,H) =
15.7 Hz, 1H), 7.43 (d, *J(H,H) = 15.7 Hz, 1H); B.C NMR: 6 =21.5 (-), 21.6
(=), 25.1 (), 274 (-), 28.0 (+), 29.8 (+), 80.2 (Cy), 120.7 (+), 133.0 (C,),
141.1 (+), 145.0 (C,), 166.2 (C,), 204.9 (C,); MS (DCI, NHy): m/z (%): 268
(100) [M+NH,]"; elemental analysis caled (%) for C;sH,,0; (250.3): C
71.97, H 8.86; found: C 71.85, H 8.77.

General procedure for the intramolecular Michael addition of the
1-alkenyl-2-acetylcycloalkenes 34 (GP 5): A solution of the respective
cycloalkene (0.30 mmol) and 18[crown]-6 (79 mg, 0.30 mmol) in THF
(12mL) was treated with potassium bis(trimethylsilyl)Jamide (KHMDS)
(0.24 mL, 0.12 mmol, 0.5M in toluene) at —78°C and stirred for 2 min at
—78°C and for 4 min at 0°C. MeOH (0.2 mL) and NH,Cl solution (0.5 mL)
was added, and the mixture was poured into NH,CI solution and Et,O
(40 mL each). The aqueous phase was extracted with Et,O (30 mL), and
the combined organic layers were dried over MgSO, and concentrated in
vacuo.

tert-Butyl (3-0x0-2,3,4.5,6,7-hexahydro-1H-inden-1-yl)acetate (35a): Ac-
cording to GP 5, the cyclohexene 34a (58 mg, 0.23 mmol) was treated with
KHMDS (0.18 mL, 90 umol, 0.5M in toluene) and 18[crown]-6 (61 mg,
0.23 mmol) to yield compound 35a (R;=0.31, PE/EtOAc 5:1) as a colorless
oil (58 mg, 100 %). IR (film): 7 =1726 (C=0), 1701 cm~! (C=0); 'H NMR:
0=140 (s, 9H), 1.52-1.76 (m, 4H), 2.10-2.22 (m, 5H), 2.31-2.43 (m,
1H), 2.54-2.66 (m, 2H), 3.04 (m, 1H); *C NMR: 6=19.9 (-), 214 (-),
22.0 (=), 26.1 (=), 28.0 (++), 38.4 (+), 38.8 (—), 41.1 (-), 81.0 (C), 139.3
(Cy), 171.0 (Cy), 174.1 (C,), 207.4 (C,); MS (EI): m/z (%): 250 (1) [M]*, 194
(100) [M — CHg]™, 149 (70) [M — CO,C,H,]*, 57 (23) [C,H,]"; elemental
analysis calcd (%) for C;sH,,05 (250.3): C 71.97, H 8.86; found: C 72.24, H
8.66.

tert-Butyl 5-oxo-11-oxatricyclo[4.4.1.0'¢Jundecane-3-carboxylate (36a): A
solution of the bicyclo[4.4.0]decenone 30a (255 mg, 1.02 mmol) in MeOH
(3.5mL) was treated with NaOH (0.10 mL, 6.0N, 0.60 mmol) at 15°C.
Then, H,0, (0.260 mL, 30 %, 2.5 mmol) was added dropwise within 30 min,
and the resulting mixture was stirred for 10 h at RT, diluted with Et,O
(80 mL) and washed with H,O (3 x40 mL). The aqueous layers were
extracted with Et,0 (60 mL), and the combined organic layers were dried
over Na,SO, and concentrated in vacuo. Column chromatography on
aluminum oxide (100 g, 5% H,O, PE/Et,0 3:1) yielded the diastereomeric
pure epoxide 36a (R;=0.36) as a colorless solid (191 mg, 70 % ). M.p. 34°C;
IR (KBr): #=1726 (C=0), 1701 cm~! (C=0); '"H NMR: 6 =1.15-1.54 (m,
4H), 140 (s, 9H), 1.71-2.08 (m, 4H), 2.16-2.38 (m, 3H), 2.67 (ddd,
3I(HH)=1.1, 3J(HH)=55, J(HH)=182Hz, 1H), 292 (m, 1H);
BC NMR: 6=19.6 (-), 19.8 (<), 21.0 (-), 279 (+), 29.5 (—), 32.2 (-),
35.7 (4),38.5 (—), 63.1 (Cy), 64.4 (C,), 81.0 (Cy), 172.9 (C,), 204.7 (C,); MS
(ED): miz (%): 266 (<1) [M]*, 210 (66) [M — C,Hg]*, 57 (100) [C,Ho]*;
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elemental analysis caled (%) for C;sH,,0, (266.3): C 67.65, H 8.33; found: C
67.90, H 8.52.

tert-Butyl (9-oxocyclodec-3-yne)carboxylate (37a): A solution of the
epoxide 36a (72 mg, 0.27 mmol) in CH,Cl, (3mL) and AcOH (3 mL)
was treated at 0°C with tosylhydrazide (58 mg, 0.31 mmol) and stirred for
40 min at 0°C and for 4.5 h at RT. The reaction mixture was poured into
Et,0 and NaHCO; solution (50 mL each) and washed with NaHCO;
solution (50 mL). The aqueous layer was extracted with Et,0 (80 mL),
and the combined organic layers were dried over MgSO, and concentrated
in vacuo. Column chromatography on silica gel (12 g, PE/Et,0 6:1) yielded
alkyne 37a (R;=0.30) as a colorless solid (49 mg, 72%). M.p. 44°C; IR
(KBr): #=1720cm™"' (C=0); 'H NMR: 6 =1.42-1.77 (m, 3H), 1.42 (s,
9H), 2.00-2.69 (m, 8H), 2.96 (ddd, */(HH)=22, 3(HH)=11.0,
2J(HH) =174 Hz, 1H), 3.29-3.39 (m, 1H); *C NMR: =181 (-), 21.6
(=),21.9(—),25.4(—),28.0 (+),43.1 (—), 44.5 (+),44.7 (-), 81.1 (C,), 81.2
(Cy), 86.3 (Cy), 172.7 (Cy), 208.0 (Cy); MS (EI): m/z (%): 250 (<1) [M]",
194 (47) [M — C,Hg]*, 57 (100) [C,H,]*; elemental analysis caled (%) for
Cy5sH,,0; (250.3): C 71.97, H 8.86; found: C 72.22, H 8.81.

tert-Butyl (9-oxo-10-oxatricyclo[4.3.1.0'¢]dec-7-yl)acetate (38a): A solu-
tion of the bicyclo[4.3.0lnonenone (35a, 348 mg, 1.39 mmol) in MeOH
(5 mL) was treated with NaOH (0.14 mL, 6.0N, 0.84 mmol) at 15°C. Then,
H,0, (0.35 mL, 30 %, 3.4 mmol) was added within 30 min, and the resulting
mixture was stirred for 4.5 h at RT. A second portion of H,0, (0.21 mL,
30%, 2.1 mmol) was added dropwise at 15°C, and stirring was continued
for 6 h at RT. A third portion of H,O, (0.35 mL, 30 %, 3.4 mmol) was then
added as above, and stirring was continued for 9.5 h at RT. The reaction
mixture was poured into Na,SOj; solution and Et,0 (40 mL each), and the
organic layer was washed with NH,Cl solution (30 mL), dried over Na,SO,
and concentrated in vacuo. Column chromatography on aluminum oxide
[110 g, 5% H,O, PE/EtOAc 9:1 (400 mL), then 5:1] yielded epoxide 38a
(R;=0.31, PE/EtOAc 12:1) as a colorless solid (203 mg, 55%) in a
diastereomeric ratio of 89:11. M.p. 35°C; IR (KBr): 7=1744 (C=0),
1725 cm™! (C=0); 'H NMR, signals of the minor diastereomer are marked
with “#”: 0=1.03-121 (m, 2H), 1.27-1.52 (m, 2H), 1.35/1.38# (s, 9H),
1.60-2.62 (m, 8H), 2.73 (m, 1H); 3C NMR, signals of the minor
diastereomer are marked with “#”: 6 =18.3 (—), 19.1 (-), 19.2 (—)#, 194
(—)#,19.5 (—), 23.6 (—), 253 (—)#, 27.8 (+), 34.3 (+), 35.8 (+)#, 35.8 (—)#,
370 (—), 382 (—)#,38.5(—),64.5(C,),64.9 (C)#,69.2 (Cy)#, 69.9 (C,), 80.7
(CH#, 81.1 (Cy), 170.4 (C,), 171.1 (Cy)#, 210.0 (C,); MS (EI): m/z (% ): 266
(<1) [M]*, 193 (67) [M—-OCH,])*, 182 (100), 151 (71) [M—
CH,CO,C,Hy|*, 57 (96) [C,H,]*; elemental analysis caled (%) for
C,sH,,0, (266.3): C 67.65, H 8.33; found: C 67.84, H 8.56.

tert-Butyl (9-oxocyclonon-3-ynyl)acetate (39a): A solution of the epoxide
38a (39 mg, 0.15 mmol) in CH,Cl, (2 mL) and AcOH (2 mL) was treated at
0°C with tosylhydrazide (25 mg, 0.13 mmol), stirred for 30 min at 0°C and
for 135 min for RT, poured into Et,0 and NaHCOj solution (40 mL each)
and washed with NaHCO; solution (30 mL). The aqueous phase was
extracted with Et,O (50 mL), and the combined organic layers were dried
over MgSO, and concentrated in vacuo. Column chromatography on silica
gel (18 g, PE/EtOAc 14:1) afforded alkyne 39a (R;=0.40, PE/EtOAc 12:1)
as a colorless solid (11 mg, 30 %) and starting material (9 mg, 23%) (R;=
0.31, PE/EtOAc 12:1). M.p. 72°C; IR (KBr): #=1717 cm™' (C=0);
'"H NMR: 6 =140 (s, 9H), 1.56-1.69 (m, 1H), 1.78-2.31 (m, 8H), 2.59
(ddd, *J(H,H)=3.0, 3J(H,H)=38.6, 2J(HH)=16.7 Hz, 1H), 2.79 (dd,
3J(HH)=104, 2J(HH)=170Hz, 1H), 3.02 (ddd, 3/(HH)=2.1,
3J(HH)=8.9, 2J(HH)=16.7 Hz, 1H), 3.24-337 (m, 1H); “C NMR:
0=18.7 (-), 21.3 (-), 22.9 (—), 28.0 (+), 28.7 (=), 372 (—), 45.5 (+), 45.7
(—),80.9 (C,), 82.0 (C,), 89.8 (Cy), 171.2 (Cy), 209.5 (C,); MS (EI): m/z (%):
250 (<1) [M]*, 194 (61) [M — C,Hg]*, 149 (100) [M — CO,C,H,]*, 135 (36)
[M — CH,CO,CH,]*, 57 (96) [C,Hq]"; elemental analysis calcd (%) for
C;5sH,,0; (250.3): C 71.97, H 8.86; found: C 71.67, H 8.58.
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