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Conventional Mixed Aldol Condensation


Crossed aldol condensation has traditionally been carried out
by mixing two different carbonyl units under protic conditions
with general acids or bases as the triggers of the reaction.[1]


Development in this area has significantly expanded the scope
of directed aldol condensation. Its synthetic potential has
been particularly well-featured by those reactions that occurr
in an intramolecular manner, such as Robinson annulation[2]


and Dickemann condensation;[3] their analogous processes[4]


have also been found quite attractive. Unfortunately, because
of difficulties in directing the coupling intermolecularly, the
conventional aldol condensatiton has serious disadvantages:


1) It gives low selectivities including stereo-, regio- and
chemoselectivity involved in both enolization and
aldolization processes.


2) It cannot necessarily suppress dehydration; this leads to
a,b-unsaturated carbonyl compounds that can undergo
further side reactions, such as Michael addition with
enolates, to contaminate the reaction. This sometimes
leads to further oligomerization and/or polymerization.


3) The method often suffers from proton transfer from a
carbonyl compound to a reactive enolate; this results in
multiple functionalization. As a consequence, a desir-
able cross-coupling is significantly retarded or com-
pletely suppressed.


Stepwise Enolization ± Aldolization Sequence


To circumvent the above limitations and to satisfy demands
for control of aldol condensation, new methods with various
metal enolates have been utilized for the directed aldol
condensation. The general principle is represented in
Scheme 1, and involves a stepwise enolization ± aldolization
sequence under aprotic conditions.
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Scheme 1. Directed aldol condensation by a stepwise enolization ± aldoli-
zation sequence.


Such reactions are normally carried out by converting a
carbonyl compound to serve as a nucleophile to an enolate.
This nucleophile is then allowed to react with a second
carbonyl compound. More details on these and closely related
subjects have been discussed elsewhere.[5]


Aldol Condensation of a,b-Unsaturated Carbonyl
Compounds


There has also been continuous interest on another important
subject; this concerns the control of reactivity and selectivity
of conjugated carbonyl compounds as precursors of enolates.
Directed aldol condensation involving conjugated carbonyl
compounds that offer multiple sites for enolization and
subsequent alkylation (a vs. a' vs. g) is a challenging problem
yet to be solved. It is generally accepted that under kinetic
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control cross-conjugated dienolates are the dominant species,
whereas extended dienolates are produced preferentially
under thermodynamic conditions, such as when MOtBu or
MH (M�Na, K) is used (Scheme 2).[6] Thus, the cross-
conjugated dienolates can be generated by treatment with


Scheme 2. Two possible dienolates generated from an a,b-unsaturated
ketone.


strong bases such as LDA (LDA� lithium diisopropylamide)
to afford predominantly a'-alkylation with a given electro-
phile. In contrast, the extended dienolates are invariably
prone to a-functionalization.


These chemical events were attributed to the more
pronounced electronic distribution at the a-carbon atom than
at the g-carbon atom;[7] the g-aldolization hence has little
precedence except in those reactions that proceed intra-
molecularly.[8] Despite the fact that the aldol process indicated
in Scheme 1 is potentially useful, it does not offer a way
around this problem. For example, although the extended
dienolates with zinc[9] or copper[10] as the counter metal
exhibit better g selectivities than those with lithium, the
regiochemical potential is usually disappointing. In some
instances, arylsulfonyl,[11] enamino,[12] or alkoxy[13] directing
groups have been incorporated into a conjugated carbonyl
substrate to achieve anomalous g functionalization (Figure 1).
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Figure 1. Specific substrates for directed g alkylation (!�alkylation site).


More recently, asymmetric g aldolization of an a,b-unsatu-
rated ester bound with a chiral pyrrolidine auxiliary at the b-
carbon atom was reported.[14] Syn lactones were formed with
high diastereo- and enantiomeric excess (de % and ee %,
respectively) on reaction with iPrCHO (Scheme 3).
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Scheme 3. g Aldolization with vinylogous urethane.


Presumably all of these ingenious methodologies basically
utilized the hypothesis that product stability will be more
significant if a late transition state can be involved under
conditions in which the degree of dienolate stabilization is
increased.[11] However, a lack of substrate generality in the
conventional g functionalizations has left much to be desired.


Directed Mixed Aldol Condensation between Two
Different Carbonyl Compounds.


Other efforts have been focused on a conceptually new,
directed mixed aldol condensation, which was recently
developed by our group.[15] Since the electronic and thermo-
dynamic factors are principally examined in the conventional
mixed aldol condensation, the incorporation of steric factors
into the reaction becomes of fundamental importance. One
alternative is to form complexes of two different carbonyl
compounds with a bulky Lewis acid (Figure 2). Lewis acids


O O


MLn


Figure 2. The use of the bulky Lewis acid/carbonyl complex in place of a
carbonyl compound itself.


generally form a relatively stable 1:1 complexes with various
carbonyl compounds under aprotic conditions with similar
effectiveness.[16] We first hypothesized that a steric environ-
ment applied in the Lewis acid ± base complexation would:


1) Kinetically adjust site-selective deprotonation with a
strong base in a system in which two different carbonyl
compounds, which offer multiple sites for enolization,
coexist.
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2) Kinetically stabilize the
resulting bulky enolates
by retarding the rate of
proton transfer or other
undesirable side reactions.


A second carbonyl com-
pound that serves as an electro-
phile can be activated electroni-
cally (but sterically deactivat-
ed) by complexation with a
bulky Lewis acid. This activa-
tion would allow rapid in situ
capture of an enolate inter-
mediate generated on deproto-
nation. Aluminum tris(2,6-di-
phenylphenoxide) [ATPH][17]


was the reagent of choice, since
it could effectively encapsulate
a number of a,b-unsaturated
carbonyl compounds.[18] Our in-
itial effort concerned a basic
system that has a single site for
deprotonation: the reaction be-
tween crotonaldehyde and benzaldehyde, both of which were
precomplexed with ATPH. With LDA as a deprotonating
agent, both deprotonation and subsequent aldolization pro-
ceeded exclusively at the g-carbon of crotonaldehyde
(Scheme 4).
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Scheme 4. Mixed aldol condensation between crotonaldehyde and ben-
zaldehyde with ATPH and LDA.


Fortunately, such a solution proved quite general and
contributed to resolving the basic dilemma of unfavorable
electron distributions in extended dienolates. For example,
crossed reactions between aldehyde and conjugated alde-
hyde,[15] conjugated ketone,[15] and conjugated ester,[19] and
conjugated ketone and conjugated ester proved successful
under similar reaction conditions affording g aldolization
(Figure 3). The characteristics of this transformation warrant
explanation:


1) Neither the a-carbon atom of aromatic ketones nor the
a'-carbon atom of a,b-unsaturated ketones was the
directed site for deprotonation (control of the deproto-
nation site).


2) Thus, deprotonation and the ensuing alkylation were
quite regioselective at a benzylic or allylic terminus
(control of the alkylation site). Of particular note is the


regioselective aldolization of highly conjugated esters
that have several possible sites for functionalization.


3) High E selectivity with respect to the g aldolization
(contol of the stereoselectivity).


The important prospects of the stereoselectivity of the
reaction at an allylic terminus that comprises methylene or
methine is now under scrutiny.


Closing Remarks


A starting point of the search for directed aldol condensation
was based on two different carbonyl compounds being mixed
together prior to treatment with a deprotonating agent under
protic conditions. Owing to substantial drawbacks encoun-
tered in this process, a sequential enolization ± aldolization
strategy was established under aprotic conditions to deter-
mine synthetic versatility in controlling crossed aldolization.
Since this second approach proved unsuccessful for directing
the g aldolization of a,b-unsaturated carbonyl compounds, a
novel variant for directed, mixed crossed aldol condensation
was explored with great success by the use of a combination of
ATPH and a strong base of LDA or LTMP (LTMP� lithium
2,2,6,6-tetramethylpiperidide). The directed aldol condensa-
tion described here is one of the possibilities available. Hence,
the search for a new and practical directed aldol condensation
remains a challenge in selective organic synthesis.
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Figure 3. Directed aldol condensation with ATPH.
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Introduction


In this era of heightened environmental awareness and the
ever-increasing demand for higher efficiency from chemical
processes, one of the major challenges facing organic synthesis
is the selective incorporation of abundantly available carbon,
hydrogen, oxygen, and nitrogen sources into other common
substrates. In this context, enantioselective carbon ± carbon
bond-forming reactions that use carbon feedstock materials,
such as CO and HCN, and simple olefins, such as ethylene and
propene, is an important goal.[1] One potentially important
class of such reactions is the [Ni�ÿH]-catalyzed olefin
oligomerization reaction, which forms the basis of the
Dimersol technology (propylene dimerization)[2] and the
Shell Higher Olefin Process (SHOP).[3] The astonishingly
high turnover frequency (625 000 [propylene] [Ni]ÿ1 hÿ1) ob-
served for [h3-(allyl)Ni(PR3)]�[RAlX3]ÿ in the catalytic
dimerization of propene makes this system among the most
active of the homogeneous catalysts, and, predictably, appli-
cations in fine chemical synthesis have been eagerly sought
ever since the initial discovery. An important such application


is the heterodimerization of simple olefins, of which the
hydrovinylation reaction (addition of ethylene) is a proto-
typical example.


Discussion


Heterodimerizations with ethylene: The hydrovinylation re-
action has a long history. Since the first report of a high-
pressure (1000 atm) ethylene/styrene codimerization in the
presence of RhCl3,[4] the use of various metals such as Ru,[5]


Co,[6] Pd,[7] and Ni[8±11] has been investigated, even though Pd
and Ni are the most studied metals. Hydrovinylation of
vinylarenes has attracted the most attention, since the product
3-aryl-1-butenes are potential intermediates for widely used
2-arylpropionic acids.[12] Styrene serves as a prototypical test
case for this reaction. Almost invariably, the reaction is
complicated by isomerization of the initially formed 3-aryl-1-
butene (1) to a mixture of the Z- and E-2-aryl-2-butenes (2)
and oligomerization of the starting olefins [Eq. (1)]. The best
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results obtained prior to our current work are compiled in
Table 1. Careful examination of the published work reveals
that except for the Wilke system, which uses the azaphos-
pholene ligand P1 (entries 4 and 5, Table 1), no other catalyst
gives satisfactory yield and selectivity in this potentially
important reaction. Subsequent work[10e] directed at simplify-
ing the structure of the esoteric azaphospholene P1 has shown
that this ligand has a narrow scope, and is possibly of limited
value for the development of a broadly applicable hydro-
vinylation reaction.


All the available evidence points to a mechanism involving
a cationic nickel hydride associated with a weakly coordinated
counter ion (4, Scheme 1). This species is formed by the
Lewis-acid-assisted dissociation of the NiÿX bond from the
16-electron phosphine complex 3, coordination of ethylene,
coupling of the allyl and vinyl moieties, and subsequent b-
hydride elimination. Insertion of the vinylarene to the NiÿH
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bond gives a benzylic complex 5, which can be stabilized as an
h3 intermediate 5''. The coordinately unsaturated 5 can react
with ethylene (and possibly not another vinylarene, if the
phosphine is sufficiently bulky) to give 6, which can undergo
an insertion followed by b-hydride elimination; this completes
the catalytic cycle. Some of the limitations encountered in the
previous attempts could be traced to two factors: a) the poor


reactivity of the substrates car-
rying a heteroatom could result
from the reaction of the Lewis
acid (for example, Et2AlCl)
with these Lewis basic centers;
b) the isomerization of the
initially formed 3-aryl-1-butene
(1) to 2-aryl-2-butene(s) (2)
could be mediated by a very
reactive nickel (or palladium)
hydride. The isomerization re-
action appears to be a major
drawback, especially for the Pd-
mediated reaction.[7] We rea-
soned that the scope and selec-
tivity of hydrovinylation could
be significantly increased by
eliminating the troublesome
Lewis acid, and using in its
place a weakly coordinating
counter anion, such as OTf,[13]


or a noncoordinating counter
anion, such as tetraarylborate
(Ar4Bÿ),[14] in conjunction with
a hemilabile group on the phos-
phine.[15] Further it should be
possible to prevent the isomer-
ization of the initially formed
terminal olefin (e.g., 1!2) by
manipulation of the phosphine
ligand, P, and/or the metal.


Table 1. Hydrovinylation of vinylarenes. Best practices prior to the current work.


Catalyst Reaction conditions Yield [%] Selec- Remarks Ref.
for 3-Ph-1-
butene (1)


tivity[a]


1 [(Ph3P)2Ni(mesityl)Br] styrene/Ni� 17, BF3, OEt2, 67 91% 9% isomers and styrene dimer 8a
0 8C, 15 min, <1 atm C2H4, CH2Cl2


2 [{PhCH2)3P}2Ni(mesityl)(CH3CN)]�[BF4]ÿ styrene/Ni� 500 ± 1000, 96 97% poor yield with a-Me-styrene; tolerant to Cl, 8b
25 8C, 1 h, 15 atm C2H4, THF OMe groups exotherm at the end of reaction


3 [Ni(CH3CN)6][BF4]2, styrene/Ni� 400, 25 8C, 90 90% not tolerant to Lewis basic 9
Ph3P, EtAlCl2 30 min, 10 atm C2H4, CH2Cl2 groups (Cl, OMe) on arene


4 [{h3-(allyl)NiCl}2], styrene/Ni� 1948, ÿ72 8C, 97 ? 93%ee (R) for styrene 85 ± 95% ee for 10b
P1, Et3Al2Cl4 3.25 h, 1 atm C2H4, CH2Cl2 various vinylarenes; limited to P1 as ligand


5 [Ni(OAc)2], styrene/Ni� 685, ÿ30 8C, 46 ? 75% ee (R) for styrene; 10b
P1, AgBF4 80 min, 1 atm C2H4, CH2Cl2 limited to P1 as ligand


6 [h3-(C4H7)PdÿP2]�[BF4]ÿ a) styrene/Pd� 400, 25 8C, 41 92 8% isom. 7d
30 atm C2H4, CH2Cl2, 1 h
b) same, 3 h 100 9 91% isom.


7 [(Ally)PdP3]�[SbF6]ÿ styrene/Pd� 500 ± 1000, 10 8C, 66 94 86% ee (S). For Pd, SbF6 7e
15 min, 10 atm C2H4, CH2Cl2 better than OTf as a counter ion


[a] for 3-Ph-1-butene (1)
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Scheme 1. Mechanism of hydrovinylation.
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After an extensive scouting program in which we system-
atically varied the ligand and the counter ion, a new protocol
was arrived at. The hydrovinylation of various vinylarenes
proceeds with unprecedented chemical yield and selectivity
when a combination of allylnickel bromide dimer and a
weakly coordinating counter ion such as triflate (OTfÿ)
is employed as the precatalyst [Eq. (2) and Table 2]. Alter-


natively, Na�Ar4Bÿ(Ar� 3,5-
(CF3)2C6H3) along with a mono-
phosphine that carries a hemi-
labile ligand can also be em-
ployed [vide infra, Eq. (4)].
Typically the reaction is carried
out at ÿ56 8C in methylene chloride as the solvent under
1 atmosphere of ethylene pressure with 0.007 equivalents of
the catalyst. Under these conditions no oligomerization of
either the vinylarene or ethylene is detected. In sharp contrast


to the previously reported Lewis-acid-mediated reactions,
vinylarenes with Lewis basic centers such as oxygen, chlorine,
and bromine undergo the reaction with remarkable ease
(entries 3, 4, 5, and 7; Table 2). 4-Isobutylstyrene, 3-fluoro-4-
phenylstyrene, and 2-methoxy-6-vinylnaphthalene (entries 7, 8,
9), all potential precursors for important antiinflammatory
agents, gave excellent yields of the expected hydrovinylation
products. The hydrovinylation product of 4-bromostyrene
(entry 5) is another potentially important precursor that could
be transformed into a variety of useful intermediates through
organometallic cross-coupling reactions. As expected, the use
of a number of chelating phosphines, aminophosphines, and 1,2-
bis-diarylphosphinites gave no product under otherwise iden-
tical conditions.[16] Preliminary experiments indicate that
olefins with strongly electron-withdrawing substituents on the
aromatic nucleus (for example, 3,5-di-trifluoromethylstyrene,
2-vinylpyridine) are poor substrates for this reaction. Methyl
substitution at the a- or b-carbon atoms of styrene also leads to
poor yields (21 and 49%, respectively) under these conditions.


Heterodimerization with other olefins : Unlike heterodimeri-
zation reactions of ethylene, a synthetically useful hetero-
dimerization reaction that uses propene[7a,b, 17] was not devel-
oped until recently. We find[18] that propene reacts with
styrene and substituted styrenes under conditions slightly
modified from what was previously described for ethylene[11]


and gives excellent yields of the expected products. An
example of a substrate with a Lewis-basic acetoxy group is
shown in Equation (3). The reaction with propene proceeds at
higher temperature (ÿ15o to 10 8C vs. ÿ56 8C for ethylene),
especially in the case of the more electron-deficient styrene
derivatives. As expected, a mixture of regioisomeric products


(7 and 8) are formed in which addition of propene-C1 to the
benzylic position predominates.


We find that the protocol using [(allyl)NiBr]2/phosphine/
AgOTf [Eq. (2) and (3)] works equally well for the hydro-
vinylation of norbornene, the course of the reaction being
dependent on the phosphine that is employed.[19] Tricyclohex-
ylphosphine gives the expected 1:1 adduct (9), whereas
triphenylphosphine gives a 2:1 adduct (10) between norbor-
nene and ethylene (Scheme 2). This is presumably related to


+


(>95%)


 
[(allyl)Ni-Br]2/R3P/AgOTf


CH2Cl2, low temp.


Phosphine Cone angle Temp. 9 10


Ph3P 1450 -55 oC 1


[cyhex]3P 1800 -70 oC


97


100 0


9 10


Scheme 2. Ligand control: hydrovinylation of norbornene.


the cone angles of the two phosphines and the relative
reactivities of the two olefins. It is conceivable that norbor-
nene is more reactive than ethylene and thus undergoes a fast
initial dimerization when a less
crowded phosphine (Ph3P) is
used. The initially formed s-
nickel complex 11 cannot un-
dergo b-hydride elimination,
for stereoelectronic reasons,
and hence reacts with another
olefin (ethylene) giving finally the 2:1 adduct 10. With a bulky
phosphine, only addition to ethylene is feasible giving the 1:1
adduct.


Asymmetric catalysis of the hydrovinylation reaction : Het-
erodimerization reactions of 1,3-cyclooctadiene with ethylene
was one of the first examples of an asymmetric carbon ± car-


Table 2. Hydrovinylation of vinylarenes.[11]


Substrate Yield [%][a] Conditions[b]


1 styrene > 95 (99�) i)
2 3-methylstyrene > 95 (98) i)
3 4-methoxystyrene > 95 (98) i)
4 4-chlorostyrene 81 (89) i)
5 4-bromostyrene > 95 (98) i)
6 2-vinylnaphthalene (99�) i)
7 6-MeO-2-vinyl-naphthalene (90) i), 0.5 mol % catalyst


(97) ii)
8 4-i-Bu-styrene > 90 (99�) i), 1.4 mol % catalyst


> 97 (99�) iii)
9 3-F-4-Ph-styrene (88) i)


[a] In brackets are the yields estimated by gas chromatography. [b] i) [(al-
lyl)NiBr]2, (0.35 mol%)/Ph3P/AgOTf/CH2Cl2/ÿ 558C/2 h; ii) [(allyl)NiBr]2,
(0.70 mol %)/(R)-MOP(12 a)/Ar'4BÿNa�/CH2Cl2/ÿ 56 8C/2h; iii) [(allyl)-
NiBr]2, (0.70 mol %)/(R)-MOP-OBn(12b)/Ar'4BÿNa�/CH2Cl2/ÿ 56 8C/2 h


Ar Ar


AcO
+ 


CH2Cl2, –10 oC


+


1.5 mol% 
[(allyl)Ni-Br]2/Ph3P/AgOTf


(1 atm)


(3)


7 8
(93 %)


Ni+[Phosphine]L


11
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bon bond-forming reaction ever reported, even though the
selectivity was unacceptably low.[20] Under similar conditions,
norbornadiene gave up to 49 % yield (77.5 % ee) of (�)-
vinylnorbornene. These reactions appear to be plagued by
isomerization and other side reactions. The details of the
reaction conditions for this and many other hydrovinylations
remain largely unpublished except in dissertations and
reviews.[10d] The best procedures for asymmetric hydrovinyla-
tions of vinylarenes (Table 1, entry 4),[10b] cyclopentadiene,[10b]


and norbornene[10b] use Wilke�s azaphospholene P1 (Table 1)
with [(allyl)NiCl]2 and Et3Al2Cl3 (or Et2AlCl). Unfortunately,
the azaphospholene P1 is a very special ligand and, as noted
earlier, attempts to modify its structure have not been
successful.[10e] A (ÿ)-menthol-derived P-chiral phosphinite
P3 (Table 1, entry 7)[7e] could represent an important class of
ligands for Pd-catalyzed hydrovinylation of vinylarenes if the
selectivity and yield can be improved. The only other hydro-
vinylation substrate for which good enantioselectivity has
been observed is 1,3-cyclohexadiene.[21]


Having failed to carry out the reaction with chelating
phosphines,[16] we turned our attention to monophosphines.
Considering the requirement of an open coordination site for
ethylene in this reaction, we decided that a monophosphine
that also carried a hemilabile group[15] might have an
advantage, since such a group can stabilize the putative
cationic intermediates by internal coordination. In addition,
this coordination might lead to better diastereoselective
discrimination at the key NiÿH addition to the prochiral
faces of the olefin during the early stages of the reaction
(Scheme 1). Our initial choice for this purpose was Hayashi�s
2-diphenylphosphino-2'-methoxy-1,1'-binaphthyl (MOP) li-
gand (12 a),[22] which carries, in addition to the tertiary


phosphine, a methoxy group that could now serve as an
ancillary ligand. After a disappointing start with AgOTf as the
promoter, which gave practically no reaction, we recognized
that with (R)-MOP as the ligand, tetrakis-[3,5-bis(trifluoro-
methyl)phenyl]borate anion (TFPB)[14, 23] gave a substantially
improved catalyst vis-aÂ -vis the corresponding triflate.


2-Methoxy-6-vinylnaphthalene (MVN) and 4-iso-butylstyr-
ene gave nearly quantitative yields of the products in 62 %
and 40 % ee (S isomers), respectively, [Eq. (4)].[11] In addition,
we also discovered that a minor modification in the ligand
structure (12 b), with the use of ÿOCH2Ph instead of ÿOMe,


improved the ee for MVN to 80 % when the reaction was
carried out at ÿ70 8C. These weakly coordinating O-alkyl
groups of the ligand appear to be crucial for the success of the
reaction, since yield and enantioselectivity for the ligand with
ethyl group (12 c) in place of the methoxy group are only 13 %
and 3 % ee, respectively. Further support for the hemilabile
coordination comes from the different reactivities of the two
diastereomers of ligands 13 a and 13 b. The former gave a
nearly quantitative yield (>99 %) of the product in 71 % ee,
whereas the latter gave 79 % yield and 65 % ee under
otherwise identical conditions. Substitution at the 2'-position
with coordinating groups such as acetoxy (12 d) and diphe-
nylphosphenoxy (12 e) also totally inhibit the reaction at low
temperature. Finally the electronic effect of the ligand on the
hydrovinylation selectivity was examined with the ligands
12 a, 14 a, and 15 a. Ligand electronic effects appear to have no
effect on this reaction;[24] in each case the chemical yield
and ee were almost identical (94� 2 % and 63� 1 %, respec-
tively).


Since the original discovery of the importance of the
hemilabile ligand for high enantioselectivity, we have recog-
nized that such effects are equally important in a number of
other monophosphines that promote the hydrovinylation
reaction.[25] An example is shown in Scheme 3.


Ph


H


Ph


P


R


C2H4, 0.70 mole%, [(allyl)Ni-Br]2
P/NaBAr4/CH2Cl2 , –45 oC


(Ar  = 3,5-bis-CF3-C6H3) 


P  =
R  =  H  (0% yield)


R  =  CH2OCH2Ph  (98% yield; 50 % ee)


*


Scheme 3. Effect of hemilabile ligation in asymmetric hydrovinylation.


Intramolecular reactions: Synthesis of carbocyclic and heter-
ocyclic compounds : The dimerization reaction can be applied
for the synthesis of cyclic compounds if the reaction is carried
out in an intramolecular fashion. In this context, the Pd-
catalyzed cyclization of eneynes, which in principle could
involve a [LnPdÿH]� intermediate, is a well-known reac-
tion.[26] However, relatively little attention has been paid to
the corresponding cyclization of a,w-dienes with late tran-
sition metal catalysts.[27] Except for a few isolated reports,[28]


Pd- and Ni-catalyzed reactions have not been explored for the
synthesis of carbocyclic compounds until recently. An early
example is shown in Equation (5).[28d] We find that the
conditions developed for the hydrovinylation of vinylarenes
can be applied for the efficient cyclization of a,w dienes
[Eq. (6) and (7)].[29] The availability of starting materials and
the diminished Lewis acidity of these metals (vis-aÁ -vis early
transition metals[27]) should make this process especially
attractive for substrates that contain heteroatoms. As illus-
trated in Equations (8) and (9), with unsymmetrical dienes


there is also the possibility of
very good regiochemical con-
trol. Enantioselective synthesis
of alkylidenecyclopentanes is
currently under investigation
in our laboratories.


MeOMeO


0.7 mol%, [(allyl)Ni-Br]2
(R)-MOP (12b)-NaBAr4/CH2Cl2 


(4)


ethylene (1 atm); – 70 oC
(Ar  = 3,5-bis-CF3-C6H3) 


( 97% yield;  80% ee)
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+   regioisomer? (<2%)


(64 %)
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AgOTf, 24 h, rt


100 oC, toluene


(9)


(92 %)


+


(< 3 %)


(4-MeO-C6H4)3P, AgOTf, 4 h, rt


2.5 mol %


(8)


(81 %)
+  (regioisomer  ~5 %)
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2
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 (74 %)  (16%) 
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PPh3


[(allyl)NiBr]2, 5 mol%


15 % isomers


5 mol%


a)


CH2Cl2


(35%) (57%)b)


(74%)


phosphine


Future Prospects


The heterodimerization reaction of olefins appears to have
great potential as a carbon ± carbon bond-forming reaction.
Anecdotal evidence from the literature and our own recent
results suggest that various combinations of ethylene and
propylene with vinylarenes, strained olefins, and a,b-unsatu-
rated carbonyl compounds[8c, 30] are suitable starting materials
for this reaction. The reaction is highly catalytic with respect
to the metal and proceeds under conditions that are remark-
ably tolerant of a wide spectrum of common functional
groups. Exceptional control of chemo- and stereoselectivity
based on the properties of the coordinated ligand has been
demonstrated. The results of these studies could be further
exploited with a number of widely different, tunable ligand
systems that have been discovered recently. With the on-going
synthetic and mechanistic studies in several laboratories, we
anticipate the scope and limitations of both the inter- and
intramolecular versions of the reaction to expand consider-
ably in the near future.
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Introduction


Electrochromic behaviour is observed with reversible redox
systems that display distinct changes of their absorption
spectra in different oxidation states. This long-known phe-
nomenon has gained rising importance in advanced materials
and therefore both its theoretical background and its appli-
cations are actively investigated.[1]


Most of the organic electrochromic systems are based on
the general structure A of two-step redox systems in which the
radical ions SEM�/ÿ are called violenes.[2] These radical ions,
exemplified by B ± E, always represent the species with the


longest wavelength absorptions and highest extinction coef-
ficients within the system.[2c] To achieve high color intensity
these violenes must have high thermodynamic stability, for
example KSEM� 2 SEM/([RED]� [OX]) has to be large.


Based on the appropriate combination of Wurster and
Weitz type systems in an undivided electrochemical cell[3]


highly efficient self-darkening rear-view mirrors for cars have
been developed.[4] Nevertheless, open-shell systems tend to
decompose more rapidly than similar closed-shell ones, since
radical reactions are often connected to low activation
energies. Therefore, electrochromic systems in which the
colored forms also consist of closed shell moieties should, in
principle, improve their persistency.


A new principle : We now propose the general structure F for
these systems; this capitalizes on the well-documented
reversibility of the violene-type redox system, but contains
end groups that in the fully reduced or oxidized form
represent delocalized closed-shell polymethine dyes (cya-
nines, oxonols, and merocyanines[5]). Owing to the strong
thermodynamic stabilization of that delocalized polymethine
type and also enforced by steric repulsions from planarity, the
concentration of the radical ions SEM may even drop to zero,
for example, the redox process may approach a two-electron
transfer.


Owing to the great variability of both the violene- and
cyanine-type structures, the general structure F can be found
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in already known compounds and allows to design a wealth of
new systems. This communication illustrates the general
structural principle with some representative examples of F
with charges ranging from ÿ4 to �4 emphasizing on their
redox and electrochromic properties.


Results and Discussion


System 1: The long-known tetrakis(4-hydroxyphenyl)ethene[6]


has been found to turn blue in basic solution. Later,[7] the blue
color was ascribed to 1OX


ÿ2, which consists of two oxonol
systems connected through the central carbon atoms. System
1 can be depicted as the redox system in Scheme 1. We


Scheme 1. The redox system for 1.


prepared the deep blue dipotassium salt of 1OX
ÿ2, which


showed reversible transfer of two electrons at rather negative
potentials and two irreversible oxidation waves at positive
potentials (Figure 1). Reduction of 1OX


ÿ2 to 1RED
ÿ4 is con-


firmed by the spectroelectrogram of Figure 2. Since 1OX
ÿ2 is


reversibly decolorized by reduction and diplays a sharp
isosbestic, point there is no room for substantial amounts of
(colored) 1SEM


ÿ3.


System 2 : Tetrakis(dimethyl-
aminophenyl)ethene (2RED) is
known since 1906[8] and has
been chemically oxidized to its
dication.[8, 9] Cyclic voltamme-
try (CV) reveals two complete-
ly reversible redox potentials at
about ÿ0.30 V and �0.67 V
(Figure 3). These potentials,
however, again do not repre-


Figure 1. Cyclic voltammogram of 1OX
ÿ2 ´ 2K� in MeCN vs. Fc0/Fc� (Fc0/


Fc��� 0.39 V vs. Ag/AgCl), nBu4N�BF4
ÿ, scan rate 100 mV sÿ1.-


Figure 2. Spectroelectrogram of 1OX
ÿ2 ´ 2 K� in MeCN; potentials are given


vs. Ag/AgCl; supporting electrolyte nBu4NPF6.-


Figure 3. Cyclic voltammogram of 2RED in MeCN vs. Fc0/Fc�, nBu4N�BF4
ÿ,


scan rate 100 mV sÿ1.


Abstract in German: Organische elektrochrome Verbindun-
gen leiten sich vorwiegend von zweistufigen Redoxsystemen
vom Violentyp ab, in denen die langwellig absorbierende
Spezies ein Radikalion ist. Da von Closed-shell-Systemen eine
höhere Persistenz zu erwarten ist, wurde ein neues Struk-
turprinzip entwickelt, das sowohl den Violen- als auch den
Cyanintyp enthält. Letzterer stellt die farbige Spezies. Die
Anwendungsbreite dieses neuen, allgemeinen Prinzips wird an
Beispielen demonstriert, deren Oxidationsstufen von ÿ4 bis
�4 reichen.
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sent the presumed two-step redox system 2RED> 2SEM
.�>


2OX
�3 (Scheme 2).


Instead, the first redox process already comprises transfer
of two electrons. The spectroelectrogram (Figure 4) again
reveals a sharp isosbestic point. The formation of the two


Scheme 2. The redox system for 2.


Figure 4. Spectroelectrogram of 2RED in MeCN; potentials are given vs.
Ag/AgCl; supporting electrolyte nBu4NPF6.


broad absorption bands in the visible region must be ascribed
to 2OX


�2, since ESR spectroscopy reveals only traces of 2SEM
.� .


The dication 2OX
�2 can be desribed as two directly connected


moieties of Michlers hydrol blue.


System 3 : Several variations of violene/cyanine hybrids are
demonstrated by system 3 : a) the oxidation level can be raised
to �4, b) vinyl analogues of the basic ethene core in F can be
employed, and c) aza substitution of the olefinic core is
allowed. The colorless salt 3OX


�4 ´ 4 BF4
ÿ was prepared from


4,4'-dipyridyl ketone[10] and hydrazine, and subsequent alky-
lation of the azine by triethyl oxonium tetrafluoroborate.[11]


Reduction of 3OX
�4 (Scheme 3) finally yields 3RED


�2, in which
two cyanine moieties are linked by an azo group.


As can be judged from the cyclic voltammogram the
relevant nearly reversible process occurs already at about
0.5 V versus Fc0/Fc� (Figure 5). The two peak potentials at


Figure 5. Cyclic voltammogram of 3OX
�4 ´ 4 BF4


ÿ in PhCN vs. Fc0/Fc�,
nBu4N�BF4


ÿ, scan rate 100 mV sÿ1.


ÿ518 mVandÿ609 mV may indicate stepwise transfer of two
electrons; however, this is not to be seen on reoxidation with
only one peak potential at ÿ458 mV. Only at very negative
potentials (ca. ÿ2 V vs. Fc0/Fc�) is another electron transfer
indicated (Figure 5). On reduction of colorless 3OX


�4 the
solution develops a strong violet color, which must be
attributed to 3RED


�2, due to a rather well-developed isosbestic
point (Figure 6). If the two peak potentials in Figure 5 result


Figure 6. Spectroelectrogram of 3OX
�4 ´ 4BF4


ÿ in MeCN; potentials are
given vs. Ag/AgCl; supporting electrolyte nBu4NPF6.


from kinetic control (time
scale: seconds) the intermedi-
ate radical species 3SEM


�3 will
hardly show up in the spectroe-
lectrogram owing to the time
scale of minutes to hours for
each plot.


System 4 : This example was
selected to demonstrate hybrid-
ization of the violene systemScheme 3. The redox system for 3.
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with a cyanine type structure at one end of the molecule only.
From thio-Michlers ketone[12] and N-methylbenzothiazolone
hydrazone[12] 4RED


[11] is easily available (Scheme 4).
The cyclic voltammogram of 4RED (Figure 7) now reveals


two completely reversible redox waves that correspond to two
single-electron transfers (comparison with one equivalent of


Figure 7. Cyclic voltammogram of 4RED in MeCN vs. Fc0/Fc�, nBu4N�BF4
ÿ,


scan rate 100 mV sÿ1.


ferrocene). Another nearly irreversible peak at about 0.80 V
(scan rate 100 mVsÿ1) is not shown. Thus 4 behaves as a
typical violene system with KSEM� 4.6� 103 L molÿ1 thereby
resembling the symmetrical violene system N-methylbenzo-
thiazolone azine (KSEM� 9.3� 106 Lmolÿ1).[13] As a result of
its stepwise electron transfer, the spectroelectrogram of 4 is
more complex (Figure 8) than those of systems 1 ± 3. Whereas


Figure 8. Spectroelectrogram of 4RED in MeCN; potentials are given vs.
Ag/AgCl; supporting electrolyte nBu4NPF6.


4RED shows no absorption above about 430 nm, on slight
oxidation a sharp band develops at 450 nm together with a
very broad one at about 700 ± 1200 nm, typically observed in
violene radical cations.[2c]


Therefore these bands are ascribed to 4SEM
�. On further


oxidation the NIR band is first strengthened, but finally
vanishes. This change is accom-
panied by a new absorption at
440 nm, which should be caused
by 4OX


�2. The final somewhat
broader band at about 550 nm
may contain some higher oxi-
dized species.


Proof of radical states in 2
and 4 (and some other sys-
tems)[14] was sought by ESR
spectroscopy. As expected, only
traces of 2SEM


.� were found in
which the single electron is symmetrically distributed over the
whole radical cation. In contrast, a much more higher
concentration of 4SEM


.� was observed; however, the very
broad signals could not be resolved.


Optimized structures (PM3) were calculated for oxidation
levels 0 to �4 for 2 and 4 (together with other systems).[14] In
all cases the geometries of SEM .� and SEM�3 on the one hand
and OX�2 together with OX�4 on the other are very similar.
Thereby, the radical states approach planarity as far as
possible, whereas in OX�2 and OX�4 the two planarized
cyanine moieties are arranged nearly perpendicular to one
another. The latter situation is pictured in Figure 9 for 2OX


�2/
2OX


�4 and 4OX
�2/4OX


�4.


Figure 9. PM3 optimized structures with heats of formation (DH). A and C
mark the acyclic and cyclic msinima energy structures of the same oxidation
level OX�4.


Scheme 4. The redox system for 4.
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The expected higher energies of OX�4 compared to OX�2


are clearly indicated. However, in the case of the acyclic
2OX


�4 (A) an optimized cyclic structure 2OX
�4 (C) with a central


cyclobutane ring is evidently the preferred structure owing to
its lower energy, as much as 20 kcal molÿ1, in comparison with
2OX


�4 (A). We assume that such a cyclic structure is also
involved in the redox couple of 1 for 1OX at positive potentials
(Figure 1). By contrast, cyclization of 4OX


�4 (A) to the 1,2-
diazetine 4OX


�4 (C) is unlikely because of its higher energy (by
22 kcal molÿ1).


As verification of the general structure F for violene/
cyanine hybrids examples, 1 ± 3 clearly demonstrate that in
these systems the thermodynamic stability typical for violene
systems[2] can be dramatically reduced. Both reduced and
oxidized forms of these electrochromics consist of closed-shell
systems separated by a remarkable large difference in
absorption maxima. The colored forms also exhibit very high
extinction coefficients. Although closed-shell systems are
produced the current efficiency of the violene/cyanine hybrids
F is the same as violenes A : one moiety is colored or
discolored by the transfer of one electron.


Conclusions


The examples presented above clearly demonstrate that a
nearly unlimited number of violene/cyanine hybrids can be
designed based on the well-developed chemistry of violenes


and polymethines of the cyanine, oxonol, and merocyanine
type. Obvious additional examples in connection with systems
1 and 2 are the oxonol/cyanine 5OX and the bis-merocyanine
6OX.


As a result of this great variability it should be possible to
devise electrochromic systems with properly adjusted change
in color and range of potentials based on the general structure
F outlined in this paper.
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Radiometal-Labelled Macrocyclic Chelator-Derivatised Somatostatin
Analogue with Superb Tumour-Targeting Properties and Potential for
Receptor-Mediated Internal Radiotherapy


A. Heppeler,[a] S. Froidevaux,[b] H. R. Mäcke,*[a] E. Jermann,[a] M. BeÂheÂ ,[a] P. Powell,[a] and
M. Hennig[c]


Abstract: A monoreactive DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) prochelator (4,7,10-tri-
carboxymethyl-tert-butyl ester 1,4,7,10-
tetraazacyclododecane-1-acetate) was
synthesised which is useful in solid-
phase and solution-phase peptide syn-
thesis; it was coupled to the somatosta-
tin analogue Tyr3-Lys5(BOC)-octreo-
tide. Deprotection in one step afforded
DOTA0-d-Phe1-Tyr3-octreotide (DO-
TATOC) in �65 % yield. This peptide,
modified with a chelator, was complexed
with the radiometals 67Ga3�, 111In3� and
90Y3� in high yields and with high
specific activities. The three radiopep-
tides show high stability in human serum
and high affinity to the somatostatin
receptor: it is four to five times higher
for 67Ga-DOTATOC compared to 90Y-
DOTATOC and 111In-DOTATOC. The
67Ga-labelled compound also shows sig-


nificantly higher tumour and lower kid-
ney uptake than the two congeners.
67Ga-DOTATOC was compared in pa-
tients with the commercially available
gold standard 111In-DTPA0-d-Phe1-oc-
treotide. The new compound delineates
SRIF-receptor positive tumours very
favourably and shows distinctly lower
uptake by the kidneys. Evidently, the
differences in the coordination chemis-
try of the metals causes the differences
in the biological behaviour. Indeed, a
crystallographic study of the Ga3� and
Y3� complexes of the model peptide
DOTA-d-PheNH2 showed differences
in the geometry of the complexes. The
gallium complex is hexacoordinated


with pseudooctahedral cis geometry and
a folded macrocyclic unit. The equato-
rial plane is formed by two transannular
nitrogens of the cyclen ring and two
oxygens of the corresponding carboxy-
late groups. The two axial positions are
formed by the two remaining ring nitro-
gen atoms. The amide carboxy oxygen is
not bound to the metal and one carbox-
ylate group is free and most likely
contributes to the favourable handling
of the radiopeptide by the kidneys. In
contrast, the structure of Y-DOTA-d-
PheNH2 has eight-fold coordination,
and includes the amide carboxy oxygen.
The geometry is a compact and some-
what distorted square-antiprism with
two almost perfect planes (N4 and O4)
with a maximum deviation of 0.025 �.
The dihedral angle between the two
planes is only 0.368.


Keywords: gallium ´ macrocyclic
ligands ´ peptides ´ radiopharma-
ceuticals ´ yttrium


Introduction


Radiolabelled (bio)molecules are potentially useful tools for
tumour targeting in order to obtain diagnostic information
(spread and localisation of the disease) if they contain g-
emitting radiometals, such as 99mTc,[1] 111In[2] or 67Ga (68Ga).[3]


They also can be used for selective internal radiotherapy when
complexed with particle-emitting isotopes, such as the b-
emitters 90Y,[4] 186Re,[5] etc. Among potential biomolecules, the
regulatory peptides are of special interest because of the high
expression of their receptors on different malignancies.[6] In
this respect, somatostatin (SRIF) analogues are very promis-
ing peptides which, because of their high clinical potential in
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the control of tumours and other diseases, were the subject of
many structure ± bioactivity studies and conformational anal-
yses.[7] Moreover, as an exciting new development, the
metabolically stabilised somatostatin analogue octreotide[8]


was conjugated to the chelator diethylenetriaminepentaacetic
acid (DTPA) and labelled with 111In. This compound, known
as OctreoScan (Figure 1), retains its binding affinity to SRIF
receptors and is currently used very successfully in the
localisation of SRIF-receptor positive tumours in man.[9, 10]


It has some drawbacks; it cannot be labelled with particle-
emitting metallic radionuclides, such as the hard Lewis acid b-
emitters and the bone seekers 90Y3� or 153Sm3�, for therapeutic
applications. Their DTPA complexes are too labile, these
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Figure 1. Structural formulae of DOTA0-d-Phe1-Tyr3-octreotide (6, DO-
TATOC) and DTPA0-d-Phe1-octreotide (OctreoScan).


particular radiometals are partially released in vivo, causing
irreversible bone marrow damage.


We have now designed (Scheme 1) a DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) functional-
ised somatostatin analogue, DOTATOC 6 (Figure 1), that
can be labelled with a variety of radiometals which are useful
in different areas of diagnostic and therapeutic nuclear
oncology.[11] DOTA is known to form thermodynamically
and kinetically stable metal complexes with a multitude of


Scheme 1. Synthesis of DOTA0-d-Phe1-Tyr3-octreotide (6, DOTATOC).
Reagents and conditions: i) BrCH2COOBz, CHCl3, room temperature
(RT), 2h ; ii) BrCH2COOtBu, AcCN, K2CO3, RT, 2.5 h; iii) H2, Pd/C
(10 %), THF/MeOH 1:1, RT, 5 h; iv) (e-(tert-butoxycarbonyl))Lys5-Tyr3-
octreotide, HATU, DIPEA, DMF, RT, 4 h; v) TFA/thioanisole/H2O 92:6:2,
RT, 4 h.


Abstract in German: Ein monoreaktiver DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7, 10-tetraessigsäure) Prochelator
(1,4,7,10-tetraazacyclododecane-1-essigsäure-4,7,10-tricarbo-
xymethyl-tert-butylester) wurde synthetisiert, der sowohl für
die Fest- wie auch die Flüssigphasen Peptidsynthese geeignet
ist. Die Kupplung an das Somatostatin Analogon Tyr3-
Lys5(BOC)-octreotide und anschliessende Entschützung in
einem Schritt ergab DOTA0-d-Phe1-Tyr3-octreotide (DOTA-
TOC) in einer Ausbeute von �65 %. Dieses mit einem
Chelator modifizierte Peptid wurde mit den Radiometallen
67Ga3�, 111In3� und 90Y3� mit hoher Ausbeute und hoher
spezifischer Aktivität komplexiert. Alle drei Radiopeptide
zeigten hohe Stabilität in humanem Serum und hohe Affinität
zum Somatostatin Rezeptor; im Falle von 67Ga-DOTATOC
um den Faktor 4 ± 5 höher als bei 90Y-DOTATOC und 111In-
DOTATOC. Im Vergleich zu diesen beiden Radiopeptiden
zeigt die 67Ga-markierte Verbindung auûerdem eine signifikant
höhere Tumoranreicherung und geringere Nierenaufnahme.
67Ga-DOTATOC wurde am Patienten mit dem kommerziellen
Gold Standart 111In-DTPA0-d-Phe1-octreotide verglichen. Die
neue Verbindung stellt SRIF Rezeptor positive Tumore ausge-
zeichnet dar und zeigt darüber hinaus eine viel geringere
Nierenaufnahme. Offensichtlich wird das unterschiedliche
biologische Verhalten durch Unterschiede in der Koordina-
tionsgeometrie bewirkt. Kristallographische Untersuchungen
der Ga3� und Y3� Komplexe des Modellpeptids DOTA-d-
PheNH2 zeigen in der Tat Unterschiede in der Komplexgeo-
metrie auf. Der Galliumkomplex ist 6-fach koordiniert mit
einer cis-pseudooktaedrischen Geometrie und einer gefalteten
makrocyclischen Einheit. Die ¾quatorialebene wird dabei
durch zwei transannulare Stickstoffatome des Cyclen Rings
und zwei Sauerstoffatome der entsprechenden Carboxylat-
gruppen gebildet. Die zwei axialen Positionen werden von den
zwei verbleibenden Ringstickstoffatomen eingenommen. Das
Amido Carboxy Sauerstoffatom ist nicht metallgebunden, die
verbleibende Carboxylatgruppe ist frei und trägt höchstwahr-
scheinlich zum ausgezeichneten Nierenverhalten des Radio-
peptids bei. Im Unterschied zu dieser Struktur zeigt Y-DOTA-
d-PheNH2 8-fach Koordination mit einem metallgebundenen
Amido Carboxy Sauerstoff und einer kompakten, leicht
verzerrten quadratisch antiprismatischen Geometrie. Der
Komplex weist zwei nahezu perfekte Ebenen (N4 und O4)
auf mit einer maximalen Abweichung von 0.025 �, wobei der
Diederwinkel zwischen diesen beiden Ebenen 0.368 beträgt.
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2� and 3� charged metals and forms the basis of very useful
diagnostic magnetic resonance imaging (MRI) agents when
coordinated with Gd3�ions.[12] Moreover, when conjugated as
a bifunctional version to monoclonal antibodies and labelled
with 90Y, it is used in monoclonal antibody-mediated internal
radiotherapy.[4] We have modified the octapeptide octreotide
somewhat by replacing Phe3 by Tyr for two reasons: i) to
increase the hydrophilicity and ii) to allow dual labelling;
iodination of Tyr3 with 125I may be of additional benefit in
therapeutic applications because of its Auger electrons. In a
first step, we have performed an in vitro and in vivo evaluation
of this new peptide ± DOTA conjugate with three radiometals
which can be used for single photon emission tomography
(SPET, 111In3�, 67Ga3�), positron emission tomography (PET,
68Ga3�, 86Y3�) and receptor-mediated radionuclide therapy
(90Y3�). Very important prerequisites must be fulfilled with
regard to the in vivo application of a radiometal-labelled
bioactive peptide: i) the chelator ± peptide conjugate must be
complexed with the radiometal in high yields (>99.5 %) at
high specific activities (Bq Molÿ1 peptide), ii) the radiometal ±
peptide bond should be very stable under physiological
conditions in order to minimise the premature release of the
radiometal to serum proteins followed by the unspecific
accumulation in non-target organs; iii) the modification by
the chelate should not compromise the receptor-binding
affinity of the peptide and iv) the radiopeptide should be
hydrophilic and excreted by the urinary tract. We studied the
performance of 67Ga-, 111In- and 90Y-DOTATOC in vitro and
in vivo with regard to these conditions.


Results and Discussion


Synthesis and stability : An important step towards the
synthesis of DOTA-derivatised bioactive peptides is the
development of the prochelator 4. This monoreactive DOTA
prochelator (Scheme 1) was synthesised in three steps with an
overall yield of 63� 5 % to afford a synthon which can be used
in solution- and in solid-phase peptide synthesis. Prochelator 4
was then coupled to Tyr3-Lys5(BOC)-octreotide in DMF
followed by deprotection in one step. The use of HATU (O-
(7-azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate) as a coupling reagent guaranteed the
efficient and fast formation of 5. After deprotection and
purification by HPLC, DOTA0-d-Phe1-Tyr3-octreotide (DO-
TATOC) was obtained in 65� 3 % yield and >97 % purity,
even if 10 mg amounts of Tyr3-Lys5(BOC)-octreotide were
used. Recently, an alternative synthetic procedure was
published which used a large excess of unprotected DOTA ´
2 H2O for the coupling reaction in an acidic water/DMF
solution. This procedure afforded 40 % yield when a gram
scale of DOTA ´ 2 H2O and peptide was used.[13] The stoichi-
ometry and structure of DOTATOC were verified by MS-ESI,
by the retention of a high-binding affinity to the somatostatin
receptor as well as by amino acid and elemental analysis. The
model DOTA peptide DOTA-d-PheNH2 was synthesised
accordingly in 55 % yield. DOTATOC was complexed with
the radiometals of interest (67Ga, 111In, 90Y) in acetate buffer
(pH 5, 0.1m) by heating (95 8C, 25 ± 30 min); the labelling


yields were >99.5 % at specific activities of >40 GBqmmolÿ1.
[Ga(DOTA-d-PheNH2)] and [Y(DOTA-d-PheNH2)] were
synthesised by the addition of excess metal nitrate and heating
(95 8C, pH 5, 25 ± 30 min) followed by precipitation of the
uncomplexed metal as the trihydroxide under weakly basic
conditions (pH� 8). Slow evaporation in aqueous solution
(pH 7) afforded colourless single crystals of X-ray quality. The
kinetic stability under physiological conditions was studied by
measurements of the rate of radiometal exchange in blood
serum.[14] The approximate transfer half-lives were 1250 h,
1850 h and 2100 h for 67Ga-DOTATOC, 111In-DOTATOC and
90Y-DOTATOC, respectively; that is the reverse order of the
kinetic stability of the three metal ions.[15] These values
indicate the potential for in vivo use.


Receptor binding : The retention of the binding affinity was
shown by competition binding measurements between 125I-
Tyr3-octreotide and the metal-coordinated 89Y-, 115In- or
69/71Ga-DOTATOC or by Scatchard analysis, as previously
reported.[16] Data obtained from a competition binding assay
are shown in Figure 2. Interestingly, the IC50 values differed by


Figure 2. In vitro displacement of 125I-Tyr3-octreotide by Ga-, In-, Y-DO-
TATOC in rat brain cortex membranes. The maximal specific binding in
absence of a competitor was taken as 100 % (control). Values are the mean
of three determinations.


a factor of 4 ± 5 and KD values obtained from a saturation
experiment were 0.46� 0.1 nm for 67Ga-DOTATOC and
2.57� 0.2 nm for 111In-DOTATOC (data not shown). An
evaluation of the saturation curve of 90Y-DOTATOC was
not possible; this is probably the consequence of radiolytic
events caused by the high energy b-emitter 90Y. An approx-
imate KD value for 90Y-DOTATOC of 2.2� 0.3 nm was
obtained indirectly by the use of the competition data of
115In-DOTATOC and 89Y-DOTATOC and the KD value
determined for 111In-DOTATOC.


Tumour and kidney uptake in an animal model : A biodis-
tribution study was performed in a somatostatin-receptor
positive tumour model: nude mice bearing the rat pancreatic
AR4-2J tumour. Tumour and kidney uptake for 67Ga-, 111In-
and 90Y-DOTATOC and the gold standard 111In-DTPA-
octreotide are shown in Figure 3. The three new radiotracers
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Figure 3. Biodistribution study of DOTATOC labelled with 67Ga, 111In and
90Y, in comparison to 111In-DTPA0-d-Phe1-octreotide, on nude mice bearing
the AR4-2J tumour (% ID gÿ1: %injected dose per gram).


show a clear advantage over the established clinically used
compound 111In-DTPA-octreotide, with regard to higher
tumour uptake and lower kidney retention. 67Ga-DOTATOC
reveals a significantly higher tumour uptake followed by 90Y-
DOTATOC and 111In-DOTATOC, which is in the same order
as their receptor-binding affinities. These variations are
remarkable considering that they are evidently caused by
differences between the three metal cations which have all
hard Lewis acid character with spherical symmetry[17] and
predominantly electrostatic interaction with the macrocyclic
chelator. Besides the higher tumour uptake, the favourable
lower kidney uptake is of importance. The kidneys appear to
be the most affected and dose-limiting organs in human
studies with regard to toxicity; after glomerular filtration
peptides are reabsorbed by the kidney tubuli and partially
retained, which may cause long-term damage to this organ if a
particle ray-emitting isotope is used for the therapy.[18]


Patient studies : In a series of patients with SRIF-receptor
positive tumours, 111In-DTPA-octreotide was compared with
67Ga-DOTATOC. A typical example is shown in Figure 4. A


Figure 4. Scintiscans of a patient 4 hours after intravenous injection of:
111In-DTPA0-d-Phe1-octreotide (OctreoScan) (top row) and 67Ga-DOTA-
TOC (bottom row) within two weeks. There is a large liver metastasis (LM)
of a carcinoid tumour and multiple metastases throughout (arrows); note
the lower uptake in kidneys (K) and the higher tumour-to-background ratio
of 67Ga-DOTATOC in comparison to 111In-DTPA-octreotide.


patient with a carcinoid tumour was studied with both
radiotracers within two weeks. This patient has a large liver
metastasis (LM, Figure 4) and smaller metastases (arrows)
throughout the body. The new compound shows tumour and
metastases more clearly, and most remarkably, the kidney
uptake is again much lower. The first human data with 90Y-
DOTATOC as a new therapeutic modality show very
promising results.[19]


Coordination chemical aspects : Besides the important clinical
potential[20] of these new radiopeptides, it is of major interest
to understand why the radiometal ion influences the receptor-
binding affinity and uptake in tumours in such a way. One
approach to analyse and possibly understand this mechanism
is to study the structural differences of the respective metal
complexes. As a model peptide-chelate we synthesised a
DOTA-derivatised d-PheNH2 conjugate and crystallised the
respective Ga3� and Y3� complexes as neutral complexes, and
ORTEP representations of these are shown in Figures 5 and 6,


Figure 5. ORTEP plot of the crystal structure of [Ga-DOTA-d-PheNH2]
(thermal ellipsoids at 50% probability level). Selected bond lengths [�]
and angles [8]: Ga1ÿN4 2.120(5), Ga1ÿN5 2.163(5), Ga1ÿN2 2.135(5),
Ga1ÿN3 2.145(5), Ga1ÿO8 1.904(5), Ga1ÿO10 1.932(4), O9ÿC40 1.201(8),
O11ÿC23 1.224(8), O12ÿC19 1.254(8), O14ÿC27 1.221(8), N7ÿC27
1.343(8); N3-Ga1-N5 156.3(2), N2-Ga1-O10 169.7(2), N4-Ga1-O8
170.0(2); C26-C27-N7-C28 177.9, C27-N7-C28-C30 ÿ141.7.


respectively. The two geometries show remarkable differ-
ences: in Ga-DOTA-d-PheNH2, the chelator adopts a cis-
pseudo-octahedral geometry with a folded macrocyclic unit
(2424 conformation). The equatorial plane is formed by two
transannular nitrogens of the cyclen ring and two oxygens of
the corresponding carboxlate groups. These four atoms form
an almost perfect plane with a maximum deviation of 0.028 �.
The Ga3� ion is positioned 0.043 � from this plane. The axial
positions are occupied by the two remaining ring nitrogen
atoms. The equatorial GaÿN bonds are slightly shorter
(2.120(5) and 2.135(5) �) than the axial ones (2.145(5) and
2.163(5) �) whereas the GaÿO bonds are 1.904(5) � and
1.932(4) �. The main deviation from octahedral geometry is
exhibited by the N3-Ga-N5 angle of 156.38, which deviates
from the linearity expected for an octahedral arrangement.
Most importantly, one carboxylate group is free and is
deprotonated at the physiological pH; this structural feature
is known to contribute to a quick and efficient excretion of
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Figure 6. ORTEP representation of the crystal structure of [Y-DOTA-d-
PheNH2] (thermal ellipsoids at 50 % probability level). Selected bond
lengths [�] and angles [8]: Y1ÿO10 2.241(6), Y1ÿO12 2.254(6), Y1ÿO8
2.282(6), Y1ÿO7 2.318(5), Y1ÿN3 2.388(7), Y1ÿN4 2.414(6), Y1ÿN2
2.434(7), Y1ÿN5 2.437(7), O7ÿC31 1.260(9), O9ÿC19 1.221(12), O11ÿC23
1.249(11), O13ÿC27 1.237(11), N6ÿC31 1.308(11); N4-Y1-O8 157.7(2), N2-
Y1-O12 154.3(2), N5-Y1-O10 158.1(2), N2-Y1-O7 155.4; C30-C31-N6-C14
174.1, C31-N6-C14-C34 ÿ124.9.


chemicals through the kidney.[21] We assume that this feature
is also responsible for the efficient kidney clearance of 67Ga-
DOTATOC. Unlike the GaIII structure in Y-DOTA-d-
PheNH2, the coordination number of YIII is eight and includes
the amide carboxy oxygen of the amide functional group used
for coupling. The functionalised DOTA acts as an octadentate
chelator to form a very compact although somewhat distorted
square-antiprismatic geometry. The twelve-membered ring
adopts the usual square [3333] conformation, as found in
many cyclen-derivatised pendant-arm complexes[22] and in
Na[Y(DOTA)(H2O)],[23] where the average YÿN bond length
is 2.645(18) � and the YÿO bond length is 2.326(5) �. In the
present complex, the YIII ion is buried more deeply inside the
N4O4 cage at a distance of 1.289 � above the N4 plane, as
compared to 1.616 � in Na[Y(DOTA)(H2O)]. Somewhat sur-
prisingly, the bond between the amide carboxy oxygen atom
and the metal is only slightly longer (2.318(5) �) than the bond
between the carboxylic acid oxygen atom and Y (variation
between 2.241(6) and 2.282(6) �). Significant differences are
seen in the CÿO and CÿN bond lengths of the two metal
complexes, depending on the coordination number and
involvement of the amide oxygen in the metal coordination.
Metallation of the amide oxygen should increase the ionic
character of the CÿO bond and also its bond length; the CÿN
double bond character should increase as well while the bond
length would decrease. This is indeed the case: whereas in Ga-
DOTA-d-PheNH2 the CÿN bond length (1.343(8) �) and the
CÿO bond length (1.221 (8) �) are within values for typical
amide bonds,[24] the CÿO bond in Y-DOTA-d-PheNH2


increases to 1.260(9) � while the CÿN bond decreases to
1.308(11) �. According to the literature,[25] several isomers
are possible for the yttrium complex: two of them, which are
related to the conformation of the macrocyclic unit, are of
special interest. Both isomers have the same square [3333]


conformation. The difference is caused by changes in the
orientation of the side arms, which leads to a pair of
diastereoisomers M (major isomer) and m (minor isomer)
with a square-antiprismatic or a twisted-antiprismatic geom-
etry for M and m, respectively. In the solid state, Y-DOTA-d-
PheNH2 is present only in the m form whereas the M isomer
was found in Na[Y(DOTA)(H2O)]. In both structures the
stereochemistry on the secondary amide bond is trans.


At this stage of the investigation we must assume that the
remarkable differences in receptor affinity and tumour and
kidney uptake in animals as well as in patients is caused by the
differences in the complex geometry of the coordination
compound of the radiometal. This appears to be the case,
despite the fact that the chelate is coupled to the exocyclic d-
Phe and is remote from the four amino acids (Tyr, d-Trp, Lys,
Thr), which are responsible for the bioactivity and the binding
to the SRIF receptor. The more open and flexible structure of
the Ga complex may allow the octapeptide to adjust more
easily to the ideal conformation for receptor binding whereas
the coordinative use of the amide oxygen forces the chelate
closer to the peptide. This would introduce steric strain with a
probability of disturbing the proper spatial arrangement of
the key side chain groups. So far, we have not been able to
crystallise either of the two peptides. The improved kidney
clearance of Ga-DOTATOC is most likely caused by the free
carboxylate group, which is a known structural feature that
enables a rapid handling of carboxylic acid derivatives in the
kidney. Interestingly, the two radiometal-labelled peptides are
also handled differently by endopeptidases in patients.
Whereas 90Y-DOTATOC is excreted essentially unchanged
into the urine, 67Ga-DOTATOC is less stable in vivo: two
metabolites were found in the urine after only 4 ± 6 hours; the
main metabolite is 67Ga-DOTA-d-Phe along with very small
amounts of 67Ga-DOTA (data not shown).


Conclusions


A new monoreactive DOTA prochelator was synthesised
which is amenable to solid- and solution-phase peptide
synthesis. It allowed the synthesis of a DOTA-substituted
octapeptide, DOTA0-d-Phe1-Tyr3-octreotide (DOTATOC),
which can be complexed with different radiometals (67Ga3�,
111In3�, 90Y3�). It has been used successfully in different fields
of nuclear oncology in several university hospitals in Europe.
A highly stable octacoordinated Y-DOTA-d-Phe-amide unit
provided the first example of the use of the powerful b-
emitter, 90Y, coupled to a bioactive peptide, in the internal
radiotherapy of some forms of cancer. In contrast, the same
peptide, labelled with the g-emitter 67Ga, showed improved
biodistribution in tumour-bearing animals and humans with
regard to tumour uptake and kidney clearance. This behav-
iour is most likely the result of the hexacoordination of the
GaIII complex with a pendant, ionised, acetic acid group.


Experimental Section


Spectroscopy, mass spectrometry, and analyses : All chemicals were
obtained from commercial sources and used without further purification.
Octreotide and Tyr3-Lys5(BOC)-octreotide were commercially available,
DTPA-octreotide was synthesised as described in the literature.[26] 111In-
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DTPA-octreotide, 111InCl3 and 67GaCl3 were purchased from Mallinckrodt
Med. and 90YCl3 from Batelle (Pacific North West Lab). Reactions were
carried out at ambient temperature, unless otherwise noted, and were
monitored by thin-layer chromatography (TLC) on Merck plates precoated
with silica gel 60 F-254 (0.25 mm). Spots were visualised either by UV light,
I2 or ninhydrin. Flash column chromatography was performed on silica
gel 60 (Fluka); Sephadex G-50 (Pharmacia) was used for gel chromatog-
raphy, Dowex 1x8 (Fluka) anion exchange resin was used for ion exchange
chromatography. Electrospray ionisation (ESI) was carried out with a
Finnigan SSQ 7000 spectrometer, fast atom bombardment (FAB) with a
VG70 SE spectrometer. Analytical and semipreparative HPLC was
performed on a Hewlett Packard1050 HPLC system with a multiwave-
length detector and a flow-through Berthold LB 506 C1 g-detector.
Quantitative g-counting was performed on a COBRA 5003 g-system well
counter from Packard Instrument Company. 1H and 13C NMR was
performed with either a Bruker spectrometer at 360/99 MHz or a Varian
VXR 400 at 400/101 MHz. Chemical shifts reported are relative to TMS.


1,4,7,10-Tetraazacyclododecane-1-carboxymethyl-benzylester (2): To a stir-
red solution of 1,4,7,10-tetraazacyclododecane (cyclen 1) (2.9 g, 16.8 mmol)
in CHCl3 (20 mL) was added benzyl bromoacetate (1340 mL, 8.4 mmol) in
CHCl3 (4 mL) within 1 h. Stirring was continued for an additional hour.
The solution became cloudy (cyclen ´ HBr). TLC control showed complete
disappearance of the benzyl ester. The precipitate was filtered and the
filtrate concentrated in vacuo. The resulting oil was purified by column
chromatography (30� 2 cm, SiO2 (35 g), CHCl3/EtOH/NH3 8:9:4 v/v).
Evaporation afforded 2 as an oil (2.3 g, 7.2 mmol) in 85 % yield. MS-ESI:
m/z (%): 321.0 [M�H]� (86), 244.9 [M�HÿPhe]� (100), 213.9 [M�Hÿ
OCH2Phe]� (72); 1H NMR (360 MHz, 27 8C, [D6]DMSO): d� 2.4 ± 2.7 (m,
18H, CH2N), 5.2 (s, 2 H, CH2Phe), 7.3 ± 7.4 (m, 5 H, Phe); 13C NMR
(90.56 MHz, 25 8C, [D6]DMSO): d� 44.9, 45.8, 46.8, 51.1 (CH2N), 55.3
(NCH2C(O)), 65.3 (CH2Phe), 127.8, 128.3 (CH, Phe), 136.0 (aromatic
quaternary), 170.9 (C(O)OCH2Phe).


1,4,7,10-Tetraazacyclododecane-4,7,10-tricarboxymethyl-tert-butylester-1-
carboxymethyl-benzylester (3): To a stirred solution of 2 (1.41 g, 4.4 mmol)
in acetonitrile (25 mL) was added K2CO3 (2.5 g, 18.1 mmol) followed by
the dropwise addition of tert-butyl bromoacetate (2.65 mL, 18 mmol) in
acetonitrile (5 mL) within 30 min. Stirring was continued for 2 h to
complete the reaction. K2CO3 was filtered off and the solvent removed
on a rotary evaporator. The resulting yellowish oil was immediately
purified by column chromatography (30� 3.5 cm; SiO2 (35 g), cooling 8 ±
10 8C; gradient of CHCl3 to CHCl3/EtOH, 9:1, v/v). Evaporation of the
solvent afforded an oil (2.9 g, 4.4 mmol) in 100 % yield. MS-ESI: m/z (%):
685.3 [M�Na]� (100), 663.4 [M�H]� (45); 1H NMR (360 MHz, 27 8C,
[D6]DMSO): d� 1.42 (s, 27 H, tBu), 1.95 ± 3.90 (m, 24H, CH2N), 5.10 (s, 2H,
CH2Phe), 7.33 ± 7.40 (m, 5H, Phe); 13C NMR (90.56 MHz, 25 8C,
[D6]DMSO): d� 27.47, 27.65 (tBu), 55.8 ± 60.8 (CH2N), 65,8 (CH2Phe),
79.05, 81,2 (tBu), 127.7 ± 134.05 (CH, Phe), 172.05, 173.0 (C�O).


4,7,10-Tricarboxymethyl-tert-butyl ester 1,4,7,10-tetraazacyclododecane-1-
acetate (DOTA(tBu)3, 4): Pd/C (10 % Pd, 400 mg) was added to a solution
of 3 (2.92 g, 4.4 mmol) in THF/MeOH (1:1, v/v, 500 mL), and H2 was
bubbled through the solution at normal pressure. Hydrogenation was
conducted for 5 ± 12 h at normal pressure. The catalyst was removed by
filtration through Celite. The solvent was evaporated to afford a pale
yellow oil (2.5 g, 4.3 mmol) which was crystallised from acetone/diisopropyl
ether by adding small amounts of HBr to afford the product (2.9 g,
3.3 mmol) in 74% yield. MS(70 eV, FAB): m/z (%): 595 [M�Na]� (18), 573
[M�H]� (100); 1H NMR (360 MHz, 27 8C, [D6]DMSO): d� 1.4 (s, 18H,
tBu), 1.5 (s, 9 H tBu), 2.6 ± 3.45 (m, 16H, CH2N), 3.5 ± 4.2 (m, 8H,
CH2NC(O)); 13C NMR (90.56 MHz, 25 8C, [D6]DMSO): d� 27.7 (tBu),
48.9, 50.1, 50.7, 50.8, 53.8, 54.2, 54.4 (CH2N), 81.3 (tBu), 169.50 (C�O);
C28H51N4O8K ´ 2.8 HBr ´ 2.36 H2O (879.9): calcd C 38.22; H 6.70; N 6.37; Br
25.82; found C 38.40; H 6.78; N 6.49; Br 25.82.


1,4,7,10-Tetraazacyclododecane-4,7,10-tricarboxymethyl-tert-butylester-1-
yl-acetyl-dd-Phe-Cys-Tyr-dd-Trp-Lys(BOC)-Thr-Cys-ll-threoninol (disulfide
bond) (DOTA0(tBu)3-Phe1-Tyr3-Lys5(BOC)-octreotide, 5): Compound 4
(63.0 mg, 90 mmol), HATU (O-(7-azabenzotriazole-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate) (34.2 mL, 90 mmol), and DIPEA ((N,N'-
diisopropylethylamine) (15.3 mL, 90 mmol) were preincubated in DMF
(1.5 mL). After 10 min, Tyr3-Lys5(BOC)-octreotide (87.9 mg, 75 mmol) and
DIPEA (15.1 mL, 90 mmol) dissolved in DMF (1 mL) were added. Stirring
was continued for 4 h to complete the reaction, then EtOAc (5 mL) and an


aqueous solution of NaHCO3 (5 %, 2 mL) were added. The organic layer
was washed with NaHCO3 solution (5%, 3� 2 mL) and the water layer
with EtOAc (4� 2 mL). The combined organic layers were washed with
H2O (4� 2 mL). Evaporation afforded a crude product (151.8 mg) as a
white solid which was not purified further.


1,4,7,10-Tetraazacyclododecane-4,7,10-tricarboxymethyl-1-yl-acetyl-dd-Phe-
Cys-Tyr-dd-Trp-Lys-Thr-Cys-ll-threoninol (disulfide bond) (DOTA0-Phe1-
Tyr3-octreotide, 6): Compound 5 (151.8 mg raw product) was dissolved in a
deprotection mixture (TFA/thioanisole/H2O, 92:6:2, v/v, 2 mL). After
stirring for 4 h the solvent was removed by evaporation and the residue
redissolved in H2O (2 mL) and EtOAc (1 mL). The organic layer was
washed with H2O (3� 0.5 mL) and the water layer with EtOAc (3�
0.5 mL). The combined water layers were purified by RP-HPLC (Vy-
dac 218TP510, 5 mm, C18, 1� 25 cm, eluent: A: NH4OAc (20 mm, pH 5); B:
AcCN; gradient: from 0 ± 50% in 30 min at 1 mL minÿ1). Lyophilisation
afforded the pure compound (83.1 mg, 58.5 mmol) in 65 % yield. MS-ESI:
m/z (%): 1421.7 [M�H]� (16), 711.7 [M�2H]2� (97), 474.7 [M�3H]3�


(100); C65H92N14O18S2 ´ 7H2O ´ 0.4AcOH ´ 0.05 TFA (1577.37): calcd C
50.18; H 6.81; N 12.43; found C 50.38; H 6.74; N 12.40; amino acid
analysis: Thr 0.86 (1), Cys 1.20 (2), Tyr 1.00 (1), Phe 0.99 (1), Lys 1.07 (1),
Trp det. (1); purity (HPLC): >97%.


1,4,7,10-Tetraazacyclododecane-4,7,10-tricarboxymethyl-tert-butylester-1-
yl-acetyl-dd-PheNH2 (DOTA(tBu)3-dd-PheNH2, 7): Compound 4 (350.0 mg,
500 mmol), HOBT (1-hydroxy-benzotriazol) (80.0 mg, 500 mmol) and H-d-
PheNH2 (82.0 mg, 500 mmol) were preincubated in DMF (7 mL). After
10 min, DIPEA (85.6 mL, 500 mmol) was added and the mixture cooled to
4 8C. DCC (N,N'-dicyclohexyl-carbodiimide) (270.0 mg, 1.310 mmol) in
DMF (1 mL) was added and the pH adjusted to 7 ± 8. Stirring was
continued for 20 h to complete the reaction. The reaction mixture was
filtered and EtOAc (25 mL) and H2O (5 mL) were added to the filtrate.
The organic layer was washed with a NaHCO3 solution (5%, 3� 3 mL) and
the water layer with EtOAc (4� 3 mL). The combined organic layers were
washed with a saturated NaCl solution (4� 2 mL), dried over Na2SO4,
filtered and evaporated to dryness to afford the product (217 mg, 302 mmol)
in 60 % yield.


1,4,7,10-Tetraazacyclododecane-4,7,10-tricarboxymethyl-1-yl-acetyl-dd-Phe-
NH2 (DOTA-dd-PheNH2, 8): Compound 7 (217.0 mg, 302 mmol) was
dissolved in a deprotection mixture (TFA/H2O, 95:5, 3 mL), the mixture
was stirred for 5 h and then isopropyl ether/petrol ether (1:1, 15 mL) was
added. The oily product was decanted from the solvent and washed with
isopropyl ether/petrol ether (1:1, v/v, 3� 4 mL) and evaporated to dryness.
The crude product was dissolved in water (2 mL) and purified by ion
exchange chromatography (DOWEX 1x8, Clÿ, 50 ± 100 mesh,
1.33 meq mLÿ1). Lyophilisation afforded the compound (152.8 mg,
278 mmol) in 92 % yield. MS-ESI: m/z (%): 573.3 [M�Na]� (4), 551.3
[M�H]� (37), 276.3 [M�2 H]2� (100); purity (HPLC): >99 %; 1H NMR
(400 MHz, 27 8C, D2O): d� 2.45 ± 4.10 (m, 26H, CH2N, CH2Phe), 4.64 (br s,
1H, CH), 7.22 ± 7.40 (m, 5 H Phe); IR (KBr): nÄ � 3410, 3084, 1733, 1675,
1555, 1490, 1456, 1389, 1353, 1218, 1163, 1087, 1022, 992, 764, 705 cmÿ1.


Ga-DOTA-dd-PheNH2 (9): The Ga complex was obtained from the reaction
of 8 (10 mg, 18.1 mmol) with Ga(NO3)3 ´ 9H2O (9.1 mg, 21.7 mmol) in an
aqueous solution (1 mL, pH 4, 80 8C, 30 min). After cooling to room
temperature, the reaction mixture was adjusted to pH 8 by the addition of
NaOH in order to remove the excess uncomplexed gallium by precipitation
of Ga(OH)3, which was then removed by filtration. The pH of the filtrate
was adjusted to pH 7 by the addition of HCl. Slow evaporation from
DMSO/H2O afforded colourless single crystals which were suitable for
X-ray analysis. MS-ESI: m/z (%): 617.2 [M�H]� (100), 639.1 [M�Na]�


(70); 1H NMR (400 MHz, 27 8C, D2O): d� 2.2 ± 3.95 (m, 26H, CH2N,
CH2Phe), 4.64 (br s, 1 H, CH), 7.22 ± 7.35 (m, 5 H Phe); IR (KBr): nÄ � 3417,
3263, 1705, 1667, 1610, 1560, 1495, 1446, 1385, 1361, 1308, 1081, 921, 985,
771, 745, 705 cmÿ1.


Y-DOTA-dd-PheNH2 (10): The Y complex was obtained from the reaction
of 8 (9.7 mg, 16.9 mmol) with Y(NO3)3 ´ 5 H2O (7.4 mg, 20.3 mmol) in an
aqueous solution (1 mL, pH 4, 80 8C, 30 min). After cooling to room
temperature, the reaction mixture was adjusted to pH 9 by the addition of
NaOH in order to remove the excess uncomplexed yttrium by precipitation
of Y(OH)3, which was then removed by filtration. The pH of the filtrate
was adjusted to pH 7 with HCl. Slow evaporation from DMSO/H2O
afforded colourless single crystals which were suitable for X-ray analysis.
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MS-ESI: m/z (%): 637.3 [M�H]� (100), 323.2 [M�H�Li]2� (88); 1H NMR
(400 MHz, 27 8C, D2O): d� 2.6 ± 3.75 (m, 26 H, CH2N, CH2Phe), 4.75 (br s,
1H, CH), 7.25 ± 7.40 (m, 5 H Phe); IR (KBr): nÄ � 3417, 3263, 1688, 1626,
1590, 1495, 1455, 1398, 1328, 1280, 1246, 1085, 1015, 973, 930, 833, 795, 764,
725, 705 cmÿ1.


X-ray diffraction studies of 9 and 10 : All measurements were performed on
a Nicolet P3 diffractometer with graphite-monochromated MoKa radiation.
The crystallographic data are summarised in Table 1 and the average bond
lengths, angles and planes are given in Table 2. The structures were solved
with Patterson methods, expanded by Fourier techniques and refined
against F 2 by full-matrix least-squares methods with the ShelX 93 crystallo-
graphic software package.[27]


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-101 668
(gallium complex) and CCDC-101 669 (yttrium complex). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).


Radiotracers : 111In-, 67Ga- and 90Y-DOTATOC were prepared as follows:
DOTATOC (8 mg, 5.1 nmol) and gentisic acid (7 mg, 45 mmol) were
dissolved in sodium acetate buffer (190 mL, 0.4m, pH 4.8 ± 5.5); after the
addition of 111InCl3, 67GaCl3 or 90YCl3 (6 mCi), the solution was heated at
95 8C for 25 min to afford the very pure radioligands with specific activities
>40 GBq mmolÿ1. Iodination of Tyr3-octreotide was performed by the
reported chloramine T method.[28] In all cases, a quality control was
performed with HPLC (column: Machery Nagel, Nucleosil 120-C18;
eluents: A� 0.1% TFA in H2O and B�AcCN: gradient: 0 ± 5 min,
100 % A; 25 min, 75 % A; 30 ± 35 min, 100 % A).


In vitro studies of the serum stability : Measurements of the rate of
exchange of the radiometal from 111In-, 67Ga- or 90Y-labelled DOTATOC to
serum proteins was performed with a reported procedure:[29] in brief,
radiolabelled DOTATOC was mixed with human blood serum (5 mCi per
3 mL serum) and the exchange kinetics measured at 37 8C (CO2/air,
5:95%), by taking aliquots of the serum solution at various time intervals.
Subsequently, a gel-filtration (SepahadexG-50, column 20� 0.5 cm, eluent:
0.01m PBS buffer, pH 7.4, flowrate: 0.5 mL minÿ1) was performed with the
lower molecular fractions (intact DOTA conjugate) which elute between
10 and 25 min, whereas serum proteins eluted between 5 and 9 min. The
percentage of radiometal scavenged by the serum proteins was than
calculated from the ratio of the radioactivity measured in the respective
fractions.


In vitro studies of receptor binding : Studies of the SRIF-receptor binding
were performed in a rat brain cortex membrane assay, as described in the
literature:[30] briefly, cerebral cortex from male Sprague Dawley rats was
dissected and homogenised in HEPES buffer (10 mm, pH 7.6), centrifuged
and washed several times with the same buffer. For the binding assay, the
membranes were diluted to 50 mg protein/assay tube in HEPES buffer
containing MgCl2 (10 mm) and Bacitracin (14 mm). Binding assays consisted
of radioligand (70 mL), buffer (1% bovine serum albumin in 10 mm HEPES
buffer, pH 7.6, 30 mL) or increasing concentrations of the SRIF analogues
and membrane suspension (200 mL). The tubes were incubated for 30 min
at room temperature with �20000±70 000 cpm (6Ð40 fmol) of radio-
labelled peptide per tube (300 mL). Incubation was stopped by rapid
filtration through Whatmen GF/C glass-fibre filters and subsequent
washing with TRIS (10 mm)/NaCl (150 mm) buffer (pH 7.5, 4 8C, 3�
2 mL). All experiments were carried out in triplicate. Binding data were
best-fitted according to a one-site receptor model. The dissociation
constants (K) were calculated by Scatchard analysis.


Biodistribution studies : Nude mice: IFFA-CREDO (France) bearing the
AR4-2J tumour (rat pancreatic tumour, size: 0.05 ± 0.1 g), implanted
subcutaneously, (5 mio cells), received the radioligand (5 mCi) in NaCl
buffer (pH 7.5, 0.1% bovine serum albumine, 200 mL) intravenously in the
lateral tail vein. The animals were sacrificed at various time intervals by
cervical dislocation, organs of interest and blood were collected and the
radioactivity in these samples measured by use of a g-detector. For the
determination of non-specific binding, cold octreotide (50 mg) was injected
intravenously in the lateral tail vein together with the radiopeptide. Urine
samples were analysed for possible metabolites by HPLC. All animal
experiments were performed in compliance with the Swiss regulations for
animal treatment (Bundesamt für Veterinärwesen, approval no. 798).
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Table 1. Crystallographic data for the compounds 9 and 10.


9 10


chem. formula C25H35GaN6O8 ´ 3 H2O C25H35N6O8Y´ 9H2O
fw 664.30 764.50
cryst. size [mm] 0.4� 0.4� 0.2 0.4� 0.2� 0.2
space group P212121 P31


cryst. syst. orthorhombic trigonal
a [�] 9.563(19) 11.958(17)
b [�] 13.616(3) 11.958(17)
c [�] 21.878(4) 20.238(4)
V [�3] 2848.7(10) 2506.2(7)
Z 4 3
1calcd [gcmÿ3] 1.549 1.520
T [K] 293(2) 183(2)
m [mmÿ1] 1.037 1.825
l(MoKa) [�] 0.71073 0.71073
2qmax [8] 52 56
measured refl. 3329 9435
unique refl. 3301 6797
obs. refl. , I> 2q(I) 2632 6330
no. of parameters 389 445
restraints 0 4
R(Fo)[a] 0.0505 0.0698
Rw(Fo)[b] 0.1133 0.1764
(D/1)max [e �ÿ3] 0.659 1.637
(D/1)min [e�ÿ3] ÿ 0.531 ÿ 0.525
goodness of fit 1.030 1.046


[a] R�SjjFoj ÿ jFcjj/SjFoj (obsd. reflections). [b] Rw� [Sw(jFoj ÿ jFcj)2/
SjFoj2]1/2 (all reflections).


Table 2. Selected average bond lengths [�], angles [8] and planes [8] for
the compounds 9 and 10.[a]


9 10


CN 6 8
ring config. 2424 3333
MÿN [�] eq 2.128(7) 2.418(35)


ax 2.154(9)
N-M-N [8] eq 156.3(2) 73.5(6)


ax 105.6(2)
O-M-O [8] eq 86.2(2) 73.25(10)
MÿO [�] eq 1.918(5) 2.274(30)
DN [�] 1.289
DO [�] 1.221
DN2O2 [�] 0.043
RN [�] 0.025
RO [�] 0.025
RN2O2 [�] 0.028
PNÿPO [8] 0.36


[a] CN is the coordination number of the metal; DN, DO, DN2O2 are metal-
to-plane distances; RN, RO, RN2O2 are the deviations of the defining atoms
from the different planes (PN, PO, PN2O2); PNÿPO is the angle between the
planes.
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Synthesis, Structural Characterization and Mesogenic Behavior of
Copper(i) n-Alkylthiolates


Pablo Espinet,* M. Carmen Lequerica, and JoseÂ M. Martín-Alvarez[a]


Abstract: Copper(i) thiolates [CuSCnH2n�1] (n� 4, 6, 8, 10, 12, 16, 18) have been
prepared, and their liquid crystal behavior has been studied. Contrary to previous
reports the compounds possess a lamellar structure in the solid state, which has been
characterized by X-ray diffraction analysis of polycrystalline samples. Melting leads
to a columnar mesophase which is stable within a range of 50 ± 60 8C for most of the
derivatives, and has been characterized for [CuSC10H21]: the X-ray diffraction pattern
is consistent with a hexagonal columnar mesophase (a� 2.15 nm) composed of
[Cu4(m2-SC10H21)4] aggregates, and suggests that additional S ´´´ Cu interactions
between the disklike tetramers induce a fairly ordered intracolumnar arrangement
of these aggregates.


Keywords: copper ´ liquid crystals ´
metallomesogens ´ S ligands ´
thiolates


Introduction


Metal thiolates in general, and copper(i) thiolates (CuSR)n in
particular, are of fundamental interest.[1] Copper arenethio-
lates have recently found application in organic synthesis.[2]


They offer a great diversity of structures.[3] They are also
important in connection with the active sites in metallopro-
teins, such as the blue copper proteins, which involve Cu ± S
binding.[4] Moreover, copper thiolate complexes can some-
times behave as semiconductors,[5] and can be used as
precursors for the synthesis of solid-state chalcogenide
materials through thermolysis.[6]


Copper thiolates CuSR are still incompletely characterized
structurally, largely due to their insolubility and poor crystal
habit, which are presumed to be the result of polymeric
structures.[1] One approach to the problem has been to
increase the steric bulk of the substituent R, which leads to
soluble complexes but is also a major factor in determining
the structure of the complex.[7] In some cases it has been
shown that the steric pressure between large substituents R
can be alleviated by simple structural modifications involving
a change in metal coordination from trigonal-planar towards
digonal.[8]


This behavior in the solid state is somewhat analogous to
that observed for silver alkylthiolates when they are heated
and melted. We reported previously that, when the steric
pressure of the substituents R increases as a consequence of
the appearance of gauche conformations upon melting, the
silver thiolates change from their bilayer m3-bridged structure
in the solid state or in the lamellar mesophase to a cyclic m2-
bridged structure in the columnar mesophase.[9]


In recent years metallomesogens (metal-containing com-
pounds displaying liquid crystalline behavior) have under-
gone systematic research and development.[10] Copper(ii)
complexes are paramagnetic and have been studied exten-
sively. The most commonly reported copper(ii) mesogens are
complexes with b-diketonate ligands, with carboxylate li-
gands, or with Schiff-base imines.[11] As far as we know, there
is only one very recent report on copper(i) mesogens,[12]


although examples of mesogens with other d10 complexes
are known: silver(i) with stilbazoles,[13] alkylamines,[14] and
thiolates;[9] gold(i) with isonitriles;[15] zinc(ii) and cadmium(ii)
with porphyrins;[16] zinc(ii) with dithiobenzoates;[17] cadmiu-
m(ii) with alkanoates;[18] and mercury(ii) with aryls.[19]


Preliminary tests on long-chain copper(i) n-alkylthiolates
showed that they had layered structures in the solid state, and
melted to give mesophases. We therefore undertook the
systematic study presented here.


Results and Discussion


Several methods of preparing copper(i) thiolates have been
reviewed recently.[3] A fairly general method is the deproto-
nation of thiols in the presence of a suitable copper source
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Departamento de Química InorgaÂnica, Facultad de Ciencias
Universidad de Valladolid, E-47005 Valladolid (Spain)
Fax: (�34) 983423013
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Supporting Information for this contribution is available on the WWW
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The file contains microanalytical data, details of the powder diffraction
technique, and peaks found in the X-ray diffraction experiments on
polycrystalline samples.
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(either CuI or CuII) and a base. We have synthesized the
copper(i) thiolates reported in this work starting from Cu2O
without any base (method A), or from CuCl with triethyl-
amine as a base (method B). The second procedure is faster
and does not require reflux. However, although all the
copper(i) thiolates, whether prepared from copper(i) chloride
or from copper(i) oxide, gave satisfactory C, H analyses and
powder diffraction patterns, after two months of storage (in
air, but shielded from light) only the samples prepared from
copper(i) oxide again gave satisfactory elemental analyses,
remained white, and exactly reproduced the powder diffrac-
tion patterns. Those prepared from CuCl had become sticky,
had developed colors ranging from greenish to black, and
gave elemental analyses low in C. This suggested partial
oxidation of the copper and eventual formation of CuO, which
could be confirmed by comparison of the powder diffracto-
grams of these samples with that of the original CuO. The
difference in stability towards oxidation of the samples
obtained by different preparative methods must correspond
to small structural differences or catalytic impurities which
could not be detected by the characterization methods used.
Therefore, we recommend the preparative method A, starting
from Cu2O. The studies reported in this paper were made on
compounds prepared by this method.


Dance et al., when studying the layered structure of silver
thiolates, did not observe a layer-type diffraction pattern for
any CuSR compound,[20] but our X-ray diffraction analysis of
polycrystalline samples of the copper(i) thiolates prepared as
described in the Experimental Section revealed very clearly a
layered structure in the solid state, similar to that found for
silver thiolates. In view of the remarkable influence of the
conditions of synthesis on the properties of these polymeric
thiolates (as discussed above for CuI and for AgI in our
previous paper),[9, 21] we assume that the samples used by
Dance et al. were prepared by a different synthetic procedure
(not reported in ref. [20]) and were either structurally differ-
ent, or partially decomposed.


A representative example of the X-ray diffraction patterns
of our polycrystalline samples of copper(i) thiolates is shown
in Figure 1. All the compounds produce a series of intense


Figure 1. Diffraction pattern of polycrystalline [CuSC10H21].


reflections, which are successive orders of diffraction from a
layer structure, and can be indexed as (0 k0) reflections with
k� 7. For each compound, there is excellent agreement
between the interlayer spacing measured from the diffraction


patterns and that calculated with molecular models assuming
a bilayer structure analogous to that of the silver thiolates.
The latter consists of a central slab of Ag and S atoms
disposed in a quasi-hexagonal network with each silver
tricoordinated by three thiolates and each thiolate m3-bridging
three silver atoms.[20] The chains of the thiolates are distrib-
uted randomly on both sides of this slab, roughly perpendic-
ular to it. Observed interlayer spacings, and those calculated
assuming this structure, are collected in Table 1.


Since the solid-state structures of copper(i) and silver
thiolates seem very alike, a similar mesogenic behavior could
be expected for both types of compound. Nevertheless, we
have found some differences. For n� 4 ± 10, melting of the
AgSCnH2n�1 compounds leads initially in each case to a
metastable lamellar (or SA) mesophase; above this SA phase
an isotropic phase is formed, and further heating gives rise to a
columnar mesophase. For n� 12, melting of the AgSCnH2n�1


compounds produces the columnar mesophase in each case;
presumably the other phases could be formed as transient
intermediates, but they have not been detected. In the copper
thiolates melting leads directly to the columnar mesophase for
every chain length and no intermediate phases were observed.
With short aliphatic chains (4� n� 10) the mesophase
observed has a texture with large extinction domains (pseu-
do-isotropic), and baÃtonnets on cooling from the isotropic
liquid (Figure 2). With longer chains (n� 12) a typical fan-
shaped focal-conic texture is observed (Figure 3). Both
textures are very similar to those found for silver thiolates
in their columnar mesophase.


Figure 2. Texture of the columnar phase of [CuSC8H17], on cooling from
the isotropic liquid to 150 8C.


Table 1. Observed and calculated layer thickness for [CuSCnH2n�1].


n Tobs
[a] [�] Tcalcd


[a] [�]


4 15.92 15.91
6 20.72 20.89
8 25.74 25.86


10 30.19 30.83
12 36.05 35.81
16 46.04 45.76
18 49.99 50.73


[a] Tobs is the layer thickness measured by X-ray diffraction, and Tcalcd is the
calculated one assuming a fully extended conformation of the alkyl chains.
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Figure 3. Texture of the columnar phase of [CuSC18H37], on cooling from
the isotropic liquid to 145 8C.


Thermal parameters (Table 2) were determined by differ-
ential scanning calorimetry (DSC), and the thermal behavior
was compared with that of the corresponding AgSR com-
pounds (Figure 4). The melting points decrease with increas-
ing length of the alkyl chain to reach a roughly constant value
beyond n� 8. The clearing points are in the range 195 ± 210 8C


Figure 4. Comparison of the thermal properties of [AgSCnH2n�1] com-
pounds reported in ref. [11] and [CuSCnH2n�1] compounds. The left-hand
bar of each pair represents the behavior of the copper thiolates and the
right-hand bar those of the silver thiolates. C, crystalline; L, lamellar; Iso,
uncharacterized isotropic phase; Col, columnar.


for all the derivatives except that with n� 18, which undergoes
the transition to the isotropic liquid at approximately 150 8C.
Thus the range of mesogenic behavior is 50 ± 608C for com-
pounds with 6� n� 16, and somewhat smaller for the deriv-
atives with shorter or longer chains (10 ± 15 8C for n� 4, 18).


An X-ray analysis of the columnar mesophase of the
CuSC10H21 derivative was carried out at 170 8C and showed
four low-angle rings and two diffuse halos in the correspond-
ing diffraction pattern (Figure 5). The d spacing of the first


Figure 5. Diffraction pattern of [CuSC10H21] in the mesophase (at 170 8C).


four diffraction rings scales as 1:(1�3)1/2:1�2 :(1�7)1/2, which is
consistent with a hexagonal lattice (a� 2.15 nm). The first
broad halo (0.46 nm) is indicative of the melting of the chains,
and the outer diffuse halo reveals that the columns consist of
stacks of disks separated by 0.34 nm. From these data, the
composition of the disks can be calculated: they are formed by
cyclic [Cu4(m2-SC10H21)4] units (Figure 6). This result is not


Figure 6. Schematic representation of the structure of copper thiolates in
the solid and columnar phases. The tetranuclear aggregates can be
assimilated into disks 0.34 nm thick. One disk is viewed in the direction
of the columnar axis. For a more detailed description of the solid phase, see
ref. [20].


Table 2. Optical, thermal, and thermodynamic data for [CuSCnH2n�1].


n Transition[a] Temperature[b] [8C] DH[b] [KJ molÿ1]


4 C ± M 172.6 9.0
M ± I 188.5 0.6


6 C ± Col 148.0 19.4
Col ± I 210.8 3.3


8 C ± Col 136.4 25.6
Col ± I 192.7 3.2


10 C ± Col 140.8 29.2
Col ± I 203.7 2.7


12 C ± Col 143.5 36.8
Col ± I 205.6 2.8


16 C ± Col 143.2 42.7
Col ± I 194.8 1.9


18 C ± C' 56.1 10.0
C ± Col 140.6 42.0
Col ± I 151.5 0.9


[a] C, C': crystal; Col: columnar; I: isotropic liquid. [b] Data referred to
the second DSC cycle. Temperature data as peak onset.
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unexpected since tetrameric copper(i) thiolate aggregates are
common, not only with intramolecularly coordinating ligands
and auxiliary donor ligands,[22] but also without donor ligands
of any type.[23]


The presence of the outer diffuse halo is a consequence of a
roughly equal distance between disks along the column axis
and is observed in copper(i) thiolates but not in silver thiolates.
Moreover, in copper(i) thiolates the lamellar or isotropic
phases are destabilized compared with the columnar phase,
even for the derivative with the shortest aliphatic chain. These
observations can be explained by the similarity of the
structure of the copper(i) thiolate aggregates inside the
column to that found in [Cu8(SCMe2Et)4(S2CSCMe2Et)4].[8]


In our case the sulfur atoms of the [Cu4(m2-SC10H21)4] rings
would be bonded by their lone electron pairs to another Cu
atom of another [Cu4(m2-SC10H21)4] ring above or below the
one with which they are mainly involved. Thus, assuming that
the disks are stacked in an alternating fashion along
the column as reported for [AuX(CNR)] complexes,[15f] weak
S ´´ ´ Cu interactions could be established between the Cu
atoms of one tetranuclear aggregate and the S atoms of the
neighboring aggregates. Counting this additional interaction,
the sulfur atoms would be m3-bridging, connecting two Cu
atoms of the central ring between them and also one Cu atom
of the ring above or below; the Cu atoms would be
tricoordinated. The existence of these additional weak
interactions may account nicely for the increased stability of
the columnar phase in copper(i) thiolates and the ordered
intracolumnar character that this mesophase displays.


Conclusion


The preparative method severely influences the stability of
copper(i) n-alkylthiolates towards oxidation. Contrary to
previous reports, they possess a lamellar structure in the solid
state. Upon heating they melt to a columnar mesophase based
on the stacking of cyclic [Cu4(m2-SCnH2n+1)4] aggregates.


Experimental Section


All the thiols used were of commercial grade (Aldrich) and were not
purified further. Their catalogue purities were all greater than 97 % except
for HSC16H33 (92 %). No commercial source of HSC14H29 was found.
Combustion analyses were performed with a Perkin-Elmer 2400 micro-
analyzer. Microscopic studies were carried out in a Leitz microscope
equipped with a hot stage and polarizers, at a heating rate of approximately
10 Kminÿ1. For DSC a Perkin-Elmer DSC7 instrument was calibrated with
water and indium; the scanning rate was 10 K minÿ1, the samples were
sealed in aluminum capsules in air, and the holder atmosphere was dry
nitrogen.


X-ray diffraction experiments on the mesophase were performed with a
Guinier camera with CuKa radiation and a cylindrical film, diameter
114.6 nm. The samples were held in Lindemann glass tubes situated in the
gap of a magnet with a field strength of 0.3 ± 1.7 T. X-ray diffraction
experiments on polycrystalline samples were carried out on a Phil-
lips PW 1710 diffractometer fitted with a PW 1820 goniometer.


Representative synthetic procedures :


Method A : To a solution (or a suspension for n� 16, 18) of the
corresponding n-alkylthiol (2.8 mmol) in ethanol (15 mL) was added
Cu2O (0.7 mmol) under N2. The resulting suspension was refluxed until the


color changed from reddish to white. The resulting fine powder was
centrifuged, washed with ethanol (4� 10 mL; for n� 4 ± 12) or dichloro-
methane (4� 10 mL) (for n� 16, 18), and vacuum-dried. All CuSCnH2n�1


compounds were prepared according to this procedure, but with different
reflux times: 48 h for n� 4, 6; 96 h for n� 8; five days for n� 10; eight days
for n� 12; three weeks for n� 16; four weeks for n� 18. CuSC4H9: calcd. C
31.46, H 5.94; found C 31.62, H 6.05. CuSC6H13: calcd. C 39.87, H 7.25;
found C 39.74, H 7.18. CuSC8H17: calcd. C 46.01, H 8.21; found C 46.02, H
8.17. CuSC10H21: calcd. C 50.70, H 8.94; found C 50.46, H 8.96. CuSC12H25:
calcd. 54.40, H 9.51; found C 54.03, H 9.38. CuSC16H33: calcd. C 59.86, H
10.36; found C 59.98, H 10.26. CuSC18H37: calcd. C 61.93, H 10.68; found C
62.22, H 10.77.


Method B : To a solution (or a suspension for n� 16, 18) of the
corresponding n-alkylthiol (3.9 mmol) and triethylamine (3.5 mmol) in
ethanol (15 mL) was added copper(i) chloride (3.5 mmol) in small portions.
The reaction was complete, giving a very fine white precipitate, in 2 h for
n� 4, 6, 8; 6 h for n� 10, 12; 8 h for n� 16; 10 h for n� 18. The white solid
was centrifuged, washed with ethanol (4� 10 mL; for n� 4 ± 12) or
dichloromethane (4� 10 mL) (for n� 16, 18), and vacuum-dried.
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Synthesis and Full Characterisation of the First Discrete Binuclear Complex
Featuring a Two-Electron (s) m2-kC:kC Bridging Cyanide


Vito Lippolis,[a] Alexander J. Blake,[a] Paul A. Cooke,[a] Francesco Isaia,[b]


Wan-Sheung Li,[a] and Martin Schröder*[a]


Abstract: Small ring macrocycles incor-
porating nitrile-functionalised arms can
support binuclear AgI complexes bear-
ing bridging CNÿ ligands. The X-ray
crystal structure, IR and CP MAS
13C NMR spectra are reported for
[Ag2(L1)2(m-CN)][BF4] ´ MeCN (1), which
represents the first complex incorporat-
ing a discrete m2-kC:kC symmetrically


bridged two-electron-donating CNÿ li-
gand. The complexes [Ag2(L2)2(m-CN)]-
[BF4] (3), and [Ag2(L3)2(m-CN)][BF4]
(4), have also been synthesised, and


have been characterised both structur-
ally and spectroscopically. In contrast to
1, 3 and 4 feature linear bridging m2-
kC:kN, four-electron-donating CNÿ li-
gands. Therefore, the length of the
aliphatic chain in the functionalised
macrocycles plays a crucial role in
determining the observed co-ordination
mode of the bridging CNÿ ligand.


Keywords: cyanides ´ macrocycles
´ NMR spectroscopy ´ silver ´
structure elucidation


Introduction


Transition metal carbonyls[1] and cyanides[2a] are among the
best known classes of organometallic compounds and their
spectroscopic and structural characterisation has allowed a
deeper understanding of the nature of the chemical bond in
co-ordination compounds. Even though CO and CNÿ are
isoelectronic, they can show rather different bonding modes.
The most common co-ordination modes of CNÿ to transition
metal ions (M) are either terminal (MÿCN) or double-
bridging (m2-kC:kN) to give linear M-CN-M(M') links within
binuclear or multinuclear polymeric complexes.[2] Complexes
containing triply bridged CNÿ groups are rare and feature the
tridentate CNÿ ligand either C-bonded[3±6] or N-bonded[7, 8] to
two metal centres with the remaining N or C atom co-
ordinated to a third metal atom. In contrast to metal
carbonyls,[1] only a few compounds are known in which CNÿ


asymmetrically bridges or semibridges two metal centres to
give a m2-kC:h2-C,N co-ordination mode.[9±13] For example, in
[Cp2Mo2(CO)4(m-CN)][Et4N],[12] the CNÿ ion is seen as a four-


electron donor; two electrons are donated to one Mo centre in
a s fashion within a linear MoÿCN moiety, and two electrons
are donated from the CNÿ p system to give a h2-CN
interaction to the other Mo atom. Interestingly, co-ordination
modes such as m2-kC:kC and m3-kC:kC:kC, featuring a two-
electron s donation from the carbon atom to two or three
metal centres, are unknown for CNÿ but are rather common
for the isoelectronic carbonyl group, especially in polynuclear
clusters and in conjunction with metal ± metal bonds.[1, 14]


We have been studying the co-ordination chemistry of
pendant arm derivatives of the nine-membered ring crowns
1,4,7-triazacyclononane ([9]aneN3), 1-thia-4,7-diazacyclononane
([9]aneN2S) and 1,4-dithia-7-azacyclononane ([9]aneNS2)[15, 16]


with the aim of preparing transition metal complexes having
co-ordinatively unsaturated metal centres. Such complexes are
of particular interest since they can be used as building blocks
for the synthesis of multinuclear systems,[15, 16] or they can
potentially bind and activate small molecules at the free co-
ordination sites. We report herein the results of our inves-
tigation of the co-ordination chemistry of the ligands 4,7-bis(2-
cyanomethyl)-1-thia-4,7-diazacyclononane (L1), 4,7-bis(2-cya-
noethyl)-1-thia-4,7-diazacyclononane (L2) and 7-(2-cyanoeth-
yl)-7-aza-1,4-dithiacyclononane (L3) towards AgI in the pres-
ence of CNÿ ions (Scheme 1).


Results and Discussion


The reaction of L1 and AgBF4 (1:1 molar ratio) in MeCN
followed by the addition of 0.5 molar equivalents of
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Scheme 1. Ligands used in this study.


nBu4NCN in MeCN gives colourless columnar crystals
following partial removal of the solvent and diffusion of
Et2O vapour into the remaining solution. An X-ray crystal
structure determination shows the compound to be the
binuclear AgI complex [Ag2(L1)2(m-CN)][BF4] ´ MeCN (1),
which features a genuine and unprecedented m2-kC:kC
bridging CNÿ moiety between the two metal centres
[Ag(1)ÿC 2.153(8), Ag(2)ÿC 2.155(8), CÿN 1.076(11) �]
(Figure 1, Table 1). The C and N atoms of the CNÿ were


Figure 1. View of the [Ag2(L1)2CN]� cation in 1 with the numbering
scheme adopted. Hydrogen atoms are omitted for clarity.


distinguished clearly by refinement of an alternative model in
which these atoms are interchanged and by comparison with
the model adopted. The latter was clearly superior and there is
no evidence for disorder of the bridging CNÿ. Because of the
small bite angle imposed by the bridging CNÿ [Ag(1)-C-Ag(2)
79.5(3)o], the two metal centres are forced together at a


distance of 2.7557(10) �, indicative of a strong d10 ± d10


interaction,[17] with the CNÿ acting as an overall two-electron
donor. The [Ag2(m-CN)]� core is planar and each metal centre
is capped by a molecule of L1 whose S-donor lies approx-
imately trans to the CNÿ ligand [S(1)-Ag(1)-C 170.3(2),
S(1A)-Ag(2)-C 165.7(2)o] (Figure 1).


Curtis et al. have proposed a criterion for distinguishing
between two-electron (s) and four-electron (s�p) donor
behaviour of bridging carbonyl ligands.[18] In the two-electron
donation mode, the M-C-O angle q decreases monotonically
with decreasing asymmetric parameter a (a� d2ÿ d1/d1 where
d1 and d2 are the short and long MÿC distances respectively);
in contrast four-electron donation is characterised by essential
invariance of q with respect to a. Curtis et al. used this
approach to classify the donor behaviour of the bridging CNÿ


in [Cp2Mo2(CO)4(m-CN)][Et4N] as a semibridging four-elec-
tron interaction.[12] In the case of 1, the values for q [Ag(1)-C-
N] and a are 140.0(8)o and 0.001, respectively, and, according
to the published curves of q versus a,[18] these classify the CNÿ


in 1 as a pure two-electron m2-kC:kC bridging ligand
(Scheme 2). An overall three-centre two-electron description
can, therefore, be adopted for the chemical bonding in the
[Ag2(m-CN)]� core of 1.


Scheme 2. Possible binding modes of CNÿ to metal centres.


The IR spectrum of single crystals of 1 shows two bands at
2238 and 2098 cmÿ1, which can be assigned to the n(CN)
stretching vibration of the nitrile groups in L1 and the bridging
CNÿ unit, respectively. These assignments were confirmed by
13C-enrichment at CNÿ in 1 which leads to a shift of the peak
at 2098 cmÿ1 to 2053 cmÿ1, in excellent agreement with the
expected isotopic shift to lower energy of the n(CN) stretching
mode.


The CP MAS 13C NMR spectrum of 1 in the range d� 110 ±
140 shows two broad peaks at d� 117.70 and 119.16 and a
broad triplet at d� 128.02 (Figure 2a). The first two signals
can be attributed to the carbon atoms of the nitrile groups in
L1 and the MeCN molecule present in the crystal lattice of 1.
The broad triplet at d� 128.02 is assigned to the carbon atom
of the bridging m2-kC:kC CNÿ unit; the splitting pattern
results from the coupling to 107Ag and 109Ag nuclei of similar
gyromagnetic ratios (JAg,C� 121.4 Hz). CP MAS 13C NMR


Table 1. Selected bond lengths [�] and angles [8] for 1.


Ag(1)-C 2.153(8) Ag(2)ÿS(1A) 2.476(2)
Ag(2)ÿC 2.155(8) Ag(2)ÿN(4A) 2.546(6)
Ag(1)ÿS(1) 2.476(2) Ag(2)ÿN(7A) 2.575(6)
Ag(1)ÿN(4) 2.531(6) Ag(1)ÿAg(2) 2.7557(10)
Ag(1)ÿN(7) 2.525(6) CÿN 1.076(11)
Ag(1)-C-N 140.0(8) Ag(1)-C-Ag(2) 79.5(3)
Ag(2)-C-N 140.4(8) C-Ag(2)-Ag(1) 50.3(2)
C-Ag(1)-S(1) 170.3(2) C-Ag(2)-S(1A) 165.7(2)
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Figure 2. a) Solid-state CP MAS 13C NMR spectrum of 1 in the range d�
110 ± 140; b) solid-state CP MAS 13C NMR spectrum of a sample of 1 with
13C-enriched CNÿ.


spectroscopy of 1 13C-enriched at CNÿ confirms this assign-
ment, since the triplet at d� 128.02 is observed with increased
intensity (Figure 2 b). This represents one of the very few
cases reported in the literature in which a JAg,C coupling
constant has been observed by NMR spectroscopy either in
solution or in the solid state.[19]


Interestingly, the binuclear complex [Ag2(L1)2(m-CN)]-
[BF4] ´ MeNO2 (2) shows structural features very similar to
those of 1. Compound 2 has been unexpectedly obtained in
very low yields from the direct reaction of L1 with AgBF4 in
MeCN after removal of the solvent and crystallisation of the
residue from MeNO2/Et2O but without addition of external
CNÿ. The formation of free CNÿ in this reaction may be
tentatively attributed to in situ decomposition of MeCN or L1.


In order to study the influence of the pendant arms of the
macrocyclic ligand on the co-ordination mode of the CNÿ


group, we treated L2 and L3 with AgBF4 in the presence of
nBu4NCN under the same experimental conditions used for
the preparation of 1. Single-crystal X-ray structure determi-
nations confirm the products obtained to be the binuclear AgI


complexes [Ag2(L2)2(m-CN)][BF4] (3) and [Ag2(L3)2(m-CN)]-
[BF4] (4). Both 3 and 4 exhibit a CNÿ ligand bridging the two
metal centres in a linear m2-kC:kN manner (Figures 3 and 4,
Table 2); the C and N atoms of the CNÿ unit are fully


Figure 3. View of the [Ag2(L2)2CN]� cation in 3 with the numbering
scheme adopted. Only one component of the disordered bridging cyanide is
shown and hydrogen atoms are omitted for clarity.


Figure 4. View of the [Ag2(L3)2CN]� cation in 4 with the numbering
scheme adopted. The bridging cyanide and the macrocyclic ligand are both
affected by disorder, and only one component of each disorder model is
shown. H atoms are omitted for clarity. Symmetry operation i�ÿx� 2,
ÿy, ÿz� 1.


disordered between the two possible symmetrically bridging
orientations. The geometry around each AgI centre is a
distorted tetrahedron with three co-ordination sites occupied
by the donor atoms from the ring of the macrocycle and the
fourth position taken up by the CNÿ ligand. In 3 and 4 it
appears that the length of the nitrile functionalised pendant
arms is the main factor controlling the co-ordination behav-
iour of the four-electron donor CNÿ ligand.


The IR spectra of 3 and 4 each show two bands at 2246 and
2150 cmÿ1 for 3, and at 2248 and 2148 cmÿ1 for 4. The peaks at
lower frequencies, 2150cmÿ1 for 3, and 2148 cmÿ1 for 4, shift
to lower energy on 13CNÿ enrichment, to 2105cmÿ1 for 3, and
2103 cmÿ1 for 4, and are therefore assigned to n(CN)
stretching vibrations of the linear m2-kC:kN CNÿ moiety.
Linear M-CN-M complexes show n(CN) stretching vibrations
at higher energies compared to terminal co-ordinated CNÿ


when the two M centres are non-coupling,[2a, 20] as in the case
of 3 and 4. Likewise, the n(CN) stretching vibration for
terminally bound CNÿ complexes shifts to higher energy
compared to the free CNÿ (2080cmÿ1 in water[2a]) due to the
strong s donation of the weakly anti-bonding lone pair on
CNÿ to M. For 1, the n(CN) stretching vibration at 2098 cmÿ1


is shifted to lower energy (by ca. 50 cmÿ1) compared to 3 and
4, but to higher energy compared to free CNÿ, and is close to
the recorded value for monomeric AgCN (2094 cmÿ1).[21]


Table 2. Selected bond lengths [�] and angles [o] for 3 and 4.


3
Ag(1)ÿN 2.083(2) Ag(2)ÿS(1A) 2.506(6)
Ag(2)ÿC 2.083(2) Ag(2)ÿN(4A) 2.462(2)
Ag(1)ÿS(1) 2.481(6) Ag(2)ÿN(7A) 2.489(2)
Ag(1)ÿN(4) 2.474(2) CÿN 1.16(2)
Ag(1)ÿN(7) 2.522(2)
Ag(1)-N-C 177.5(2) Ag(2)-C-N 170.7(2)


4
Ag(1)ÿN 2.103(4) Ag(1)ÿN(7) 2.475(4)
Ag(1)ÿS(1) 2.5835(13) C(i)ÿN 1.129(8)
Ag(1)ÿS(4) 2.5586(14) Ag(1)-N-C(i) 177.4(5)


i�ÿx� 2, ÿy, ÿz� 1
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The CP MAS 13C NMR spectra of 3 and 4 13C-enriched at
CNÿ show very strong doublets at d� 152.22 and 152.47,
respectively, assigned to the m2-kC:kN CNÿ ligands, with JAg,C


coupling constants of 189.7 and 228.9 Hz, respectively. A
larger upfield shift of this resonances is observed in 1 (d�
128.02, JAg-C� 121.4 Hz) consistent with the C centre interact-
ing with two AgI nuclei. All the complexes 1, 3 and 4 show
upfield shifts for the C centre in the bridging m-CN moiety
with respect free CNÿ in solution (d� 166.2).[2a]


In conclusion, we have been able to synthesise the first
complex containing a discrete m2-kC:kC symmetrical bridging
CNÿ using nitrile-functionalised pendant-arm macrocycles as
supporting ligands. Studies are in progress to control the CNÿ


co-ordination mode and the polynuclearity of AgCN clusters
by tuning the pendant-arms on these and related macrocyclic
ligands.


Experimental Section


Melting points are uncorrected. The IR spectra as KBr disks were recorded
on a Perkin-Elmer 1600 series FT-IR spectrometer, whereas IR spectra on
single crystals were recorded on a Perkin-Elmer System 2000 FT-IR
spectrometer fitted with an i-Series FT-IR microscope. Microanalyses were
performed by the University of Nottingham, School of Chemistry Micro-
analytical service. NMR spectra (1H and 13C) were recorded on a Bruker
DPX300 instrument. FAB mass spectra were measured at the EPSRC
National Mass Spectrometry Service at Swansea (UK). CP MAS 13C NMR
spectra were recorded on a Varian Unity-400 spectrometer at 100.56 MHz;
the samples were packed in a 7 mm zirconium oxide rotor and spun at a
speed of 4 ± 7 KHz at the magic angle; the 13C chemical shifts were
calibrated indirectly through the adamantane peaks (d� 38.3, 29.2) relative
to SiMe4.


Ligand synthesis : L1, L2 and L3 were synthesised according to adapted
procedures reported in the literature.[22] Although L1 and L2 have been
already described,[22a, 23] there are no reports on their co-ordination
properties. L3 was prepared for the first time during this study and
characterisation data are given here. C9H16N2S2 (216.36): calcd C 50.0, H
7.45, N 12.95; found C 49.3, H 7.10, N 12.44; 1H NMR (300 MHz, CDCl3,
25 oC): d� 2.49 (t, 3J(H, H)� 6.68 Hz, 2 H, CH2CN), 2.75 ± 3.00 (m, 10H),
3.14 (s, 4H; SCH2CH2S); 13C NMR
(75.47 MHz, CDCl3, 25 oC): d� 16.51
(CH2CH2CN), 32.84, 34.86 (CH2SCH2),
52.98, 57.94 (NCCH2CH2NCH2CH2S)
119.8 (CN); IR (KBr pellet): nÄ � 2907s,
2816s, 2244m, 1461m, 1419m, 1358m,
1300m, 1111m, 1043w, 1014w, 950w,
912w, 830w, 731w, 670w cmÿ1; MS
(EI): m/z : 216 [M�].


Complex synthesis : In a typical prep-
aration a mixture of the macrocyclic
ligand (0.10 mmol) and AgBF4


(0.18 mmol) in MeCN (3 cm3) was
stirred in the dark at room temper-
ature for 30 minutes. A solution of
nBu4NCN (0.09 mmol) was added and
the resulting mixture stirred for a
further 30 minutes. After partial re-
moval of the solvent under reduced
pressure, crystals were formed upon
diffusion of Et2O vapour into the
remaining solution.


1: M.p. 178 oC (decomp); C23H35Ag2-
BF4N10S2 (818.28): calcd C 33.76, H
4.31, N 17.12; found C 32.55, H 4.05, N
17.57; MS (FAB, 3-NOBA matrix): m/
z : 690 [107Ag2(L1)2CN]� , 664


[107Ag2(L1)2]� ; IR (single crystal): nÄ � 2990m, 2959m, 2940m, 2840m,
2238m, 2098m, 1484w, 1456s, 1423s, 1379w, 1333s, 1305m, 1275m, 1251w,
1128m, 1051s, 991s, 978s, 953m, 932w, 916w, 879m cmÿ1. The IR spectrum
(single crystal) recorded on a sample of the complex 13C-enriched at CNÿ


shows a band at 2053 cmÿ1; replacing that at 2098 cmÿ1.


3 : M.p. 158 ± 160 oC (decomp); C25H40Ag2BF4N9S2 (833.33): calcd C 36.03,
H 4.84, N 15.13; found C 35.55, H 4.41, N 14.76; MS (FAB, 3-NOBA
matrix): m/z : 747 [107Ag2(L2)2CN]� , 494 [107Ag2L2CN]� ; IR (single crystal):
nÄ � 2978m, 2931m, 2852m, 2246m, 2150m, 1470m, 1417m, 1367m, 1303m,
1220w, 1101s, 1052s, 922s, 953m, 885w cmÿ1. The IR spectrum (single
crystal) recorded on a sample of the complex 13C-enriched at CNÿ shows a
band at 2105 cmÿ1; replacing that at 2150 cmÿ1.


4 : M.p. 200 ± 202 oC (decomp), C19H32Ag2BF4N5S4 (761.29): calcd C 29.98, H
4.24, N 9.20; found C 29.15, H 3.95, N 8.78; MS (FAB, 3-NOBA matrix): m/
z : 323 [107AgL3]� ; IR (single crystal): nÄ � 2991m, 2941m, 2859m, 2248s,
2148s, 1463m, 1449m, 1412s, 1406m, 1377s, 1370s, 1350m, 1304m, 1257m,
1125s, 1081s, 959m, 941w, 902w, 808w cmÿ1. The IR spectrum (single crystal)
recorded on a sample of the complex 13C-enriched at CNÿ shows a band at
2103 cmÿ1; replacing that at 2148 cmÿ1.


Samples of 1, 3 and 4 13C-enriched at CNÿ were synthesised by using 50%
13C-enriched nBu4NCN. This was prepared by extracting a solution of
K13CN and nBu4NCN in a 1:1 molar ratio (3.84 mmol) in water with CH2Cl2


followed by removal of the organic solvent. The 13C-enrichment was
checked by 13C NMR spectroscopy.


Synthesis of 2 : A mixture of L1 (20 mg, 0.089 mmol) and AgBF4 (34.65 mg,
0.178 mmol) in MeCN (4 mL) was stirred in the dark at room temperature
for 4 h. The solvent was removed under reduced pressure; the residue was
taken up in MeNO2 and filtered. A few colourless block crystals were
grown by diffusion of Et2O vapour into the MeNO2 solution. M.p. 182 ±
186 oC (decomp); C22H35Ag2BF4N10O2S2 (838.27): calcd C 31.52, H 4.21, N
16.71; found C 30.95, H 3.85, N 16.34; MS (FAB, 3-NOBA matrix): m/z : 690
[107Ag2(L1)2CN]� ; IR (KBr disc): nÄ � 2900w, 2846m, 2248m, 2119w, 1159w,
1483m, 1456m, 1424m, 1322m, 1074s, 986s, 949m, 873s, 729m cmÿ1.


Crystallography : A summary of the crystal data for 1, 3 and 4 is given in
Table 3. Only special features of the analyses are noted here. For 2, all the
crystallographic data have been deposited as supplementary material. Data
were collected on a StoeÈ Stadi-4 four-circle diffractometer using graphite-
monochromated MoKa radiation (l� 0.71073 �) and w/q scans to 2qmax�
50o (for 1, and 4) and to 2qmax� 45o (for 3). All the structures were solved
using direct methods[24] and all non-hydrogen atoms were located by using
subsequent DF methods, as were solvent methyl-H atoms.[25] These H atoms
were refined as part of rigid groups whereas other hydrogen atoms were
placed geometrically and constrained to ride on their parent C atoms.[25]


Table 3. Crystallographic data for the compounds 1, 3 and 4.


Compound 1 3 4


formula C23H35Ag2BF4N10S2 C25H40Ag2BF4N9S2 C19H32Ag2BF4N5S4


M 818.28 833.33 761.29
crystal size 0.50� 0.30� 0.20 0.30� 0.12� 0.04 0.55� 0.48� 0.47
crystal system monoclinic monoclinic monoclinic
space group P21/n (No. 14) P21/c (No. 14) C2/c (No. 15)
a [�] 12.754(4) 12.721(6) 13.526(2)
b [�] 13.951(2) 17.784(12) 8.391(2)
c [�] 18.619(3) 14.780(9) 24.402(4)
b [8] 109.15(2) 97.89(5) 91.239(12)
U [�3] 3129.6(12) 3312(3) 2768.9(8)
1calcd [gcmÿ3] 1.737 1.671 1.826
Z 4 4 4
T [K] 150(2) 150(2) 200(2)
m(MoKa) [mmÿ1] 1.442 1.363 1.762
absorption correction numerical numerical y scans
Tmin, Tmax 0.648, 0.770 0.790, 0.952 0.450, 0.528
reflections collected 6173 5425 4218
unique reflections, Rint 5223, 0.074 4352, 0.200 2431, 0.022
reflections with I� 2s(I) 4108 2547 2185
R1 0.0540 0.1009 0.0374
wR2 [all data], S[F 2] 0.1263, 1.27 0.2381, 1.22 0.0893, 1.05
refined parameters 380 378 176
D1min,max [e �ÿ3] ÿ 0.77, 0.56 ÿ 1.30, 1.23 ÿ 0.87, 0.77







Bridging Cyanide Modes 1987 ± 1991


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-1991 $ 17.50+.50/0 1991


The structures were developed by alternating cycles of least-squares
refinement on F 2 and DF synthesis.[25] Competitive refinements for 1
followed by contoured difference electron density maps confirmed the
atom assignments for the bridging cyanide ligand and showed no evidence
for disordering of the cyanide. For 3 and 4, during refinement, the C and N
atoms in the bridging cyanide were found to be fully disordered with each
other. The occupancy of the atoms of each disordered component were
restrained to be 0.50 and positions and anisotropic displacement param-
eters of the respective C and N components at each site were constrained to
be the same. Similarity restraints were applied for 3 to the NÿC, CÿC and
CÿS bond lengths within the macrocyclic ligand, and to the BF4


ÿ ion.
Finally, for 4, disorder was identified during refinement in the macrocyclic
ligand; this was modelled by using partial occupancy model over two sites
with the occupancy factor ranging from 0.55 to 0.67 for the major
components. Appropriate restraints were applied to bond lengths and
angles, and the anisotropic displacement parameters for all the atoms in the
asymmetric unit were subject to rigid bond restraints during refinement.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-102951 ±
CCDC-102954. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Tris(indenyl)lanthanoid(iii) Sulfoxide Adducts (1:1) in the Solid State and in
Solution: Ligand Chirality as a Powerful Diagnostic Tool for Rapid
Intermolecular Sulfoxide Exchange and Indenyl h5 >h1 Fluxionality


Jingwen Guan, Jens Stehr, and R. Dieter Fischer*[a]


Dedicated to Professor Ernst Otto Fischer on the occasion of his 80th birthday


Abstract: Numerous members of the
new class of 1:1 adducts: [LnCp3 ´
OSR1R2] (Cp�C5H5 or C9H7; R1/R2�
Me/4-MeC6H4 (MTSO) or Ph/Ph
(DPSO); Ln�La, Pr, Nd, or Sm) have
been prepared and characterized. While
solid [Ln(C9H7)3 ´ MTSO] (C9H7� in-
denyl; Ln�La, Pr) contains exclusively
oxygen-bonded sulphoxide and three h5-
coordinated indenyl ligands in a chiral
arrangement around the metal ion, the
C9H7 ligands of the dissolved paramag-
netic molecules (Ln�Pr, Nd, Sm) are


involved in rapid h5 >h1 fluxionality.
Both variable-temperature 1H NMR and
f ± f circular dichroism (CD) spectroscopy
indicate that a second chirogenic centre
is generated that lies closer to the metal
ion than the chiral sulphur atom of the
MTSO ligand. In strict contrast, the
congeners with Cp�C5H5 (Ln�Pr, Nd,


Yb) are practically CD-silent, although
again the LnÿO distances are shorter by
about 10 pm than in the corresponding
THF adducts. Surprisingly, the NMR
spectra of solutions of mixtures of
[Ln(C9H7)3 ´ MTSO] complexes with (R)-
(�)- and (S)-(ÿ)-MTSO, or/and with
two different metals reveal rapid inter-
molecular sulphoxide exchange. On the
other hand, mutual MTSO/THF exchange
seems to be inhibited, which suggests
that the facile sulphoxide exchange
follows a special mechanistic pathway.


Keywords: circular dichroism ´ flux-
ionality ´ lanthanides ´ NMR spec-
troscopy ´ structure elucidation


Introduction


Although pentahapto (h5) coordination represents the most
common bonding mode of the cyclopentadienyl (Cp) ligand,
numerous cases of lower Cp hapticities are known. Often
quite puzzling, and almost contradictory features, may
accompany the studies of variable-hapticity systems. One
classical example is the complex [Ti(h5-Cp)2(h1-Cp)2], the
high-temperature solution NMR spectra of which are, never-
theless, consistent with four virtually equal Cp ligands,[1]


whereas the more recently investigated complex [Sm(h5-
Cp*)3] (Cp*�C5Me5)[2] displays a solution chemistry that
could be rationalized in terms of at least short-lived molecules
of the type [Sm(h5-Cp*)2(h1-Cp*)].[3] Similarly, a lower
hapticity than five was repeatedly proposed for the indenyl
ligands of the adduct [Sm(indenyl)3 ´ THF] (indenyl�C9H7)
even at room temperature,[4] but was finally ruled out by X-ray


crystallography and solution NMR spectroscopy.[5] Currently,
we are focusing our interest, in view of the rapidly increasing
structural diversity of tris(indenyl)lanthanoid(iii) complexes
with[5] (and without[6]) one Lewis base molecule, on the new
1:1 adducts with achiral diphenylsulphoxide (DPSO) and
chiral methyl-p-tolyl-sulphoxide (MTSO). We wish to dem-
onstrate that the use of both (R)-(�)- and (S)-(ÿ)-MTSO
provides valuable insights into new details of the structure and
reactivity of [Ln(C9H7)3 ´ OSRR'] systems. Interestingly, rapid
h5 > h1 interconversion of indenyl ligands is deduced here
from both variable-temperature (VT) NMR and f ± f circular
dichroism (CD) experiments.


Results and Discussion


Synthesis and general properties of adducts of the general
type [LnCp3 ´ OSRR']: Organometallic sulphoxide complexes
of the general composition [LnCp3 ´ OSR1R2] (Ln� lantha-
noid element, Cp�C5H5 or C9H7, R� alkyl or aryl group)
have rarely been described in the open literature. Apart from
the presentation of the complex [La(C5H5)3 ´ OSMe2] as an
outstanding candidate for 139La NMR spectroscopy,[7a] only
the crystal structures of this compound[7b] and three related
Ln(C5H5)3 derivatives[9] (see Table 1) have so far been
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documented in slightly remote contexts. Detailed spectro-
scopic properties of the first tris(indenyl) congener (with Pr
and (R)-(�)-MTSO) have been described,[9a] and we have
published more recently the crystal structure of its La
homologue 1 a and, inter alia, the 1H NMR spectrum of the
first corresponding diphenylsulphoxide (DPSO) adduct 5.[10]


In Table 1, all known adducts with MTSO and DPSO are
listed. This table also presents the complete numbering
scheme of all sulphoxide complexes referred to here.


All 1:1 sulphoxide adducts can be readily prepared by
allowing a suspension of either the corresponding THF adduct
or base-free [LnCp3] in toluene to react with the sulphoxide in
a strict 1:1 ratio; removal of excess sulphoxide at a later stage
is practically impossible. Usually, the sulphoxide adducts are
obtained in excellent yields as polycrystalline precipitates.
Owing to considerably better solubilities at elevated temper-
ature, analytically pure and well-crystallized products can be
obtained by redissolving the primary product in toluene
heated up almost to boiling point, and slow cooling to about
0 8C afterwards. Interestingly, the complexes 3 and 4 (Ln�Nd
and Sm) are more soluble in toluene and have so far not
afforded single crystals of X-ray quality. While the melting


points of all cyclopentadienyl complexes (i.e., 8 a ± 10 a and
13 ± 15) lie between 226 and 238 8C, those of the indenyl
complexes with MTSO (1 a ± 4 b) are notably lower (128 ±
150 8C) than the melting points of the corresponding DPSO
adducts 5 ± 7 (180 ± 200 8C).


All indenyl complexes are more sensitive, both thermally
and towards traces of air and halogenated solvents, than the
corresponding cyclopentadienyl complexes. For instance,
while their solubility in dichloromethane exceeds that in
toluene, solutions in CH2Cl2 tend to age within a few hours.
Moreover, even the surfaces of crystals of 2 ± 4 kept under
pure N2 darken spontaneously. A substantial red-shift of the
nÄ(SO) bands of the tris(cyclopentadienyl) complexes (Ta-
ble 2) suggests considerable LnÿO interaction, while in the
infrared spectra of the tris(indenyl) complexes the corre-
sponding nÄ(SO) bands cannot be reliably identified.


Solid-state structures from crystallographic studies : Single
crystals for X-ray crystallography were grown by slow cooling
of warm, concentrated toluene solutions. Suitable solutions of
1 and 2 were best achieved by the addition of small portions of
THF. In Figure 1, the molecular structures of two representa-
tive examples of the MTSO and DPSO adducts that contain
cyclopentadienyl ligands are compared. As expected for the
strongly oxophilic Ln3� ions, the sulphoxide molecule is
coordinated exclusively by its oxygen atom. Interestingly,
owing to the chiral space group P212121, the (R)-(�)-MTSO
ligand makes the entire lattice helical. According to the
crystallographic results on [Ln(C5H5)3 ´ MTSO] systems cur-
rently available (see Table 1), all members of this particular
class from La to Yb seem to be isostructural.


The three new indenyl complexes 1 b, 2 a and 2 b are
isostructural with, but not always equally configured as, the
earlier reported[10] complex 1 a, so that 1 a and 1 b, and the pair
2 a and 2 b can be considered as genuine optical antipodes
(Figure 2). In accordance with the polarity of the S�O bond,
the LnÿO distances of all sulphoxide adducts investigated are
significantly shorter than those of the corresponding THF
adducts (Table 2). From the LnÿO(S) distances listed in
Table 2, a slightly shorter GdÿO distance can be extrapolated
than actually reported for the novel sulphur dioxide com-
plex [Gd(SO2)3(m-AsF6)3]n (243(2) ± 245(1) pm).[20] The S�O
bond is only about 3 pm longer than in noncoordinated
MTSO.[21]


Abstract in Chinese:


Table 1. List of known [LnCp3 ´ OSR1R2] complexes. Compounds desig-
nated by an asterisk have been investigated by X-ray crystallography; a :
with (R)-(�)-MTSO; b : with (S)-(ÿ)-MTSO.[a]


Cp�C9H7 Cp�C5H5 Color
MTSO DPSO MTSO DPSO C9H7/C5H5


La 1 a*[10] 1 b*[11] 5[10] 8 a*[15] 13*[18] colorless
Pr 2 a*[12] 2 b*[13] 6 9 a*[16] 14*[19] leek green/yellowish green
Nd 3 a 3 b 7*[14] 10 a*[17] 15 green/violet-blue
Sm 4 a 4 b ± 11 a[9] ± deep red/pale yellow
Yb ± ± ± 12 a*[9] ± deep green


[a] Moreover, the chiral complex [Pr(C5H5)3 ´ (R)-(�)-OS(2-pyridyl)(p-
tolyl)] has been characterised both by X-ray crystallography and solution
1H NMR spectroscopy.[9a] The complex [La(C5H5)3 ´ DMSO][7] has been
mentioned in the text.


Table 2. Red-shift DnÄ(SO) [cmÿ1] and LnÿO distances [pm] in [LnCp3 ´ L]
systems (L�MTSO, DPSO or THF); nÄ(SO) of MTSO: 1048 cmÿ1; of
DPSO: 1037 cmÿ1.


Cp�C5H5 Cp�C9H7


MTSO DPSO MTSO/DPSO THF[4]


DnÄ(SO) d(LnÿO) DnÄ(SO) d(LnÿO) d(LnÿO)


La 42 244.4(5) 20 244.3(4) 245.3(5)[a] [10] 258.8(9)
244.1(7)[b] 257.5(2)


Pr 40 241.8(4) 25 244.4(4) 244.2(8)[a] 255.7(7)
243.2(5)[b] ±


Nd 39 239.0(6) 40 ± 238.3(4)[c] 258(2)
± 251.2(7)


Sm 23 ± ± ± ± ±
Yb 21 229.0(7)[9] 239(2)[d]


[a] With (R)-(�)-MTSO. [b] With (S)-(ÿ)-MTSO. [c] With DPSO. [d] Of
[Lu(C5H5)3 ´ THF].[8]
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As we have stated earlier,[10] the chiral sulphoxide ligand
helps to generate a chiral {Ln(C9H7)3O} fragment as a result of
a specific disposal of each of the benzo groups of the three
indenyl ligands. While one benzo group lies approximately
transoid to the LnÿO vector, the orientation of the other two
is reminiscent of a paddle wheel with two paddles and the
LnÿO bond as axis. As the two paddles are oriented counter-
clockwise in the presence of (R)-(�)-MTSO, but clockwise in
the presence of (S)-(ÿ)-MTSO (Figure 2), each of the four
complexes 1 a, 1 b, 2 a and 2 b contains two distinct stereogenic
centres. So far, we have not observed any of the two
diastereomers of the combinations: clockwise/(R)-(�) and
anti-clockwise/(S)-(ÿ). The actual disposal of each of the
indenyl ligands may be further quantified by consideration of
the shortest individual distances Dn (n� 1 ± 3) from the centre
of each benzo group to the plane spanned by the centres of the
three five-membered ring fragments of the indenyl ligands[5, 6]


(Table 3). For ideal paddle-wheel-like arrangements, the Dn


values should approach zero (but ca. 220 pm for an ideal
meridional arrangement). From the data in Table 3, it is
apparent that the centres of the benzo groups of the paddle-
like indenyl ligands of 1 and 2 reside alternately above and
below the reference plane (above is defined as cisoid to the
metal ion). Table 3 also includes the Dn values of the related


DPSO adduct 7 with Ln�Nd.
For comparison, base-free
[Pr(C9H7)3] with three cisoid ±
meridional and [Sm(C9H7)3 ´
THF] with three equatorial in-
denyl ligands are also consid-
ered. Obviously, the data set of
7 differs from the sets of 1 and
2, since the three paddles are
almost equally distorted from
the ideal paddle-wheel arrange-
ment. Although 7 contains no
chiral sulphoxide, the {Nd-
(C9H7)3O} fragment could,
strictly speaking, be considered
as chiral. The structure of 7 in


the crystal involves a racemic mixture of molecules with
respect to the new chirogenic centre; the molecular structure
of one enantiomer of 7 is shown in Figure 3.


In all five indenyl complexes considered here (1 a/b, 2 a/b
and 7) the two C9H7 carbon atoms shared by the C5 and the C6


fragment of each indenyl group are slightly more distant from
the metal ion than the other three C5 carbon atoms. This quite
general feature is documented for the title compounds and for
some related complexes (Table 3). We have correlated the


Figure 1. Molecular structures of a) 8a ± 10a and b) 13 and 14, including the atomic numbering schemes.


Figure 2. Molecular structures of a) 1a and 2 a and b) 1 b and 2b, including the atomic numbering schemes.


Table 3. Comparison of the parameters Dn and Dn [pm] of the title
complexes and base-free [Pr(C9H7)3].[a]


C9H7 (1) C9H7 (2) C9H7 (3) LnÿPL
D1 D1 D2 D2 D3 D3


1a ÿ 159.8 17.3 ÿ 216.2 3.3 143.6 13.8 39.3
1b ÿ 158.8 17.0 ÿ 215.9 3.7 144.1 13.2 39.7
2a ÿ 159.2 18.6 ÿ 217.4 1.8 140.7 13.1 38.1
2b ÿ 158.9 19.4 ÿ 216.6 4.1 142.5 14.3 38.5
7 141.8 14.6 111.2 16.7 127.2 16.1 49.2
[Pr(C9H7)3][6] 197.7 4.4 210.5 1.7 195.0 5.0 21.1
[Sm(C9H7)3 ´ THF][6] 25.6 7.1 25.6 7.1 25.6 7.1 52.3


[a] D�hLnÿC(8, 9)iavÿhLnÿC(1, 2, 3)iav ; LnÿPL� shortest distance
between Ln and the plane spanned by the three C5 centres of the indenyl
ligands. The numbering of the C9H7 ligands follows that chosen for
Figures 2 and 3. For the sign of D1 and D2 see the text.
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Figure 3. Molecular structure of 7 with the atomic numbering scheme.


quite frequent inequality of the LnÿC bond lengths of indenyl
complexes with the variable steric congestion dependant on
the spatial disposition of each C9H7 unit.[6] Instead of rejecting
the idea of genuine h5-bonding, it seems to be more
appropriate to talk of only moderately distorted h5-coordina-
tion.


Room-temperature 1H NMR spectra of single indenyl com-
plexes : All complexes examined give rise to solution 1H NMR
spectra consistent with the presence of three virtually
equivalent C5H5 or C9H7 ligands. While the DPSO adducts 6
and 7 display, as already observed for 5[10] and various THF
adducts,[5] four C9H7 proton resonances (Irel� 6:6:6:3), the
MTSO adducts 1 ± 4 give rise to seven equally intense (Irel� 3)
C9H7 signals. The spectrum of diamagnetic 1 a has been
reported previously,[10] and so only the room-temperature
spectra of three paramagnetic complexes are depicted in
Figure 4. Obviously, enantiomeric pairs of adducts with the


Figure 4. Room-temperature 1H NMR spectra of a) 6 dissolved in
[D8]toluene, b) 4 a in [D6]benzene and c) 3 a in [D6]benzene. The methyl
proton resonances of 4 a have been omitted. *� solvent.


same central metal, but either (R)-(�)- or (S)-(ÿ)-MTSO, will
have identical spectra. As we have already suggested,[10] the
appearance of seven signals could be due to the prochiral
nature of the indenyl proton pairs H1/3, H4/7 and H5/6 of
each {Ln(hn-C9H7)} fragment (n� 3 or 5), the resonances of
which would undergo diastereotopic splitting as soon as
another ligand (such as chiral MTSO) introduces a stereo-
genic centre (see Figure 5). The actual observation of


Figure 5. a) Conventional numbering of indenyl hydrogen atoms. b) Sche-
matic description of the prochiral nature of the atoms A/A', B/B' and C/C'
in a {M(hn-indenyl)} fragment. A change of the coordinated face (i.e.,
M!(M)) would convert the unprimed atoms to primed atoms and vice
versa.


diastereotopic splitting rules out any rapid (on the NMR time
scale) intra- or intermolecular scrambling capable of inter-
converting the coordinated face of a C9H7 ligand. Such a
process would destroy the prochiral nature by quenching all
diastereotopic splitting.


The observed equality of all three indenyl ligands is
therefore either caused by rapid intramolecular ring mobililty
or a rigid, C3-symmetric fixation of all three indenyl ligands
with paddlelike benzo groups. The absence of two nonequi-
valent sets of C9H7 and MTSO resonances in any of the
recorded spectra, which would be caused by two diastereo-
mers, disfavours the latter view. Although two diastereomers
are, in principle, expected, owing to the generation of a second
stereogenic centre at the metal site, they might be too short-
lived to be observed in solution. It should be recalled that
various kinds of chiral {Ln(C9H7)3O} fragments have actually
been found in the solid state (vide supra), including those with
three paddle-wheel-like C9H7 ligands.[5]


Owing to the well-documented,[22] pronounced absence of
substantial NMR line broadening and line displacements in
the paramagnetic 4f5 SmIII system, a satisfactory assignment of
the seven C9H7 proton resonances of 4 a and 4 b is possible
(Figure 4 and Table 4). Each of the seven C9H7 resonances has
retained its specific multiplet pattern. Moreover, in accord-
ance with the expectation that protons of the C5 fragment
should always be affected most strongly by the paramagnet-
ism as they lie closest to the metal ion, the absolute values of
the so-called isotropic shift, jDiso j�j dparaÿ ddia j , of 4 a (ddia


refers to the corresponding chemical shifts of the diamagnetic
La complexes 1 a/b) are found to decrease in the order: H1/
3>H3/1>H2>H4/7>H5/6�H6/5, H7/4.


While the C9H7 resonances of 3 a/b cannot be reliably
attributed to distinct H atoms, because seven equally intense
singlets appear, the C9H7 resonances of 2 a/b can be plausibly
assigned (Table 4). There is little uncertainty in view of the
four signals that display low jDiso j values and pairs of doublet
and triplet patterns, but some ambiguity remains for the two
singlets with Diso�ÿ6.47 and ÿ4.46 pm. One of them should
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belong to H2, and one to H1/3. More clarity will be provided
in the following paragraphs.


Room-temperature 1H NMR spectra of binary mixtures of
indenyl complexes. In the absence of any rapid intermolecular
exchange of sulphoxide ligands, the 1H NMR spectra of
solutions that contain two different adducts should not
deviate from the simple superposition of the individual
spectra. However, exact 1:1 mixtures of 1 a and 1 b were
found to give rise to a spectrum devoid of any diastereotopic
splitting, as observed for the achiral complex 5,[10] in which no
more than four distinct multiplets can be ascribed to the seven
indenyl protons (see Table 4). Solutions of mixtures with 1 a/
1 b ratios slightly different from 1.0 afford continuously
modified spectra, in agreement with a rapid, concentration-
dependent exchange equilibri-
um. Correspondingly, the
1H NMR spectra of the freshly
prepared, quasi-racemic 1:1
mixtures of 3 a/3 b or 4 a/4 b,
display only four indenyl reso-
nances instead of seven.


Exact 1:1 mixtures of the
paramagnetic quasi-enantio-
mers 2 a and 2 b display, in
addition to three signals unam-
biguously attributable to
MTSO protons, three singlets
of different intensity and line
width (Figure 6 and Table 4).
At a 2 a/2 b ratio of 1.2, the
broad resonance at lowest field
splits into two signals and the
neighbouring intense signal into
three signals. The relatively
weak new doublet should be-
long to the m-tolyl protons of
the MTSO ligand. At a 2 a/2 b
ratio of 16:1, two more signals


emerge at about d� 19 and
ÿ0.5, and as the 2 a/2 b ratio is
raised further, the NMR spec-
tra approach the appearance of
the room-temperature spec-
trum of pure 2 a or 2 b. The
systematic examination of the
1H NMR spectra for different
2 a/2 b ratios thus confirms that,
owing to their pairwise collapse
at a 2 a/2 b ratio of 1:1, the two
doublets at d� 6.22 and 10.41
and the two triplets at d� 3.85
and 4.95 of pure 2 a (or 2 b)
belong to prochiral pairs of
C9H7 protons. Moreover, the
two widely separated, but nev-
ertheless coalescing, singlets (at
d�ÿ0.52 and 19.55) should be
assigned to H1 and H3. The


remaining singlet of pure 2 a/b at d� 1.98, which is easily
detected at all 2 a/2 b ratios, would then be best ascribed to H2.
The well-reproducible, complete breakdown of the diaster-
eotopic splitting of all C9H7 resonances in the racemic 1:1
mixtures contrasts with the persistence of all signals of the
MTSO protons. Both features can, however, be rationalized in
terms of continuous and rapid, intermolecular exchange of
(R)-(�)- and (S)-(ÿ)-MTSO ligands. This view is well-
supported by the observation that a 1:1 mixture of diamag-
netic 1 a and paramagnetic 2 a gives rise to a significantly
perturbed resonance pattern of the MTSO protons (Fig-
ure 7 a), while the C9H7 resonances still correspond to those of
pure 1 a and 2 a. The (R)-(�)-MTSO molecules oscillate
rapidly between diamagnetic and paramagnetic metal centres,
leading, inter alia, to considerable broadening or even the


Table 4. Comparison of the proton resonance patterns of selected indenyl complexes and binary mixtures thereof,
including the isotropic shifts Diso of 2a and 4a.[a]


Resonances of indenyl protons Resonances of MTSO/DPSO protons
Complex H-1,3 H-2 H-4,7 H-5,6 m-tolyl-H o-tolyl-H p-tolyl-CH3 SCH3


La 1a 5.81(s) 6.44(t) 7.32(d) 6.93(t) 6.84(d) 7.00(d) 1.80(s) 1.94(s)
6.14(s) 7.66(d) 7.01(t)


La 1a� 1b (1:1) 5.97(d) 6.42(t) 7.50(q) 7.0(q) 6.83(d) 6.95(d) 1.75(s) 1.94(s)
Sm 4a 10.08(s) 9.34(s) 7.30(d) 7.15(t) 6.52(d) 5.64(d) 1.79(s) 0.01(s)


11.79(s) 8.24(d) 7.56(t)
Diso, 4a � 4.11 � 2.90 ÿ 0.19 � 0.18 ÿ 0.48 ÿ 1.20 ÿ 0.01 ÿ 1.93


� 5.82 � 0.75 � 0.59
4a� 4b (1:1) 10.95(s) 9.36(s) 7.67(s) 7.67(s) 6.56(d) 5.66(d) 1.83(s) 0.11(s)


Pr 2a 19.55(s) 1.98(s) 10.41(d) 4.95(t) 4.18(s) ÿ 5.86(s) 0.87(s) ÿ 13.30(s)
ÿ 0.52(s) 6.22(d) 3.85(t)


Diso, 2a � 13.68 ÿ 4.46 � 2.92 ÿ 2.02 ÿ 2.66 ÿ 12.86 ÿ 0.93 ÿ 15.24
ÿ 6.47 ÿ 1.27 ÿ 3.12


Pr 2a� 2b (1:1) absent 1.83(s) 8.52(s) 4.17(s) 4.17(s) ÿ 5.98(s) 0.5(s) ÿ 13.59(s)
La 5 5.97(d) 6.42(t) 7.84(q) 6.90(q) 6.89(m)[b] 7.24(dd)
Pr 6 9.25(s) 4.16(s) 8.18(q) 4.02(dd) 3.51(t) ÿ 7.55(s) 4.34(t)[c]


[a] All samples were dissolved in C6D6, except for the mixtures of (1 a� 1 b) and (2a� 2b), which were studied
[D8]toluene solution. [b] Involving m- and p-phenyl-H. [c] Here of p-phenyl-H.


Figure 6. 1H NMR spectra of (from top to bottom): a 1:1 mixture, a 1.2:2 mixture and a 16:1 mixture of 2 a and 2b,
and pure 2a. The designations a/a', b/b' and c/c' correspond to the C9H7 proton pairs H1/3, H4/7 and H5/6.
Solvent: [D6]benzene. X�m-tolyl-H, #�TMS, *� solvent.
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disappearance of MTSO signals. Evidently, equally rapid,
although undetectable, intermolecular sulphoxide exchange
must also be assumed to occur in the solution of a pure
tris(indenyl)lanthanoid complex carrying a sulphoxide ligand.


In a related experiment, the 1H NMR spectrum of a 1:1
mixture of 1 b [with (S)-(ÿ)-MTSO] and 2 a [with (R)-(�)-
MTSO] was inspected. As before, the resonances of the
MTSO protons were strongly affected while, owing to the
involvement of both MTSO enantiomers, the La-bonded C9H7


ligands gave rise to only four multiplets and the Pr-bonded
C9H7 ligands to no more than three comparatively broad
singlets (vide supra). More surprisingly, a 1:1 mixture of 2 b
(chiral) and 6 (achiral) that should display a total of eleven
signals in the absence of any exchange, actually gave rise to no
more than four C9H7 resonances (Figure 7 b). As both
complexes contain PrIII, the resonances of both sulphoxides
remained almost unperturbed. Here again, the experimental
results confirm rapid MTSO/DPSO exchange. MTSO ex-
change also takes place between the indenyl complex 2 b and
the cyclopentadienyl complex 8 a, as again the diastereotopic
splitting of the C9H7 resonances is quenched, and MTSO
signals undergo significant perturbation.


In striking contrast to the constantly facile exchange of
sulphoxide ligands (vide supra), a corresponding mutual
replacement of MTSO by THF molecules (and vice versa)
seems to be inhibited. Thus, solutions of the mixtures 1 a/
[La(C9H7)3 ´ THF] and 2 b/[Pr(C9H7)3 ´ THF] gave rise, for
various molar ratios, only to the clean superpositions of the
1H NMR spectra of the pure components. It should be
recalled that, according to crystallographic results (see
Table 2), the LnÿO(THF) distance always exceeds the
LnÿO(SR2) distance; this anticipates an even better mobility
of the THF molecules. This expectation has experimentally
been confirmed for 2-methyltetrahydrofuran (MeTHF), since
solutions of [Pr(C9H7)3 ´ rac-MeTHF] displayed exclusively
four C9H7 proton resonances between 50 and ÿ70 8C.[23] An
unexpected mechanistic scenario emerges from these obser-


vations in which rapid MTSO
exchange would take place ex-
clusively between MTSO ad-
ducts in the same solution and,
independently, rapid THF ex-
change exclusively between
THF adducts. Some doubt
might thus arise in the presence
of ideally separated, strictly
mononuclear complexes in the
otherwise strictly homogenous
solution.


1H VT-NMR spectra of single
indenyl complexes. In view of
the frequently observed pro-
portionality of the chemical
shifts of paramagnetic samples
and the reciprocal temperature,
all VT-NMR results have been
presented graphically by the
corresponding d versus Tÿ1 dia-


grams. First of all, the divergence of distinct pairs of d versus
Tÿ1 curves, which includes the diamagnetic complex 1 a (see
Figure 8 a), suggests that the amount of diastereotopic split-


Figure 8. Comparison of the d versus Tÿ1 diagrams of the C9H7 proton
resonances of a) 1b and b) 4 a. Solvent: [D8]toluene.


Figure 7. 1H NMR spectra of 1:1 mixtures of a) 1a and 2a and b) 2a and 6. Solvent: [D6]benzene. *� solvent.
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ting increases with decreasing temperature; this reflects, inter
alia, a concomitantly longer lifetime of the adduct. A
corresponding trend is found for the moderately paramag-
netic complex 4 a ; here the diastereotopic splitting is rapidly
magnified by the temperature dependence of the magnetic
susceptibility of the SmIII ion (Figure 8 b). More surprisingly,
the d versus Tÿ1 plots of the indenyl protons H1 and H3 of 4 a
show an inverse temperature dependence: although the
positive isotropic shifts Diso of these nuclei should further
increase if the Curie ± Weiss law is obeyed, the two Diso values
decrease significantly with decreasing temperature. The slope
of that particular d versus Tÿ1 plot differs drastically from all
other curves including the plots of the MTSO protons
(Figure 9a). This feature raises the question of whether the


Figure 9. Comparison of the d versus Tÿ1 diagrams of the sulphoxide
protons of a) 4a, b) 2 a and c) 6. Solvent: [D8]toluene.


unusual shift of d from 11.1 at �80 8C to 6.5 at ÿ80 8C could
be caused by corresponding changes of the magnetic suscept-
ibility tensors of the Sm3� ion. Alternatively, a virtually
continuous change of the chemical nature of the proton in
question might be taken into account: generally, any con-


version of an aromatic proton into an aliphatic one would
lower the 1H NMR shift by about 3 ± 4 ppm. Corresponding
signal displacements are well documented for the NMR
spectra of fluxional metal complexes in which a cyclopenta-
dienyl (or indenyl) ligand undergoes interconversion from h5


to h1-hapticity.[1, 24, 25] In the case of 4 a and 4 b, the equilibria in
Equation (1) could account best for this particular mode of
rapid isomerization.


[Sm(h5-C9H7)3 ´ MTSO]> [Sm(h5-C9H7)2(h1-C9H7) ´ MTSO]> ... (1)


The virtual equivalence of all three indenyl ligands (vide
supra) requires that each of them adopt h1-hapticity with the
same probability and that the all-h5-isomer becomes less
abundant with decreasing temperature. Provided that the
coordinated C5 face does not change (vide supra), each of the
C9H7 ligands can generate a racemic pair of {Ln(h1-C9H7)}
fragments, in which the otherwise equivalent, s-bonded (to
Ln) and chiral ring carbon atoms C1 and C3 become optical
antipodes. In the presence of only one MTSO enantiomer, two
diastereomers of different steric congestion should result.
However, the VT-NMR spectra of 1 ± 4 are devoid of any
evidence of two isomers, which lends strong support to just
one particular diastereomer. Steric congestion is indicated by
the emergence of two low-temperature plots for the o-phenyl
protons of the DPSO ligand of 6 (Figure 9c).


While the complexes 3 a and 3 b (Ln�Nd) also give rise to
seven approximately linear d versus Tÿ1 curves for the C9H7


protons, any further interpretation would at present remain
rather speculative. On the other hand, from a comparison of
the d versus Tÿ1 diagrams of chiral 2 b (Figure 10a) and achiral
6 (Figure 10 b), more insight into the fluxional nature the
structure of 2 a or 2 b in solution is available. Interestingly,
four d versus Tÿ1 plots similar to the four experimental curves
of 6 result when, following the assignment proposed for 2 a in
Table 4, the values of d(H2) and the average values of d(H1)/
d(H3), d(H4)/d(H7) and d(H5)/d(H6) of 2b are plotted versus
the reciprocal temperature (Figure 10b). The quite successful,
tentative simulation of the quenching of the diastereotopic
splitting for 2 b not only helps to confirm the earlier proposed
assignment, but also supports the view that both 2 and 6 are
fluxional in accord with the equilibria indicated by Equa-
tion (1). In striking similarity to the d versus Tÿ1 diagram of
4 a, the d versus Tÿ1 diagrams of 2 b and 6 also contain one
particular curve (to be ascribed to H1 or/and H3) that surprises
by its pronounced high-field shifts with decreasing temper-
ature. Thus, Diso of 2 b drops from about d�ÿ3.1 at 70 8C to
about d�ÿ40.7 at ÿ70 8C, while Diso of 6 changes from d�
�3.7 at�80 8C to d�ÿ2.8 atÿ70 8C. Hence, as in the case of
4 a (vide supra), the chiral MTSO ligand again dictates the
preference of one distinct diastereomer of 2 a or 2 b, whereas
the protons H1 and H3 of 6 remain equivalent. A d versus Tÿ1


diagram very similar to that shown in Figure 10a (solvent
D8[toluene]) has also been obtained for 2 a in CD2Cl2.


1H VT-NMR spectra of binary systems of indenyl complexes :
To determine the temperature range at which the intermo-
lecular exchange of MTSO molecules slow down on the NMR
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Figure 10. Comparison of the d versus Tÿ1 diagrams of the C9H7 protons of
a) 2b and b) 6. Experimental data points for 6 are depicted by smaller
symbols, while the larger symbols designated by an S refer to simulated d


versus Tÿ1 curves (see text). Solvent: [D8]toluene.


time scale, the 1H NMR spectrum of a 1:1 mixture of 2 a and
2 b dissolved in [D8]toluene was also inspected in the temper-
ature range�70 toÿ70 8C. As is seen from the corresponding
d versus Tÿ1 diagram (Figure 11a), the curves of the three
C9H7 resonances detectable at room temperature display
reasonably straight lines down to about ÿ10 8C, whereafter a
stronger deviation from linearity and a splitting into two
branches (i.e., of H1 and H3) occurs. Moreover, between
about ÿ30 and ÿ40 8C, the two d versus Tÿ1 curves of H4/7
and H5/6 also undergo the expected splitting. Thus, below
about ÿ40 8C, a seven-line pattern is again obtained; this
indicates that each adduct molecule has become sufficiently
long-lived.


A notably different situation is found for the solution of a
4 a/4 b (1:1) mixture. While the d versus Tÿ1 diagram recorded
immediately after the preparation of this solution (Fig-
ure 11b) still resembles that obtained for the 2 a/2 b mixture
(Figure 11a) in that seven curves emerge from initially four
quasi-linear plots at lower temperatures only, the appearance
of the d versus Tÿ1 diagram of the same solution (in a sealed
tube) changed drastically with time. After 23 days, a diagram
of the somewhat intermediate appearance shown in Fig-
ure 11c was obtained, and the d versus Tÿ1 diagram recorded


Figure 11. d versus Tÿ1 diagrams of a) a 1:1 mixture of 2 a and 2b, b) a 1:1
mixture of 4 a and 4 b immediately after the preparation of the sample and
c) 23 days later. Solvent: [D8]toluene.


38 days after the preparation of the solution looked practi-
cally identical with that found for solutions of pure 4 a
(Figure 8 b). Hence, the finally studied sample formally
appears to involve molecules that do not exchange (R)-(�)-
MTSO molecules against their (S)-(ÿ)-enantiomers and vice
versa. This situation is somewhat reminiscent of the inhibited
mutual exchange of MTSO and THF molecules (vide supra).


139La NMR spectroscopy: In excellent agreement with the
expectation that the total ligand hapticity of the fluxional
[Ln(C9H7)3 ´ MTSO] systems [Eq. (1)] should in average be
lower than for related rigid molecules with three strictly h5-
coordinated Cp ligands, a 139La NMR shift of d�ÿ450 (in
toluene, 45 8C, W1/2� 2480 Hz) was found for 1 b. In contrast, a
d (139La) value of ÿ563 (toluene, 25 8C, W1/2� 390 Hz) was
obtained for the cyclopentadienyl congener 8 a. A d (139La)
value of ÿ558.6 consistent with an all-h5-hapticity has already
been reported for [La(C9H7)3 ´ THF].[4]
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Circular dichroism of f ± f ligand-field excitations : According
to the assessment of the 1H NMR spectra of the principally
chiral pairs of the MTSO adducts 2 a/b and 4 a/b, only one of
the two potential diastereomers of the type [Ln(h5-C9H7)2(h1-
C9H7) ´ (R)-(�)-MTSO] should be present, although, owing to
rapid equilibria [Eq. (1)], its lifetime should be very short. In
this particular isomer, the s-bonded (to Ln) indenyl carbon
atom (C1) will be a new chirogenic centre. Being immediately
adjacent to the Ln3� ion, this chirogenic centre should be able
to influence the 4f electrons of the metal more strongly than
the chiral sulphur atom of the MTSO ligand, which is
separated from the metal ion by two subsequent chemical
bonds and should, moreover, be disfavoured by the rapid
intermolecular exchange of the MTSO ligand.


To confirm the hypothesis of a new chirogenic centre
adjacent to the Ln3� ion independently, we carried out CD[26]


studies of [Pr(C5H5)3 ´ MTSO] (9 a) and [Pr(C9H7)3 ´ MTSO]
(2 a/b) solutions in the optical f ± f excitation ranges 3H4!
3P0±2 and 3H4! 1D2 of the system PrIII. Owing to the much
shorter time scale of optical spectroscopy, any Cotton effects
of the (on the slower NMR time scale) very short-lived
isomeric forms of interest should be readily observable. While
pure 9 a (see Figure 1a) may be considered as an almost ideal
example of a 4f2 system subjected exclusively to usually weak,
vicinal perturbations[27] (which are due to one single chiral
atom in the ligand sphere), the isomers of 2 a and 2 b, which
are proposed to have one chiral h1-C9H7 ligand and (R)-(ÿ)-
or (S)-(ÿ)-MTSO, are more likely to experience so-called
configurative perturbations[27] of the f electrons, which are
capable of inducing considerably stronger chiroptic (i.e., CD)
effects than purely vicinal perturbations.


According to the room-temperature CD studies carried out
on 9 a, 2 a and 2 b, the f electrons of the cyclopentadienyl


complex 9 a display extremely poor chiroptic responses.
Under optimized scanning conditions, no more than two very
weak signals at 497 nm (Dem��1.1� 10ÿ4 L molÿ1cmÿ1) and
482 nm (Dem�ÿ1.3� 10ÿ4 L molÿ1cmÿ1) could be observed.
The homologues 11 a and 12 a of 9 a (Table 1) did not display
any detectable chiroptic response at room temperature (i.e.,
Dem< 10ÿ5 Lmolÿ1 cmÿ1), although YbIII should be one of the
chiroptically most sensitive 4f systems.[28] In striking contrast,
the CD spectra between 400 and 650 nm of 2 a and 2 b consist
of at least ten well-shaped signals with Dem values exceeding
those of 9 a by more than one order of magnitude (Table 5 and
Figure 12). Somewhat smaller Dem values were also observed
in CH2Cl2 solution. It is, moreover, remarkable that the


Table 5. Regular absorption and circular dichroism data of [Pr(C9H7)3 ´
(R)-(�)-MTSO] 2 a between 16100 and 21800 cmÿ1.


E emol
[a] CD Demol


[a]


[cmÿ1] [Lmolÿ1 cmÿ1] [cmÿ1] [�104 Lmolÿ1 cmÿ1]


16108 0.5 16155 ÿ 4.2
16247 1.9 ± ±
16316 1.8 16313 8.5
16434 2.2 ± ±
16549 1.4 16539 9.1
16650 0.8 ± ±
16812 0.2 ± ±
19569 2.5 ± ±
19802 7.6 19817 ÿ 30.6
19972 6.7 20226 16.6
20492 8.0 20429 23.5
20618 7.6 20593 ÿ 16.9
20747 8.8 20781 7.4
21097 2.1 20964 ÿ 14.8
21645 8.4 21177 1.6
21786 5.9 21758 53.7


[a] c(Pr3�)� 3.058� 10ÿ2 mol Lÿ1 in benzene.


Figure 12. Conventional absorption spectrum (bottom) and f ± f CD spectra (top) of 2a (dotted curve) and 2 b (solid curve) in the ranges: a) 450 to 520 nm
and b) 580 to 640 nm. Solvent: benzene.
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indenyl complexes display Cotton effects even for f ± f
transitions to levels of the ionic 1D2 manifold; these do not,
unlike transitions to 3P0±2 derived states, belong to the
chiroptically more sensitive[28] ionic states of PrIII. In view of
the involvement of rapid equilibria (vide supra), which
require that only a distinct fraction of all molecules of 2 a or
2 b will be chiroptically active, the absolute Dem values of the
most intense Cotton effects are remarkably high. For com-
parison, the highest Dem values of some appropriately
modified tris(b-diketonates) of PrIII with chiral substituents[29]


match the largest Dem values of 2 a/2 b. Similarly, the
structurally well-understood organometallic complex [{Pr-
(C5H5)2m-{(R)-(ÿ)-OCH2CHEt(NMe2)}}2][30] displays maxi-
mal Dem values of �67.0� 10ÿ4 L molÿ1 cmÿ1 (at 22 085 cmÿ1)
and of �18.0� 10ÿ4 L molÿ1 cmÿ1 (at 16 762 cmÿ1).[31]


Interestingly, the CD spectra of the indenyl complexes are
better resolved than the conventional absorption spectra
(Figure 12). As expected for optical antipodes, the CD spectra
of 2 a and 2 b display mirror symmetry. Genuine CD peaks are
most reliably detectable when the projection of the best
mirror plane, which should coincide with the base line, is
known. Unfortunately, the high chemical sensitivity of the
samples strongly hampered the verification of reproducible
concentrations. Results of a first VT-CD experiment for 2 b
are shown in Figure 13. Although various experimental
deficiencies did not permit sufficiently precise measurements
of the actual temperature, and solubility problems did not
guarantee the correct knowledge of the true concentrations at
lower temperature, the main CD signals of the sample clearly
increase as the temperature decreases. Part of this temper-
ature dependence of Dem will be due to the usual temperature
dependence of the magnetic susceptibility tensors for mag-
netic dipole-allowed transitions, but the CD also is expected
to increase because the abundance of the species that contain
the chiral h1-C9H7 ligand [Eq. (1)] will increase with decreas-
ing temperature.


Figure 13. Variable-temperature CD spectrum of a) 2 b at room temper-
ature, b) ca. ÿ30 8C and c) ca. ÿ70 8C. Solvent: toluene.


Conclusions


The results described here clearly demonstrate that isomor-
phic [Ln(C9H7)3 ´ MTSO] molecules in the crystalline phase do
not exist in solution, although both the dissolved and the
crystallized molecules involve, in addition to the chiral
sulphur atom of the MTSO ligand, a new chirogenic centre
close to the metal ion. The presence of the new chiral centre in
the dissolved molecules is strongly supported by the NMR
results and was independently confirmed by f ± f CD spectro-
scopy. We wish to underline here that satisfactory disentan-
gling of the fluxional nature of the title complexes was only
possible by the adoption of chiral sulphoxide ligands and,
concomitantly, chiroptical studies. Following this strategy,
even Evans� interesting hypothesis of h5/h1 fluxional [SmCp*3]
molecules[3] might successfully be tackled provided that a
suitable derivative with a chiral substituent at one ring carbon
atom of each Cp* ligand would become available.


In view of the comparatively short LnÿO(MTSO) distances
(Table 2), the observation of apparently facile intermolecular ex-
change of sulphoxide molecules is even more striking. More-
over, the surprising inhibition of mutual MTSO/THF ex-
change suggests that a special mechanism might be respon-
sible for the exclusive exchange of sulphoxide ligands. One
first speculation might focus on the formation of contact pairs
of complexes, in which the sulphoxide ligands would play the
role of loose bridges (Figure 14). Such a quasi-symmetrical,
short-lived contact pair could, in principle, dissociate in two
alternative ways. For instance, from a pair involving the two
diastereomers [Ln(h5-C9H7)2(h1-(R)-C9H7)(R)-(�)-MTSO]
and [Ln(h5-C9H7)2(h1-(S)-C9H7)(S)-(ÿ)-MTSO], alternative
diastereomers involving the combinations: (R)-h1-C9H7/(S)-
(ÿ)-MTSO and (S)-h1-C9H7/(R)-(�)-MTSO could be gener-
ated. Nonspontaneous epimerizations could be responsible
for some of the still unexplained findings described above.
One stable dinuclear complex,[32] faintly reminiscent of the
contact pair schematically depicted in Figure 14, involves two
Nd3� centres bridged by alkoxide groups and carries two cyclic
ether functionalities instead of two h1-C9H7 ligands.


Figure 14. Schematic representation of a potential intermediate respon-
sible for the facile sulphoxide exchange (see text).


Experimental Section
General methods: Manipulation under an inert atmosphere (N2) was
absolutely mandatory. Starting materials and solvents were carefully
conditioned as described earlier.[5, 6, 10] Infrared spectra were obtained on
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a Perkin ± Elmer IR-1720 spectrometer, and NMR spectra either on a
Varian Gemini 200 (1H, room temperature) or a Bruker AM 360 spec-
trometer (1H-VT, 139La). Unless otherwise stated, the samples were
dissolved in [D6]benzene for room temperature 1H NMR studies and in
[D8]toluene for the VT studies. Solutions for 139La NMR studies were
prepared in 3:7 toluene/[D8]toluene, in 10 mm diameter tubes. Standard
conditions: deuterium lock, SI� 4 K, TD� 8 K, SW� 71 kHz, DW� 7.0 ms,
AQ� 0.05 s, NS� 825. Most of the NMR samples were protected in sealed
tubes. Optical (NIR/VIS) absorption spectra were recorded on a Cary 5E
instrument, and the f ± f CD spectra on a Jasco J 500 G dichrograph
equipped with a DP-500 N data processor and a noncommercial low-
temperature device. The differential molar extinction values Dem were
determined according to ref. [33].


X-ray crystallography: Data collections were performed either on a
Hilger ± Watts Y290 diffractometer at 153 K (for crystals of 1 b, 2 a, 2b,
13 and 14) or at room temperature (293 K) on a Syntex P21 instrument (for
7, 8a, 9a and 10 a). Individual crystal data are listed in refs. [11 ± 19]. All
measurements were carried out with MoKa radiation (l� 70.9261 pm) with
the w/2V-scan technique. All calculations are based on SHELX-93 and
SHELXTL-PLUS programme sets.[34] Heavy atoms were found from
Patterson maps or located by direct methods, and other non-hydrogen
atoms were detected by Fourier techniques. Refinement was based on full-
matrix least-squares techniques. Hydrogen atoms were included by use of a
riding model with d[CÿH]� 96 pm. The absolute configurations of chiral
molecules were determined by measurement of the corresponding Friedel
pairs (for the individual Flack parameters see refs. [11 ± 13 and 15 ± 17].
R1�S j jF0 j ÿ jFc j j /S jF0 j ; wR2� [Sw(F 2


0 ÿF 2
c )2]/Sw(F 2


0 )2]1/2 ; S� [Sw-
(F 2


0 ÿF 2
c )2/S(nÿP)]1/2 ; P� [max(F 2


0,0)� 2F 2
c ]/3. Further details on the


crystal structure investigation(s) may be obtained from the Fachinforma-
tionszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany
(fax: (�49) 7247-808-666); e-mail : crysdata@fiz-karlsruhe.de), on quoting
the depository numbers CSD-380 176 (1 b), CSD-380 178 (2a), CSD-380 177
(2b), CSD-380 175 (7), CSD-380 183 (8 a), CSD-380 181 (9 a), CSD-380 182
(10a), CSD-380 180 (13) and CSD-380 179 (14).


Preparation of 1 b, 2 a, 2 b, 3 a, 3 b, 4 a, 4 b, 6, 7, 8a, 9a, 10a and 13 ± 15
Synthesis of 1b (also representative for 2a ± 4 b): Under stirring, a solution
of (S)-(ÿ)-MTSO (Fluka; 0.45 g, 2.97 mmol) in toluene (25 mL) was added
to a suspension of [La(C9H7)3 ´ THF][5] (1.65 g, 2.97 mmol) in toluene
(20 mL). The mixture soon became a faintly yellow, transparent solution,
which was stirred for a further 8 h. After filtration and concentration to a
volume of about 8 mL, the solution was cooled overnight at about 0 8C,
whereafter the precipitate was collected, washed with hexane (2� 20 mL)
and dried in vacuo. Yield: 1.67 g (88.4 %). Recrystallization from hot
toluene containing a small amount of THF afforded at 0 8C single crystals of
X-ray quality (m.p. 147 ± 150 8C) 1H NMR: see Table 4. C35H31LaOS
(638.60): calcd C 65.86, H 4.85; found: C 65.23, H 4.87 %.


Compound 2 a : Yield 90%, m.p. 142 ± 145 8C, 1H NMR: see Table 4;
C35H31OPrS (640.60): calcd C 65.65, H 4.84; found: C 65.39, H 4.89 %.


Compound 2b : Yield 84.2 %, m.p. 146 ± 148 8C; C35H31OPrS (640.60): calcd
C 65.65, H 4.84; found: C 65.63, H 4.96 %.


Compound 3 a : Yield (after drying at 70 8C): 96 %, m.p. 129 ± 132 8C;
1H NMR ([D6]benzene): d�ÿ10.45 (s, 3H, SMe), ÿ7.46 (s, 3 H), ÿ2.0 (s,
3H), ÿ1.35 (s, 2 H), 1.20 (s, 3H, p-Me), 3.30 (s, 3H), 4.32 (s, 3 H), 5.05 (s,
2H), 6.09 (s, 3H), 6.10 (s, 3 H), 9.49 (s, 3H); C35H31NdOS (643.94): calcd C
65.31, H 4.81; found: C 65.96, H 4.91 %.


Compound 3 b : Yield 78.6 %, m.p. 128 ± 130 8C; C35H31NdOS (643.94): calcd
C 65.32, H 4.81; found: C 64.28, H 4.93 %.


Compound 4a : Yield 78.0 %, m.p. 134 ± 136 8C; 1H NMR: see Table 4;
C35H31OSSm (650.06): calcd C 64.69, H 4.77; found: C 63.99, H 4.91 %.


Compound 4 b : Yield 80.0 %, m.p. 133 ± 136 8C; C35H31OSSm (650.06):
calcd C 64.69, H 4.77; found: C 64.01, H 4.86 %.


Synthesis of 7 (also representative for 5[10] and 6): A solution of DPSO
(Fluka; 0.52 g, 2.58 mmol) in toluene (20 mL) was added to a suspension of
[Nd(C9H7)3 ´ THF][5] (1.45 g, 2.58 mmol) in toluene (30 mL). After stirring
the clear solution for 12 h, filtration and concentration of the filtrate to one
half of its initial volume, the resulting suspension was left at 0 8C for a few
days. Well-shaped, green crystals (1.71 g, 96%; m.p. 197 ± 200 8C) were
finally obtained after drying in vacuo at 40 ± 60 8C. 1H NMR ([D6]benzene):
d�ÿ3.87 (s, 6H), ÿ2.14 (d, 4 H), ÿ0.89 (s, 3H), 4.75 (t, 4 H), 5.12 (s, 6H),


5.23 (t, 2 H), 7.66 (s, 6H); C39H31NdOS (691.98): calcd C 67.72, H 4.48;
found: C 67.30, H 4.64 %.


Compound 6 : Yield 85%, m.p. 196 ± 199 8C; 1H NMR: see Table 4;
C39H31OPrS (691.98): calcd C 68.35, H 4.52; found: C 67.70, H 4.66 %.


Synthesis of 8 a (also representative for 9a, 10 a and 13 ± 15): Under stirring
at room temperature (ca. 3 h), a solution of (R)-(�)-MTSO (0.22 g,
1.45 mmol) in toluene (20 mL) was added to a suspension of [La(C5H5)3 ´
THF] (0.59 g, 1.45 mmol) in toluene (20 mL). The mixture first became
clear and quickly turbid again. After heating almost up to boiling point and
quick filtration of the hot solution, the filtrate was slightly concentrated and
cooled down slowly (over several days) to room temperature. Colorless
needle-shaped crystals were finally collected after washing with cold
hexane and drying in vacuo. Yield: 0.62 g (88 %); m.p. 226 ± 230 8C;
1H NMR ([D6]benzene): d� 1.78 (s, 3 H, p-Me), 1.90 (s, 3H, SMe), 6.23 (s,
15H, C5H5), 6.77 (d, 2H, m-Ph), 7.05 (d, 2H, o-Ph); C23H25LaOS (488.42):
calcd C 56.58, H 5.12; found: C 56.27, H 5.12 %.


Compound 9a : Yield 75 %, m.p. 227 ± 231 8C; 1H NMR (CD2Cl2): d�
ÿ20.78 (s, 3H, SMe), ÿ13.73 (s, 2H, o-Ph), 2.19 (s, 2 H, m-Ph), 12.50 (s,
15H, C5H5); 1H NMR ([D6]benzene): d�ÿ21.75 (s, 3H, SMe), ÿ14.38 (s,
2H, o-Ph), ÿ0.45 (s, 3 H, p-Me), 1.63 (s, 2 H, m-Ph), 13.30 (s, 15 H, C5H5);
C23H25OPrS (490.42): calcd C 56.35, H 5.10; found: C 55.98, H 5.27 %.


Compound 10 a : Yield 78 %, m.p. 226 ± 230 8C; 1H NMR ([D6]benzene):
d�ÿ10.92 (s, 3H, SMe), ÿ4.80 (d, 2H, o-Ph), 0.58 (s, 3H, p-Me), 2.93 (s,
15H, C5H5), 3.89 (d, 2 H, m-Ph); C23H25NdOS (493.76): calcd C 55.98, H
5.06; found: C 55.39, H 5.01 %.


Compound 13 : Yield 93%, m.p. 227 ± 230 8C; 1H NMR ([D6]benzene): d�
6.24 (s, 15H, C5H5), 6.86 (m, 6 H, m-/p-Ph), 7.25 (m, 4H, o-Ph); C27H25LaOS
(536.47): calcd C 60.47, H 4.66; found: C 59.56, H 4.72 %.


Compound 14 : Yield 92%, m.p. 230 ± 233 8C; 1H NMR ([D6]benzene): d�
ÿ14.14 (d, 6 H, m-/p-Ph), 1.76 (t, 4 H, o-Ph), 13.71 (s, 15H, C5H5);
C27H25OPrS (538.47): calcd C 60.25, H 4.64; found: C 59.20, H 4.76 %.


Compound 15 : Yield 83%, m.p. 235 ± 238 8C; 1H NMR ([D6]benzene): d�
ÿ5.54 (d, 4 H, o-Ph), 3.08 (s, 15 H, C5H5), 3.86 (t, 4 H, m-Ph), 4.62 (t, 2H, p-
Ph); C27H25NdOS (541.80): calcd C 59.88, H 4.61; found: C 59.50, H 4.67 %.
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Synthesis of Alkynyl-Linked Phthalocyanine Dyads: Push ± Pull Homo- and
Heterodimetallic Bisphthalocyaninato Complexes


Eva María Maya, PurificacioÂ n VaÂzquez, and TomaÂs Torres*[a]


Abstract: Metallophthalocyanine dimers linked by butadiynyl and ethynyl bridges
3 a ± c and 5 a ± c, respectively, have been synthesized by metal-mediated coupling
methodologies. The key to the synthesis of these chromophores was the ready
availability of appropriately functionalized unsymmetrical phthalocyanines 2 a ± c
that bear a terminal ethynyl group. Following the same methodology, push ± pull
homo- and heterodimetallic ethynyl-bridged bisphthalocyaninato complexes 10 a ± c,
that contain electron-donor and electron-acceptor substituents in each of the two
phthalocyanine subunits, have been also prepared.


Keywords: alkyne complexes ´ bi-
nuclear complexes ´ cross-coupling
´ heterodimetallic systems ´ phtha-
locyanines


Introduction


During the last decade a considerable amount of synthetic
work has been devoted to the preparation and study of
properties of covalently linked porphyrins and related macro-
cycles. Nonconjugated systems have been described in which
the macrocycle units have been joined together by all kinds of
linkages.[1] The goal of preparing multicomponent arrays re-
quires methods for the linkage of large numbers of subunits.
In this regard the metal-mediated cross- and homocoupling
methodology of alkynes has shown to be highly efficient. Re-
cently, considerable attention has been focused on the syn-
thesis of conjugated porphyrin dimers and oligomers connected
by ethynyl or butadiynyl bridges.[2] In this way, it has been
possible to study the electronic- and photonic-based cooper-
ation between the individual subunits of porphyrins.[2c,d, 3]


Despite the great scientific and technological interest in the
related phthalocyanine (Pc) system,[4] the effort devoted to
the preparation of multiphthalocyanine arrays has not been
comparable. Nonconjugated Pc dyads, in which the two Pc
cores are covalently linked by various kinds of bridges, have
been reported.[5] However, very few examples in which the Pc
subunits are connected through p-conjugated pathways have
been described.[6] The first Pc dimeric system containing a
butadiynyl bridge between the chromophores was synthesized
by Leznoff and co-workers,[7a] by a method that employed
only allows the preparation of homodimetallic bisphthalo-


cyanines in low yield. More recently, we have reported an
efficient method for the preparation of homo- and hetero-
dimetallic ethynyl- and butadiynyl-bridged bisphthalocyani-
nato complexes by the use of metal-mediated coupling
methodologies.[7b]


In this paper we report the preparation of these types of
dimers as well as new ones which contain other metallic
centers, such as cobalt. Additionally, new push ± pull homo-
and heterodimetallic bisphthalocyanine dyads that contain
donor and acceptor substituents in each of the two Pc moieties
are also described for the first time. These compounds provide
interesting targets for investigations of their second-order
nonlinear optical properties,[4b,d] since the electronic charge
distribution can be tailored by varying the central metal and
the peripheral substituents in each Pc subunit.


Results and Discussion


The key to the synthesis of ethynyl- and butadiynyl-bridged
bisphthalocyaninato complexes by means of metal-mediated
coupling was the ready availability of appropriately function-
alized unsymmetrical phthalocyanines which bear a terminal
ethynyl group, such as 2 (Scheme 1). Unsymmetrical Pcs are
usually difficult to prepare[8] and their isolation from the
complex reaction mixture became an important problem.[9]


The preparation of compounds 2 was carried out in two steps
from 4-(3-hydroxy-3-methyl-1-butynyl)phthalonitrile[10] (Sche-
me 1).


Mixed condensation of the latter with 4-tert-butylphthalo-
nitrile[11] (3 equiv) in the presence of the corresponding
metal(ii) salt afforded the unsymmetrical zinc-, nickel-, and
cobalt-substituted complexes 1 a ± c. These compounds, pro-


[a] Prof. T. Torres, Prof. P. VaÂzquez, E. M. Maya
Departamento de Química OrgaÂnica (C-I)
Universidad AutoÂ noma de Madrid
Canto Blanco, 28049 Madrid (Spain)
Fax: (�34) 91-3973966
E-mail : tomas.torres@uam.es


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2004 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 72004







2004 ± 2013


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2005 $ 17.50+.50/0 2005


duced in moderate yields, were separated by column chro-
matograpy from the corresponding undesired tetra-tert-bu-
tylphthalocyanines formed in the statistical condensation. The
-C(CH3)2OH protecting group of the ethynyl function in 1 a ±
c was then removed as acetone by treatment with sodium
hydroxide in toluene to give the terminal alkynes 2 a ± c in
good yields.[12]


Homodimetallic butadiynyl-bridged bisphthalocyanines : The
butadiynyl-bridged bis(tri-tert-butylphthalocyaninato)metal-
(ii) complexes 3 a,b were synthesized by oxidative homocou-
pling of the terminal alkynes 2 a,b in the presence of a
stoichiometric amount of copper(ii) acetate monohydrate in a
mixture of dry pyridine and dry methanol in �60 % yield


(Scheme 2).[13a,d] The homonu-
clear dimetallic complexes
were isolated by column chro-
matography.


The dicobalt compound 3 c
was, however, prepared in bet-
ter yield (42 %) from ethynyl Pc
2 c by the use of a catalytic
amount of bis(triphenylphos-
phane)palladium(ii) chloride
and copper(I) iodide.[13b,c] Both
the stoichiometric and catalytic
coupling methods are only use-
ful for metallated phthalocya-
nines. The use of free Pc bases
as the substrate produced cop-
per complexes to a greater or
smaller extent by a metal in-
sertion reaction.[10] These di-
meric species are green, where-
as the starting phthalocyanines
are blue as a result of extended
p conjugation.


The UV/Vis spectrum of the
zinc dimer 3 a is depicted in
Figure 1. The optical features of
these new chromophoric sys-
tems differ remarkably from
those of the unsymmetrical pa-
rent terminal alkyne 2 a. The
Soret (B) transition of 3 a in the


near-UV region of the spectrum spans wavelength ranges of
300 ± 450 nm, similar to that of compound 2 a. However, while
ethynyl compound 2 a shows only a Q band at 684 nm, as is
usual for metallated Pcs, the homodimetallic binuclear Pc 3 a
exhibits a split Q-band (675 and 709 nm) as well as a
remarkable broadening and redshift of this absorption. In
addition, at higher concentrations a shoulder centered at
�770 nm is clearly observed which extends to �820 nm.


Since compound 3 a is a mixture of several isomers, it could
be considered that a higher ratio of some of them might be the
reason of the Q-band splitting observed in the spectrum.[14]


However, the lack of splitting in the parent compound 2 a
spectrum, which is also a mixture of isomers, the magnitude of
the splitting taking into account the kind of peripheral
substituents (tert-butyl groups), and our own experience with
other kind of dimers, suggest that the observed splitting is
mainly the result of extended p conjugation of the dyad. Few
examples of intramolecular interactions between Pc subunits
have been studied in homodimetallic binuclear phthalocya-
nine systems in which the Pc moieties are connected through
p-conjugated systems.[6] In these cases, the Q band undergoes
a shift to the red, which has been attributed to the enlarge-
ment of the p-conjugated system, with concomitant splitting
of the Q band as a consequence of intramolecular electronic
coupling between the Pc subunits. In the present case, it is not
possible to conclude from the data available whether the
electronic coupling between the two halves of the binuclear
molecule is responsible for the splitting, taking into account


Abstract in Spanish: Se han sintetizado dímeros de metalofta-
locianina con los macrociclos unidos por puentes etinilo y
butadiinilo 3a ± c y 5a ± c, utilizando metodologías de aco-
plamiento asistidas por metal. La clave para la síntesis de estos
cromoÂforos ha sido la disponibilidad de ftalocianinas asimeÂ-
tricamente sustituidas con grupos etinilo terminales 2a ± c.
Siguiendo esta misma metodología se han preparado bisftalo-
cianinas homo- y heterodimetaÂlicas de tipo push ± pull 10a ± c,
en las cuales las dos subunidades se encuentran conectadas por
un grupo etinilo, que poseen sustituyentes electroÂn-dadores y
electroÂn-aceptores en cada una de las unidades.


Scheme 1. Synthesis of ethynylphthalocyanines 2a ± c.
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Figure 1. Electronic spectra of 2a (1.4� 10ÿ6 mol dmÿ3) (ÐÐ) and 3a
(1.1� 10ÿ5 mol dmÿ3) (****) in CHCl3.


that other effects, such as the degree of intermolecular
aggregation in solution[15] or even the local asymmetry[16] of
the molecules can also play an important role.


Figure 2 shows the electronic absorption spectra of the
nickel and cobalt dimers 3 b,c. Although the Q bands undergo


Figure 2. Electronic spectra of 2 b (2.18� 10ÿ6 mol dmÿ3) (- - - -), 2 c (3.04�
10ÿ6 mol dmÿ3) (ÐÐ), 3 b (6.5� 10ÿ6 mol dmÿ3) (****), and 3c (1.1�
10ÿ5 mol dmÿ3) (*±*±) in CHCl3.


a remarkable broadening with regard to the parent com-
pounds 2 b,c, in a manner similar to 3 a, these are not split, and
the main absorption corresponds in both cases to that of the
corresponding precursor (l� 670 nm).


The apparently different behavior of 3 b,c in comparison
with 3 a must be attributable to the nature of the central metal
and it could be related to intermolecular aggregation phe-
nomena in which the type of central metal is relevant.[15]


Additionally, the structure of the new compounds have been
determined by laser secondary ion mass spectometry
(LSIMS) (molecular ions appear in all the cases), IR, and
elemental analysis; NMR spectroscopy was not very informa-
tive.


Homo- and heterodimetallic ethynyl-bridged bisphthalocya-
nines : For the preparation of the ethynyl-bridged compounds,
5 a ± c, a metal-mediated cross-coupling methodology of the
alkynes 2 a ± c with the iodophthalocyanine 4 b was used
(Scheme 3).


Compound 4 b was prepared by the condensation of
4-iodophthalonitrile[13a] with 4-tert-butylphthalonitrile[11]


(3 equiv) in the presence of zinc(ii) chloride (1 equiv)
(Scheme 4). The reaction yielded a statistical mixture of
compounds (4 a ± d), and the ratios remained similar even if an
excess of 4-tert-butylphthalonitrile (1:9 molar ratio) was used.
All the reaction compounds were separated by column
chromatography on silica gel and eluted with a mixture of
petroleum ether and dioxane (4:1). Compounds 4 a ± d are
mixtures of the corresponding regioisomers.


Unsymmetrically substituted compound 4 b could also be
prepared from the amino-tri-tert-butylphthalocyaninatozin-
c(ii) complex by the Sandmeyer reaction.[12]


The cross-coupling reactions of 4 b and ethynyl compounds
2 a ± c were carried out following a modified Sonogashira
procedure. Thus, in order to reduce the reaction time and
minimize the homocoupling reaction of the ethynyl sub-
strates, a copper-free palladium catalyst was used, such as that


Scheme 2. Synthesis of homodimetallic butadiynyl-bridged bisphthalocyaninato complexes 3a ± c.
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described by Lindsey and co-workers.[17] The utilization of the
catalyst formed from tris(dibenzylidenacetone)dipalladium(00)
([Pd2(dba)3]) and triphenylarsane in a freshly distilled and
deaerated piperidine solution of the reagents afforded the
corresponding ethynyl-bridged bisphthalocyanines 5 a ± c in
good yields (76 ± 84 %). No homocoupling compounds were
detected under these conditions. The change of the color of


the reaction mixtures from blue
to green in these couplings marks
the formation of the dimer.


Compounds 5 a ± c were char-
acterized by UV/Vis, IR, and
NMR spectroscopies, mass
spectrometry (LSIMS), and el-
emental analysis. Figure 3
shows the UV/Vis spectra of
ethynyl-bridged bisphthalocya-
nine 5 a and its precursors 2 a
and 4 b. The spectrum of 5 a is
quite similar to that of 3 a (Fig-
ure 1), the absorption maxi-
mum of the B band is slightly
shifted to the blue, whereas the
Q band appears slightly shifted
to the red and split at 678 and
710 nm. Also in this case a
broad absorption with low in-
tensity at 770 nm is observed as
in the case of 3 a. The same
conclusions given above for the
spectrum of 3 a can be applied
to that of 5 a. Intramolecular
electronic coupling between the
two Pc subunits could take
place, but it is not demonstrat-
ed.


As in the case where the
butadiynyl-bridged dimers
3 b,c, which contain nickel and
cobalt, respectively, were com-
pared with the dizinc com-
pound 3 a, the heterodimetallic
ethynyl-bridged dimers 5 b,c,
which contain the couples Ni/
Zn and Co/Zn, respectively,
display apparently different be-
havior in the UV/Vis spectrum
in comparison with the homo-
dizinc dimer 5 a.


Although the Q bands of
5 b,c undergo a remarkable
broadening with regard to the
parent compounds (Figures 4
and 5), the splitting is not
resolved and the maximum of
the absorption in both cases is
similar to that of the corre-
sponding precursors. Here, the
nature of the central metal also
plays an important role.[15]


Synthesis of push ± pull ethynyl-bridged bisphthalocyanines :
In connection with our work on the systems of Pcs and related
compounds for nonlinear optics (NLO),[4b, 4d, 18] we were also
interested in the preparation of different push ± pull substi-
tuted bisphthalocyanines. The general approach to designing


Scheme 3. Synthesis of homo- and heterodimetallic ethynyl-bridged bisphthalocyaninato complexes 5 a ± c.


Scheme 4. Synthesis of iodo-tri-tert-butylphthalocyaninatozinc(ii) (4b).
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Figure 3. Electronic spectra of 2a (1.4� 10ÿ6 mol dmÿ3) (ÐÐ), 4b (1.9�
10ÿ6 mol dmÿ3) (- - - -), and 5 a (3.6� 10ÿ6 mol dmÿ3) (****) in CHCl3.


Figure 4. Electronic spectra of 2 b (2.18� 10ÿ6 mol dmÿ3) (ÐÐ), 4b (1.9�
10ÿ6 mol dmÿ3) (- - - -), and 5 b (3.3� 10ÿ5 mol dmÿ3) (****) in CHCl3.


Figure 5. Electronic spectra of 2c (1.4� 10ÿ6 mol dmÿ3) (ÐÐ), 4b (1.9�
10ÿ6 mol dmÿ3) (- - - -), and 5 c (1.3� 10ÿ5 mol dmÿ3 ) (****) in CHCl3.


NLO-phores for second harmonic generation (SHG) has
involved the coupling of both an electron donor (D) and
electron acceptor (A) to an organic structure that provides
electronic coupling between D and A.[19]


Thus, by the use of the metal-mediated cross-coupling
methodology described above, we obtained push ± pull di-
meric systems 10 a ± c from the reaction of the iodo com-
pounds 8 c and 9 b, bearing alkylsulfonyl acceptor groups, with
ethynyl-Pcs 2 a,b, containing alkyl donor substituents
(Scheme 5).


The iodo Pcs 8 c and 9 b (Scheme 6) were prepared in two
steps from 4-thiopropylphthalonitrile (6), which is readily


accessible from 4-nitrophthalonitrile[20] by nucleophilic sub-
stitution with propylthiol in the presence of K2CO3.[21]


Oxidation of 6 with H2O2 in acetic acid[18b] afforded
4-propylsulfonylphthalonitrile (7). Mixed condensation of
this compound with 4-iodophthalonitrile[13a] in a 3:1 molar
ratio in the presence of the corresponding metal(ii) acetate
with a mixture of o-dichlorobenzene/dimethylformamide
(3:1) or 2-ethoxyethanol as the solvent, afforded the corre-
sponding mixtures of compounds 8 a ± d and 9 a ± c, respec-
tively in a statistical distribution. Chromatographic separation
on silica gel with CH2Cl2/isopropyl alcohol as the eluent
allowed the isolation of 8 c from the mixture containing the
compounds 8 a ± d. On the other hand, the cobalt compound
9 b was isolated from the corresponding reaction mixture
containing 9 a ± c by chromatography with CHCl3/isopropyl
alcohol as the eluent.


Dimethylaminoethanol (DMAE) could not be used as the
solvent in the previously mentioned reactions because of the
decomposition of the alkylsulfonylphthalonitrile (7) under the
reaction conditions used; this gave rise to a great number of
purple compounds that were not identified.


Compound 8 c was then treated with the corresponding
ethynyl Pc 2 a,b with [Pd(PPh3)2Cl2] as the coupling agent in
the presence of catalytic amounts of CuI in diethylamine to
afford the push ± pull dimers 10 a,b in moderate yields (40 ±
50 %) (Scheme 5). The reaction was monitored by TLC until
all starting blue Pcs were converted into the new green
species. The dimer 10 b was obtained in the above-mentioned
cross-coupling reaction as the only reaction product, whereas
dimer 10 a was contaminated by small amounts of the
butadiynyl-bridged dimer 3 a, as a result of the higher
tendency of the ethynyl zinc-Pc 2 a to give homocoupling
compounds.


In order to improve the yields of 10 a,b, the catalyst
previously employed in the preparation of the related ethynyl-
bridged dimers 5 a ± c, [Pd2(dba)3] and AsPh3 in freshly
distilled and deaerated piperidine, was then tested. In this
way the yields were improved to reach levels of �80 %
(Scheme 5) and the homocoupling compounds were not
observed. A similar method was used for the preparation of
10 c starting from 9 b and 2 a.


Dimers 10 a ± c were purified by column chromatography
on silica gel with CH2Cl2/isopropyl alcohol as the eluent. The
1H NMR spectra of compounds 10 a ± c at room temperature
in chloroform do not provide any information about the
structure of the dimers. All the aromatic protons appear as
very broad signals, since compounds 10 are actually mixtures
of structural isomers and because of aggregation phenomena
that occur at the concentrations used for recording the
spectra. No additional information was obtained when the
spectra were recorded in C2D2Cl4 at higher temperatures
(90 8C). The compounds were characterized by UV/Vis and
IR spectroscopies, mass spectrometry (FAB-MS), and ele-
mental analysis.


Figure 6 shows the UV/Vis spectra of ethynyl-bridged
bisphthalocyanine 10 a and its precursors 2 a and 8 c. As in
the case of compound 5 a, the most remarkable change is the
blue-shifting of the B band and the broadening of the splitting
of the Q band, which is not well resolved and whose maximum
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appears slightly blue-shifted,
although it is shifted more to
the red than in the starting
materials.


From a comparison of the
Q-band spectra of compounds
5 a and 10 a, it is evident that in
the latter compound the ab-
sorptions are shifted to shorter
wavelengths as a consequence
of the electron-withdrawing
character of the alkylsulfonyl
substituents.


Similar results are obtained
for compounds 10 b and 10 c
(Figure 7). However, in the case
of 10 b a strong absorption at
627 nm is also observed which
is most probably caused by
intermolecular association.[22]


We have recently reported ag-
gregation in other kinds of
related dimers.[15] A CPK model
of push ± pull compound 10 c is
represented in Figure 8.


Conclusions


We have described for the first
time several series of alkynyl-
bridged bis(phthalocyaninato)-
metal complexes. The stepwise
synthetic methods used, based
on common metal-mediated
coupling methodologies, allow
the preparation of homo- and
heterodimetallic systems and
the introduction of different
kinds of substituents in each of
the two Pc subunits. These dim-
ers which display extended con-
jugation are interesting targets
for the investigation of their
NLO properties, especially the
push ± pull substituted dimers
and heterodimetallic systems,
which will be reported in due
course, and for the investigation
of their electron- and energy-
transfer processes. However,
the study described here indi-
cates that these kinds of sys-
tems deserve much more addi-
tional work in order to provide
new information on how central
metals and substituents affect
the electronic structure of
phthalocyanine dimers; this


Scheme 5. Synthesis of push ± pull homo- and heterodimetallic ethynyl-bridged phthalocyaninato complexes
10a ± c.


Scheme 6. Synthesis of iodo-tri-propylsulfonylphthalocyaninato complexes 8 c and 9 b.
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Figure 6. Electronic spectra of 2 a (1.4� 10ÿ6 mol dmÿ3) (ÐÐ), 8c (6.5�
10ÿ6 mol dmÿ3) (ÐÐ), and 10a (1.0� 10ÿ5 mol dmÿ3) (****) in CHCl3.


Figure 7. Electronic spectra of 10b (3.5� 10ÿ6 mol dmÿ3) (****), and 10 c
(1.51� 10ÿ5 mol dmÿ3) (ÐÐ) in CHCl3.


Figure 8. CPK model of compound 10c.


might support a more fundamental understanding of the
various modes of intramolecular interaction between the two
Pc subunits. The relative orientation and motion in solution of
the Pc moieties through the alkyne linkage (planarity of the
systems) is also an important factor which must be taken into
account, since it affects p ± p stacking interactions and
aggregation phenomena.


Experimental Section


Melting points were determined on a Büchi 504392 (S) apparatus and are
uncorrected. Infrared spectra were recorded on a Perkin ± Elmer spectro-


photometer. The 1H NMR and 13C NMR spectra were obtained on a
Bruker AC 200 (200 and 50 MHz, respectively). UV/Vis spectra were
recorded on a Perkin ± Elmer Lambda 6 spectrophotometer. The mass
spectra were determined on a VG AutoSpec spectrometer. Elemental
analyses were performed on a Perkin ± Elmer 2400 CHN elemental
analyzer.
All tetrasubstituted phthalocyanines synthesized were obtained as a
mixture of 2,9,16,23-, 2,10,16,24-, 2,9,17,24-, and 2,9,16,24-regioisomers.


[Tri-tert-butyl-(3-hydroxy-3-methyl-1-butynyl)phthalocyaninato]metal(iiii)
(1a ± c):


General procedure : A mixture of 4-tert-butylphthalonitrile[11] (400 mg,
2.17 mmol) and 4-(3-hydroxy-3-methyl-1-butynyl)phthalonitrile[10] (182 mg,
0.72 mmol) was refluxed in dimethylaminoethanol (DMAE) (1.5 mL)
under argon for 12 h in the presence of the corresponding metallic salt
MCl2 (0.72 mmol). The mixture was concentrated under reduced pressure,
the blue solid was extracted with CH2Cl2 and then washed with water.
Compounds 1 a ± c were separated from the corresponding tetra-tert-
butylphthalocyaninate by chromatography (silica gel, CH2Cl2/isopropanol
100:1).


1a : Yield: 142 mg (24 %); m.p.> 300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.4 ± 7.2 (br, arom H), 4.0 (s, 1 H; OH), 1.6 [br, 27 H; C(CH3)3],
1.4 (s, 6 H; CH3); IR (KBr): nÄ � 3495 (OH), 2954 (CH), 2500 (C�C), 1392,
1363 and 1331 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax (loge)� 684 (5.1), 613
(4.5), 351 nm (4.9); MS (FAB-mNBA): m/z (%): 827 (100) [M�H�], 811
(31) [MÿCH3]� , 771 (13); C49H46N8OZn ´ 3 H2O (880.03): calcd C 66.79, H
5.95, N 12.73; found C 66.93, H 5.93, N 12.97.


1b : Yield: 128 mg (21 %); m.p.> 300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.2 ± 7.3 (br, arom H), 4.0 (s, 1 H; OH), 1.6 [br, 27 H; C(CH3)3],
1.4 (s, 6 H; CH3); IR (KBr): nÄ � 3423 (OH), 2955 (CH), 2599 (C�C), 1394,
1363 and 1320 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax (loge)� 676 (5.0), 609
(4.4), 333 nm (4.7); MS (FAB-mNBA): m/z (%): 821 (100) [M�H�], 805
(42) [MÿCH3]� ; C49H46N8ONi ´ 2H2O (856.33): calcd C 68.66, H 5.88, N
13.08; found C 68.44, H 5.88, N 13.44.


1c : Yield: 112 mg (19 %); m.p.> 300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.0 ± 7.3 (br, arom H), 4.0 (s, 1 H; OH), 1.6 [br, 27 H; C(CH3)3],
1.4 (s, 6 H; CH3); IR (KBr) nÄ � 3425 (OH), 2958 (CH), 2596 (C�C),1394,
1363 and 1318 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax (loge)� 673 (5.2), 608
(4.6), 328 nm (4.9); MS (FAB-mNBA): m/z (%): 822 (100) [M�H�], 806
(31) [MÿCH3]� ; C49H46N8OCo ´ 2H2O (857.33): calcd C 68.58, H 5.88, N
13.07; found C 68.25, H 6.26, N 12.80.


(Tri-tert-butyl-ethynylphthalocyaninato)metal(iiii) (2a ± c):


General procedure : A mixture of [tri-tert-butyl-(3-hydroxy-3-methyl-1-
butynyl)phthalocyaninato]metal(ii) (1a ± c) (0.145 mmol) and powdered
sodium hydroxide (0.145 mmol) in dry toluene (3 mL) was refluxed under
argon. The reaction was monitored by TLC until all the starting material
had reacted. After the solvent was evaporated under reduced pressure, the
product was extracted with CH2Cl2, washed with water, and then
chromatographed (silica gel, CH2Cl2/isopropyl alcohol 20:1).


2a : Reaction time: 4 h. Yield: 82 mg (74 %); m.p. >300 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 9.0 ± 7.5 (br, arom H), 3.4 (s, 1H;
C�CH), 1.6 [br, 27 H; C(CH3)3]; IR (KBr) nÄ � 3495 (C�CH), 2954 (CH),
2103 (C�CH), 1392, 1363, and 1330 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax


(loge)� 684 (5.4), 612 (4.7), 350 nm (5.1); MS (FAB-mNBA): m/z (%): 769
(100) [M�H�], 753 (26) [MÿCH3]� ; C46H40N8Zn ´ H2O (786.22): calcd C
70.09, H 5.37, N 14.22; found C 69.69, H 5.37, N 14.82.


2b : Reaction time: 24 h. Yield: 81 mg (73 %); m.p.> 300 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 9.0 ± 7.6 (br, arom H), 3.4 (s, 1H;
C�CH), 1.6 [br, 27 H; C(CH3)3]; IR (KBr) nÄ � 3390 (C�CH), 2955 (CH),
2103 (C�CH), 1390, 1365 and 1320 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax


(loge)� 675 (5.5), 607 (4.8), 337 nm (5.1); MS (FAB-mNBA): m/z (%): 763
(100) [M�H�], 747 (36) [MÿCH3]� ; C46H40N8Ni ´ H2O (781.58): C 70.69, H
5.42, N 14.34; found C 71.07, H 5.36, N 14.20.


2c : Reaction time: 4 h. Yield: 82 mg (74 %); m.p.> 300 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 8.0 ± 7.3 (br, arom H), 3.4 (s, 1H;
C�CH), 1.6 [br, 27 H; C(CH3)3]; IR (KBr) nÄ � 3313 (C�CH), 2956 (CH),
2104 (C�CH), 1394, 1363, and 1319 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax


(loge)� 672 (5.4), 607 (4.7), 328 nm (4.9); MS (FAB-mNBA): m/z (%): 763
(100) [M�H�], 747 (36) [MÿCH3]� ; C46H40N8Co ´ 3H2O (817.33): C 67.54,
H 5.67, N 13.71; found C 67.74, H 5.46, N 13.63.
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Bis[(tri-tert-butylphthalocyaninato)metal(iiii)]butadiyne (3a ± c):


General procedure for 3a,b :[13a,d] (Tri-tert-butylethynylphthalocyaninate)-
metal(ii) (2a,b) (0.025 mmol) and Cu(OAc)2 ´ H2O (0.5 mmol) were heated
at 55 ± 60 8C in a mixture of dry pyridine (1 mL) and dry MeOH (0.05 mL)
under argon until all the starting material had reacted.


Synthesis of 3c : [Pd(PPh3)2Cl2] (3 mg) and CuI (6 mg), instead of
Cu(OAc)2 ´ H2O, in distilled Et3N (1 mL) at room temperature were
used.[13b,c] After the solvent was removed, the product was extracted with
CH2Cl2, washed with water, and chromatographed (silica gel, CH2Cl2/
MeOH 100:1).


3a: Reaction time 4 h. Yield: 12 mg (60 %); m.p. >300 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 9.5 ± 7.2 (br, arom H), 1.6 [br,
C(CH3)3]; IR (KBr) nÄ � 3428 (arC-H), 2955 and 2923 (CH), 2556 (C�C),
1392, 1363 and 1330 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax (loge)� 709
(4.7), 675 (4.7), 350 nm (4.6); (FAB-mNBA): m/z (%): 1539 ± 1535 (isotopic
pattern) (100) [M�H�], 1519 (20) [MÿCH3]� ; C92H78N16Zn2 ´ 5H2O
(1628.5): calcd C 67.81, H 5.44, N 13.76; found C 67.50, H 5.12, N 13.58.


3b: Reaction time 24 h. Yield: 11 mg (60 %); m.p. >300 8C; 1H NMR
(200 MHz, CDCl3, 25 8C TMS): d� 9.4 ± 7.1 (br, arom H), 1.6 [br, C(CH3)3];
IR (KBr) nÄ � 3443 (arC-H), 2962 and 2919 cmÿ1 (CH); UV/Vis (CHCl3):
lmax (loge)� 671 (4.6), 332 nm (4.6); (FAB-mNBA): m/z (%): 1527 ± 1523
(isotopic pattern) (100) [M�H�]; C92H78N16Ni2 ´ 5H2O (1614.5): calcd C
68.40, H 5.49, N 13.88; found: C 68.73, H 5.73, N 13.52.


3c: Reaction time 12 h. Yield: 8 mg (42 %); m.p. >300 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 9.3 ± 7.0 (br, arom H), 1.6 [br,
C(CH3)3]; IR (KBr) nÄ � 3375 (arC-H), 2961 and 2954 cmÿ1 (CH); UV/Vis
(CHCl3): lmax (loge)� 672 (4.8), 326 nm (4.8); (FAB-mNBA): m/z (%):
1527 ± 1525 (isotopic pattern) (100) [M�H�]; C92H78N16Co2 ´ 4H2O
(1599.3): calcd C 69.04, H 5.42, N 14.01; found: C 69.43, H 5.27, N 13.81.


Tri-tert-butyl-iodophthalocyaninatozinc(iiii) (4b): A mixture of 4-tert-bu-
tylphthalonitrile[11] (400 mg, 2.17 mmol) and 4-iodophthalonitrile[13a]


(183 mg, 0.72 mmol) was refluxed in DMAE (1.5 mL) under argon for
15 h in the presence of ZnCl2 (100 mg, 0.72 mmol). The mixture was
concentrated under reduced pressure, the blue solid was extracted with
CH2Cl2 and then washed with water. The corresponding tri-tert-butylio-
dophthalocyaninato zinc(ii) (4 b) was separated from tetra-tert-butylphtha-
locyaninato zinc(ii) (4 a), di-tert-butyl-diiodophthalocyaninato zinc(ii) (4c),
and tert-butyl-triiodophthalocyaninato zinc(ii) (4d) by chromatography
(silica gel, petroleum ether/dioxane 4:1). The compounds were washed with
hot MeOH after chromatography.


4b: Yield: 94 mg (15 %); m.p.> 300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.7 ± 7.5 (br, arom H),1.6 [br, 27 H; C(CH3)3]; IR (KBr) nÄ � 3438
(arC-H), 2995 (CH), 1392, 1363 and 1330 [C(CH3)3], 1091 cmÿ1 (C-I); UV/
Vis (CHCl3): lmax (loge)� 679 (5.1), 612 (4.3), 351 nm (4.7); (FAB-mNBA):
m/z (%): 871 (100) [M�H�], 855 (24) [MÿCH3]� ; C44H39N8IZn ´ H2O
(888.2): calcd C 59.44, H 4.61, N 12.61; found C 59.20, H 4.92, N 12.88.


4c: Yield: 60 mg (9%); m.p.> 300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 9 ± 8.5 (br, arom H), 1.6 [br, C(CH3)3]; IR (KBr) nÄ � 3434 (arC-
H), 2954 (CH), 1390, 1363 and 1329 [C(CH3)3], 1093 cmÿ1 (C-I); UV/Vis
(CHCl3): lmax (loge)� 678 (5.2), 612 (4.4), 352 nm (4.8); (FAB-mNBA): m/z
(%): 941 (100) [M�H�], 925 (25) [MÿCH3]� ; C40H30N8I2Zn (939.98) calcd
C 51.01, H 3.21, N 11.90; found 51.09, H 3.30, N 11.77.


4d : Yield: 72 mg (10 %); m.p.> 300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.5 ± 8.0 (br, arom H), 1.6 [br, C(CH3)3]; IR (KBr) nÄ � 3430 (arC-
H), 2995 (CH), 1389, 1364, and 1330 [C(CH3)3], 1092 cmÿ1 (C-I); UV/Vis
(CHCl3): lmax (loge)� 679 (5.2), 612 (4.5), 353 nm (4.8); (FAB-mNBA): m/z
(%): 1010 (100) [M�H�], 994 (11) [MÿCH3]� ; C36H21N8I3Zn ´ H2O
(1027.83): calcd C 41.99, H 2.25, N 10.88; found C 41.50, H 2.39, N. 10.86.


Bis[(tri-tert-butylphthalocyaninato)zinc(iiii)-zinc(iiii), zinc(iiii)-nickel(iiii), and
zinc(iiii)-cobalt(iiii)]ethyne (5a ± c):


General procedure : A mixture of (tri-tert-butylethynylphthalocyaninato)-
metal(ii) (2a ± c) (0.025 mmol), tri-tert-butyliodophthalocianinatozinc(ii)
(4b) (22 mg 0.025 mmol), [Pd2(dba)3] (8 mg), and AsPh3 (18 mg) was
stirred at 35 8C in freshly distilled and deaerated piperidine under argon
until the starting phthalocyanines had reacted. The mixture was concen-
trated under reduced pressure. The green solid obtained was extracted with
CH2Cl2 and washed with water. The bisphthalocyaninates were purified by
chromatography (5a and 5 b : silica gel, CH2Cl2/isopropanol 40:1; 5 c : silica
gel, toluene).


5a: Reaction time: 6 h. Yield: 26 mg (70 %); m.p.> 300 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 9.5 ± 7.2 (br, arom H), 1.6 [br,
C(CH3)3]; IR (KBr) nÄ � 3428 (arC-H), 2957 (CH), 2550 (C�C), 1391 and
1329 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax (loge)� 710 (4.7), 678 (4.7),
344 nm (4.6); (FAB-mNBA): m/z (%): 1515 ± 1511 (isotopic pattern) (100)
[M�H�], 1499 ± 1495 (isotopic pattern) (24) [MÿCH3]� , C90H78N16Zn2 ´
4H2O (1586.5): calcd C 68.09, H 5.48, N 14.12; found C 68.26, H 5.74, N
13.87.


5b: Reaction time: 24 h. Yield: 28 mg (76 %); m.p.> 300 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 9.4 ± 7.2 (br, arom H), 1.6 [br,
C(CH3)3]; IR (KBr) nÄ � 3423 (arC-H), 2955 (CH), 2597 (C�C), 1393,
1363 and 1328 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax (loge)� 678 (4.3),
336 nm (4.0); (FAB-mNBA): m/z (%): 1509 ± 1505 (isotopic pattern) (100)
[M�H�]; C90H78N16NiZn ´ 5H2O (1594.52): calcd C 67.73, H 4.92, N 14.05;
found C 67.34, H 5.18, N 13.89.


5c: Reaction time: 14 h. Yield: 31 mg (84 %); m.p.> 300 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 9.1 ± 8.5 (br, arom H), 1.6 [br,
C(CH3)3]; IR (KBr) nÄ � 3425 (arC-H), 2960 (CH), 2550 (C�C),1394, 1364
and 1319 cmÿ1 [C(CH3)3]; UV/Vis (CHCl3): lmax (loge)� 700 (4.4), 676
(4.6), 622 (4.3), 329 nm (4.4); (FAB-mNBA): m/z (%): 1508 ± 1506 (isotopic
pattern) (100) [M�H�], 1492 ± 1490 (isotopic pattern) (55) [MÿCH3]� ;
C90H78N16CoZn ´ 4H2O (1577.5): calcd C 68.44, H 4.98, N 14.19; found C
68.74, H 5.27, N 14.55.


4-Thiopropylphthalonitrile (6): A mixture of 4-nitrophthalonitrile[20] (3 g,
0.0173 mol) and propanothiol (1.58 g, 0.0208 mol) was stirred for 10 min in
DMSO.[21] Then K2CO3 (2.8 g, 0.0208 mol) was added slowly. The reaction
mixture was stirred under argon for 16 h. The product was extracted with
CH2Cl2 and washed with a solution K2CO3 (5%). The brown oil obtained
was purified by columm chromatography (silica gel, CH2Cl2/hexane 2:1) to
yield 2.3g (66 %) of a gray solid. M.p. 61.9 ± 62.3 8C; 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d� 7.63 (d, J(H,H)� 8.3 Hz, 1H; arom H), 7.53 (dd,
J(H,H)� 8.3, J(H,H) 2.0 Hz, 1 H; arom H), 7.45 (d, J(H,H)� 2.0 Hz, 1H;
arom H), 2.99 (t, J(H,H)� 7.3 Hz, 2 H; SCH2), 1.71 (m, 2 H; CH2), 1.08 (t,
J(H,H)� 7.4 Hz, 3H; CH3); 13C NMR (50 MHz, CDCl3, 25 8C, TMS): d�
147.4 (C4), 133.1 (C6), 129.9 (C5), 129.8 (C3), 116.2 (C2), 115.5 (CN), 115.1
(CN), 110.6 (C1), 33.7 (SCH2), 21.6 (CH2), 13.3 (CH3); MS (70 eV, EI): m/z
(%): 202 (85) [M]� , 173 (49) [M�ÿCH3CH2]; 159 (100) [M�ÿ
CH3CH2CH2]; C11H10N2S (202.08): calcd C 64.04, H 5.85, N 13.28; found
C 64.34, H 6.01, N 13.67.


4-Propylsulfonylphthalonitrile (7): 4-Propylsulfonylphthalonitrile (6, 2.3 g,
0.011 mol) was stirred with acetic acid under reflux. Then H2O2 (56 mL)
was added slowly over a period of 15 min. The reaction was stirred at this
temperature for 2 h.[22] The yellow solution was poured into water and the
white solid obtained was filtered and washed with water. Yield: 2.05g
(80 %); m.p. 147.0 ± 148.6 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�
8.95 (d, J(H,H)� 8.1 Hz, 1H; arom H), 8.45 (d, J(H,H)� 1.6 Hz, 1 H; arom
H), 8.26 (dd, J(H,H)� 8.3, J(H,H)� 1.6 Hz, 1 H; arom H), 3.14 (m, 2H;
SO2CH2), 1.75 (m, 2H; CH2), 1.04 (t, J(H,H)� 7.3, 3 H; CH3); 13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d� 144.3 (C4), 134.3 (C5), 132.7 (C6), 132.4
(C3), 123.3 (C1), 120.7 (CN), 120.3 (CN), 117.3 (C2), 57.7 (SCH2), 16.3
(CH2), 12.8 (CH3); MS (70 eV, EI): m/z (%): 234 (11) [M]� , 127 (100)
[M�ÿ SO2CH3CH2CH2]; C11H10N2SO2 (234.07): calcd C 56.40, H 4.30, N
11.96, S 13.68; found C 56.12, H 4.28, N 11.57, S 13.40.


Iodo-tri-propylsulfonylphthalocyaninatozinc(iiii) (8c): A mixture of 4-pro-
pylsulfonylphthalonitrile (7, 500 mg, 2.13 mmol) and 4-iodophthalonitri-
le[13a] (169 mg, 0.71 mmol) was stirred in a mixture of o-dichlorobenzene
(1.5 mL) and DMF (0.5 mL) at 130 8C in the presence of zinc acetate
monohydrate (155 mg). The mixture was heated for 12 h under argon
atmosphere. The solvent was evaporated and the blue oil obtained was
dissolved in CH2Cl2 and washed with water. The desired compound 8 c was
isolated from a mixture of Pcs by columm chromatography (silica gel,
CH2Cl2/isopropyl alcohol): the tri-iodo-propylsulfonylphthalocyaninato-
zinc(ii) (8a) was obtained as the first eluted component with CH2Cl2/
isopropyl alcohol (100:1). Then, a mixture 75:1 of these solvents was
employed to separate the di-iodo-di-propylsulfonylphthalocyaninatozin-
c(ii) (8b). Pc 8 c was obtained after increasing the polarity to 50:1. The last
eluted component was the tetra-propylsulfonylphthalocyaninatozinc(ii)
complex 8 d.


8a: Yield: 19 mg (2.5 %); m.p. >300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.40 (d, J(H,H)� 1.6 Hz; arom H), 8.33 (dd, J(H,H)� 7.7,
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J(H,H)� 1.56 Hz; arom H), 8.09 (s; arom H), 8.07 (d, J(H,H)� 7.1 Hz;
arom H), 7.60 (s; arom H), 6.90 (s; arom H), 3.13 (t, J(H,H)� 7.9 Hz, 2H;
SO2CH2), 1.83 (m, 2 H; CH2), 1.03 (t, J(H,H)� 7.3 Hz, 3H; CH3); IR (KBr)
nÄ � 3405 (arC-H), 2950(CH), 1300, 1250, 1140, 1090 cmÿ1 (ÿSO2ÿ); UV/Vis
(CHCl3): lmax (loge)� 683 (5.3), 675 (5.3), 612 (4.7), 353 nm (5.0); (FAB-
mNBA): m/z (%): 1060 (100) [M�H�], 952 (18) [M�ÿ SO2C3H7]� ;
C35H19N8SO2I3Zn ´ 2 H2O (1095.75): calcd C 38.35, H 2.12, N 10.23, S 2.91;
found C 38.36, H 2.45, N 10.15, S 3.19.


8b: Yield: 72 mg (9 %); m.p.> 300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.37 (d, J(H,H)� 1.0 Hz; arom H), 8.30 (d, J(H,H)� 7.7 Hz;
arom H), 8.04 (d, J(H,H)� 7.7 Hz; arom H), 3.12 (t, J(H,H)� 7.8 Hz, 4H;
SO2CH2), 1.76 (m, 4 H; CH2), 1.02 (t, J(H,H)� 7.4 Hz, 6H; CH3); IR (KBr)
nÄ � 3400 (arC-H), 2920 (CH), 1304, 1245, 1091 cmÿ1 (ÿSO2ÿ); UV/Vis
(CHCl3): lmax (loge)� 680 (5.3), 611 (4.6), 353 nm (4.8); (FAB-mNBA): m/z
(%): 1043 ± 1041 (isotopic pattern) (100) [M�H�], 934 (20) [Mÿ
SO2C3H7]� ; C38H26N8S2O4I2Zn ´ 2 H2O (1078.01): calcd C 42.34, H 2.94, N
10.23, S 5.84; found C 42.52, H 3.25, N 10.60, S 5.54.


8c: Yield: 60 mg (8%); m.p.> 300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.40 (d, J(H,H)� 1.2 Hz; arom H), 8.33 (dd, J(H,H)� 7.7,
J(H,H)� 1.4 Hz; arom H), 8.07 (d, J(H,H)� 7.6 Hz; arom H), 7.60 (s; arom
H), 6.90 (s; arom H), 3.10 (m, 6H; SO2CH2), 1.25 (m, 6 H; CH2), 1.03 (m,
9H; CH3); IR (KBr) nÄ � 3400 (arC-H), 2940 (CH), 1731, 1305, 1255, 1141,
1092 cmÿ1 (ÿSO2ÿ); UV/Vis (CHCl3): lmax (loge)� 682 (5.3), 672 (5.3), 609
(4.5), 352 nm (4.8); (FAB-mNBA): m/z (%): 1023 ± 1021 (isotopic pattern)
(100) [M�H�]; 913 (23) [MÿSO2C3H7]� ; C41H33N8S3O6IZn ´ 3H2O
(1076.2): calcd C 45.76, H 3.65, N 10.41, S 8.94; found C 45.77, H 3.37, N
10.05, S 8.87.


8d: Yield: 59 mg (8 %); m.p. >300 8C; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 8.5 (s, arom H), 8.18 (d, J(H,H)� 1.3 Hz; arom H), 8.10 (dd,
J(H,H)� 7.7, J(H,H)� 1.3 Hz; arom H), 7.6 (m; arom H), 7.56 (d, J(H,H)�
7.7 Hz; arom H), 3.10 (m, 8H SO2CH2), 1.76 (m, 8 H;CH2), 1.04 (m, 12H;
CH3); IR (KBr) nÄ � 3414 (arC-H), 2966 (CH), 1306, 1289, 1142, 1094 cmÿ1


(ÿSO2ÿ); UV/Vis (CHCl3): lmax (loge)� 679 (5.5), 609 (4.7), 345 nm (4.9);
(FAB-mNBA): m/z (%): 1003 ± 1001 (isotopic pattern) (100) [M�H�],
897 ± 894 (isotopic pattern) (32) [MÿSO2C3H7]� ; C44H40N8S4O8Zn ´ 4H2O
(1074): calcd C 49.18, H 4.50, N 10.43, S 11.93; found C 49.57, H 4.12, N
10.58, S 11.90.


Iodo-tri-propylsulfonylphthalocyaninatocobalt(iiii) (9 b): A mixture of
4-propylsulfonylphthalonitrile (7, 500 mg, 2.13 mmol) and 4-iodophthalo-
nitrile (180 mg, 0.71 mmol)[13a] was stirred in 2-ethoxyethanol (4 mL) at
135 8C in the presence of cobalt acetate dihydrate (177 mg, 0.71 mmol). The
mixture was heated for 12 h under argon atmosphere. The solvent was
evaporated and the blue oil was dissolved in CH2Cl2 and the solution was
washed with water. The desired iodo-tri-propylsulfonylphthalocyaninato-
cobalt(ii) (9b) was isolated from a mixture of Pcs by column cromatography
(silica gel, CHCl3/isopropyl alcohol). The di-iodo-di-propylsulfonylphtha-
locyaninatocobalt(ii) (9 a) was obtained as the first eluted component with
CHCl3/isopropyl alcohol (200:1). Then a mixture 100:1 of these solvents
was employed to obtain compound 9b. The last eluted component was the
tetra-propylsulfonylphthalocyaninatozinc(ii) complex (9 c). The com-
pounds were washed with hot MeOH after chromatography.


9a : Yield: 30 mg (4 %); m.p. >300 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 8.16 (d, J(H,H)� 1.7 Hz; arom H), 8.11 (s, arom H), 8.09 (d,
J(H,H)� 1.63 Hz; arom H), 7.50 (s, arom H), 3.10 (m, 4 H; SO2CH2), 1.85
(m, 4H; CH2), 1.05 (m, 6H; CH3); IR (KBr) nÄ � 3456 (arC-H), 2967 (CH),
1294, 1139, 1094 cmÿ1 (ÿSO2ÿ); UV/Vis (CHCl3): lmax (loge)� 667 (5.2),
607 (4.8), 306 nm (5.11); (FAB-mNBA): m/z (%): 1036 (100) [M�H�], 928
(30) [M�ÿ SO2C3H7]� ; C38H26N8S2O4I2Co ´ 4H2O (1107.55): calcd C 41.17,
H 3.06, N 10.11; found C 41.56, H 3.19, N 9.80.


9b : Yield: 65 mg (9 %); m.p.> 300 8C; 1H RMN (300 MHz, CDCl3, 25 8C,
TMS): d� 7.60 (s; arom H), 6.90 (s; arom H), 3.10 (m, 6H; SO2CH2), 1.82
(m, 6H; CH2), 1.03 (m, 9H; CH3); IR (KBr) nÄ � 3444 (arC-H), 2922 (CH),
1306, 1139, 1100 cmÿ1 (SO2); UV/Vis (CHCl3): lmax (loge)� 666 (5.1), 604
(4.6), 327 nm (4.9); (FAB-mNBA): m/z (%): 1016 (100) [M�H�], 908 (21)
[Mÿ SO2C3H7]� , C41H33N8S3O6ICo ´ 2H2O (1033.05) calcd C 47.60, H 3.60,
N 10.84; found C 48.0, H 3.91, N 10.60.


9c : Yield: 38 mg (5%); m.p.> 300 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 8.5 ± 8.03 (m, arom H), 3.08 (m, 8 H; SO2CH2), 1.70 (m, 8H;
CH2), 1.04 (m, 12H; CH3); IR (KBr) nÄ � 3456 (arC-H), 2967 (CH), 1306,
1139, 1100 cmÿ1 (ÿSO2ÿ); UV/Vis (CHCl3): lmax (loge)� 667 (4.9), 602


(4.4), 328 nm (4.8); (FAB-mNBA): m/z (%): 996 (100) [M�H�], 888 (20)
[Mÿ SO2C3H7]� ; C44H40N8S4O8Co ´ 4H2O (1067.15): calcd C 49.43, H 4.49,
N 10.48; found C 48.99, H 4.22, N 10.30.


[Tri-tert-butylphthalocyaninato metal(iiii)-tri-propylsulfonylphthalocyani-
nato metal(iiii)]ethyne (10 a ± c):


Method A : Tri-propylsulfonylphthalocyaninatozinc(ii) (8 c, 0.030 mmol)
was stirred in freshly distilled and deaerated Et2NH in the presence of
[Pd(PPh3)2Cl2] (1 mg) and CuI (0.6 mg). The (tri-tert-butylethynylphthalo-
cyaninato)metal(ii) (2a or 2 b, 0.030 mmol) was then added and the reaction
was stirred under argon at 35 8C for 6 h (the reaction was monitored by
TLC until all blue starting Pcs disappeared to form a new green species).
The green solution obtained was evaporated to dryness. The residue was
extracted with CH2Cl2 and the solution washed with water. The dimers
were purified by chromatography (silica gel, CH2Cl2 /isopropyl alcohol
100:1).


Method B : (Tri-propylsulfonylphthalocyaninato)metal(ii) (8 c or 9b,
0.030 mmol) was stirred in freshly distilled and deaerated piperidine in
the presence of [Pd2(dba)3] (6 mg) and AsPh3 (4 mg). The (tri-tert-
butylethynylphthalocyaninato)metal(ii) (2a or 2b, 0.030 mmol) was then
added and the mixture was stirred under argon at 35 8C for 6 h and then
worked up as in Method A.


10a : Yield: 10 mg (41 %, Method A), 19 mg (78 %, Method B); m.p.>
300 8C; IR (KBr) nÄ � 3428 (arC-H), 2954 (CH), 2543 (C�C), 1330, 1307,
1087 cmÿ1 [C(CH3)3, SO2]; UV/Vis (CHCl3): lmax (loge)� 677 (4.2), 343 nm
(4.3); (FAB-mNBA): m/z (%): 1665 ± 1661 (isotopic pattern) (100)
[M�H�], 1558 ± 1553 (isotopic pattern) (27) [Mÿ SO2C3H7]� ; C87H72-
N16S3O6Zn2 ´ 5 H2O (1750.35): calcd C 59.64, H 4.72, N 12.80, S 5.47; found
C 59.83, H 4.55, N 13.02, S 5.79.


10b : Yield: 12 mg (50 %, Method A); 17 mg (71 %, Method B); m.p.>
300 8C; IR (KBr) nÄ � 3420 (arC-H), 2952 (CH), 2540 (C�C), 1330, 1307,
1087 cmÿ1 [C(CH3)3, SO2]; UV/Vis (CHCl3): lmax (loge)� 671 (4.2), 627
(4.18), 331 nm (4.2); (FAB-mNBA): m/z (%):1658 ± 1655 (isotopic pattern)
(100) [M�H�]; C87H72N16S3O6NiZn ´ 4 H2O (1726.36): calcd C 60.47, H 4.67,
N 12.97, S 5.55; found C 60.66, H 4.52, N 13.12, S 5.89.


10c: Yield: 19 mg (80 %, Method B); m.p.> 300 8C; IR (KBr) nÄ � 3434
(arC-H), 2945 (CH), 2356 (C�C), 1311, 1256, 1139, 1089 cmÿ1 [C(CH3)3,
SO2]; UV/Vis (CHCl3): lmax (loge)� 690 (4.3), 672 (4.4), 638 (4.2), 330 nm
(4.2); (FAB-mNBA): m/z (%): 1658 ± 1656 (isotopic pattern) (100)
[M�H�], 1600 ± 1598 (isotopic pattern) (24) [Mÿ tBu], 1550 ± 1548 (iso-
topic pattern) (34) [Mÿ SO2C3H7]� ; C87H72N16S3O6ZnCo ´ 4 H2O (1727.45):
calcd C 60.43, H 4.66, N 12.96, S 5.55; found C 60.66, H 4.52, N 13.12, S 5.89.
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Furanosylidene and Iminofuranosylidene Complexes:
Synthesis by Stoichiometric Olefin Metathesis and Ring-Opening/Mitsunobu-
Recyclization Sequence


Wilm-Christian Haase,[a] Martin Nieger,[b] and Karl Heinz Dötz*[a]


Dedicated to Professor Fritz Vögtle on the occasion of his 60th birthday


Abstract: Stoichiometric olefin metathesis of highly electrophilic Fischer diphenyl-
carbene complexes of chromium and tungsten 3 and 4 with d-mannose- and d-gulose-
derived furanoid exo-glycals has been applied to the synthesis of furanosylidene
complexes 5 ± 8. E-selective ring-opening aminolysis with a range of primary amines
and subsequent recyclization under Mitsunobu conditions provides an easy access to
iminofuranosylidene complexes of the talo and allo-series 20 ± 26. The scope of this
sequence is demonstrated by the synthesis of a novel class of organometallic
glycoconjugates.


Keywords: bioorganometallic chem-
istry ´ carbene complexes ´ carbo-
hydrates ´ glycoconjugates ´ Mitsu-
nobu reaction


Introduction


Carbohydrates are of widespread use in nature and biological
chemistry. In addition to their long known functions as
backbone or energy storing molecules, they play an important
role in intercellular molecular recognition processes, such as
infection, tumor cell growth, and cell adhesion.[2] C-glycosides
and imino-sugars have been the subject of intense research
during the past decade as they act as carbohydrate mimetics
or glycosidase inhibitors, and novel synthetic methodologies
for these types of substrates have been established.[3] The
development and the manifold use of transition metal
organometallic compounds in organic synthesis[4] has estab-
lished bioorganometallic chemistry as a new area of research,
which is concerned with both the use of biomolecules as
auxiliaries in metal-mediated reactions and the synthesis of
biologically important molecules by means of organotransi-
tion metal chemistry.[5] Nonetheless, its influence on synthetic
carbohydrate chemistry is still marginal though increasing.[6, 7]


Fischer carbene complexes of Group 6 transition metals
have been developed to valuable tools in stereoselective
organic synthesis.[8, 9] Their synthetic potential is based on the
electrophilic carbene carbon atom and the a-CH acidity as
well as on the template properties of the metal carbonyl
fragment. They undergo a variety of metal- and ligand-
centred reactions like aldol-type condensation,[10] cyclopropa-
nation,[11] alkyne insertion,[12] [3� 2� 1] benzannulation,[8, 13]


Diels ± Alder reaction,[14] or photoinduced b-lactam and b-
lactone formation.[15] Our aim is to activate the anomeric
carbon of the carbohydrate skeleton by transforming it into a
Fischer carbene centre,[1, 7, 16±19] with the aim of forming
organotransition metal stabilized formal analogues of the
ªglycosylidene carbeneº intermediates studied by Vasella and
co-workers.[20]


Herein[21] we report on an efficient synthetic access to
furanosylidene chromium complexes and their application to
novel organometallic glycoconjugates still bearing a metal-
carbene functionality.


Results and Discussion


Furanosylidene complexes: The stoichiometric olefin meta-
thesis reaction involving well-defined metal carbenes[22] has
been mainly addressed in terms of a model reaction for
catalytic olefin metathesis[23] which has been recently devel-
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oped into a powerful synthetic methodology[24] with numerous
applications as a key step in natural product synthesis.[25]


Surprisingly, there are only a few examples of the stoichio-
metric variant aimed at the synthesis of carbene complexes
otherwise difficult to obtain.[26] In our efforts to modify the
sugar C-1 carbon atom into a Fischer-carbene centre we
applied the olefin metathesis reaction to generate glycosyli-
dene complexes on a multigram scale. Reaction of the hept-1-
enitols 1[27] and 2 with the highly electrophilic diphenylcar-
bene complexes 3 and 4[28] afforded the glycosylidene com-
plexes 5 ± 8 in variable yields (Scheme 1). Best yields were
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Scheme 1. Preparation of furanosylidene complexes. Conditions and
yields. 5 : Room temperature, 90 min, 65 %; 6 : 50 8C, 90 min, 3%; 7: room
temperature, 90 min, 66%; 8 : 55 8C, 90 min, <3 %.


obtained in the chromium series when a minimum amount of
n-heptane was used as a solvent. The reaction was monitored
by IR spectroscopy and TLC, and was completed within 90
minutes. As the formation of the oxa-stabilized glycosylidene
complex is the driving force of the reaction, we had to make
use of the reactive complexes 3 and 4, rather than of the easier
to handle methoxy(phenyl)carbene complex applied by
Barluenga et al. for the formation of even more stabilized
a,b-unsaturated aminocarbene complexes.[26]


The spectroscopic data of complexes 5 ± 8 are characteristic
for Fischer-type oxacyclopentylidene complexes. The X-ray
structure analysis of complex 5 shows the typical bond lengths
and angles expected for chromium oxacyclopentylidene
complexes (Figure 1).[29] No significant influence of the bulky
pentacarbonyl chromium fragment on the envelope confor-


Figure 1. Schakal plot of the molecular structure of complex 5.[21] One
molecule out of two in the asymmetric unit is shown. Selected bond
lengths [�] and angles [8]: CrÿC-1 1.979(6), C-1ÿO-1 1.302(7), O-1ÿC-4
1.483(7), C-1ÿC-2 1.560(7), C-2ÿC-3 1.502(9), C-3ÿC-4 1.527(8); Cr ± C-1 ±
O-1 125.0(4), Cr ± C-1 ± C-2 128.6(4), O-1 ± C-1 ± C-2 106.4(5).


mation of the sugar ring or distortion of the dioxolane rings
can be detected.


In an attempt to apply the reaction to the synthesis of
pyranosylidene complexes we chose diisopropylidene-pro-
tected mannopyranoic exo-glycal 9. Surprisingly, the resulting
mannopyranosylidene complex 10 was extremely thermola-
bile. It could be identified by spectroscopic data, but it was
impossible to purify it without decomposition. This lability
may be due to insufficient stabilization of the carbene carbon
atom by the ring oxygen atom for conformational and steric
reasons.[30] As indicated by the 3JH,H coupling constants in the
1H NMR spectrum the 4,6-O-isopropylidene protecting group
forces the exo-glycal 9 into the boat conformation B2,5


(Scheme 2). Supposed this rigid conformation still holds for
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Scheme 2. Formation of pyranosylidene complex 10. Selected spectro-
scopic data for 9 : 1H NMR (CDCl3): 3JH-7a,H-6� 10.1 Hz, 3JH-6,H-5� 10.3 Hz,
3JH-5,H-4� 7.4 Hz, 3JH-4,H-3� 6.9 Hz. Selected spectroscopic data for 10 :
13C NMR (CDCl3): d� 352.4 (C-1).


the glycosylidene complex 10, it is expected to impose a
destabilizing steric interaction between the 2,3-di-O-isopro-
pylidene group and the pentacarbonylchromium fragment.


Abstract in German: Die stöchiometrische Olefin-Metathese
hochelektrophiler Fischer-Carbenkomplexe des Chroms und
Wolframs 3 und 4 mit furanoiden exo-Glycalen wurde zur
Darstellung der Furanosylidenkomplexe 5 ± 8 mit d-manno-
bzw. d-gulo-Konfiguration eingesetzt. E-selektive ringöffnende
Aminolyse mit einer Reihe von primären Aminen und nach-
folgender Ringschluû unter Mitsunobu-Bedingungen eröffnen
einen einfachen Zugang zu Iminofuranosylidenkomplexen
20 ± 26 der talo- und allo-Reihe. Die Anwendungsbreite der
vorgestellten Reaktionssequenz wird anhand der Synthese
einer neuartigen Klasse metallorganischer Glycokonjugate
demonstriert.
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Ring-opening aminolysis: Fischer-type alkoxycarbene com-
plexes undergo smooth aminolysis to give aminocarbene
complexes.[31] The reaction is thermodynamically favoured,
but may be hampered when bulky amines are used resulting in
decreased yields and increased reaction times. Thus, reaction
of 5 and 7 with small N-nucleophiles such as ammonia or
methylamine at ÿ78 8C yielded immediately and quantita-
tively the corresponding acyclic amino(glycosyl)carbene com-
plexes 11, 12, 15, 16, (Scheme 3) which could be obtained as
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Scheme 3. Ring-opening aminolysis reactions. Reaction conditions and
yields: 11: ÿ78 8C, instantaneously, 100 %; 12 : ÿ78 8C, instantaneously,
100 %; 13 : 0 8C, 2 h, 70%; 14 : 0 8C, 2 h, 60 %; 15 : ÿ78 8C, instantaneously,
100 %; 16 : ÿ78 8C, instantaneously, 100 %; 17: ÿ78 8C, instantaneously,
67%; 18 : ÿ78 8C, instantaneously, 80 %; 19 : room temperature, overnight,
50%.


analytically pure samples after evaporation of the solvents; no
chromatographic workup procedure was required. When d-
or l-alanine methyl ester were used as N-nucleophiles, the
yields of the corresponding amino acid glycoconjugates 13, 14,
17, 18 were lowered to 60 ± 80 %. Aminolysis with glucos-
amine resulted in a 50 % yield of N-disaccharide 19, a rare
example of a neutral water-soluble carbene complex.[32]


Tetrabenzoylated glucosamine was inert towards furanosyli-
dene complex 5 under our standard conditions, which is likely
attributed to the bulky O-protecting groups at C-1' and C-3'.


Aminolysis with alanine ester provides a very efficient and
straightforward access to organometallic equivalents of gly-
cosoyl alanine esters, still bearing the synthetic potential of
the pentacarbonylchromium fragment. Analoguous arabi-


noylglycinate and arabinoylglycine have recently been pre-
pared in a multistep sequence by using N-alkylation of
arabinonamide, and tested for its potential as an in vitro
inhibitor against several sialidases.[33] Strikingly, reaction
times of alanine methyl ester with complexes 5 and 7 were
significantly different. Whereas gulofuranosylidene complex 7
almost instantaneously changed its reddish colour to yellow
when mixed with the amino ester at ÿ78 8C, indicating
completion of the reaction, mannofuranosylidene complex 5
took two hours for the same reaction at 0 8C, leading to
comparable yields. In order to decide whether this is the result
of a mismatched and a matched pair of two chiral substrates, 5
and 7 were also subjected to aminolysis with the unnatural d-
alanine ester.[34] Again the aminolysis of gulo-complex 7
proceeded significantly faster indicating that the different
reactivity of mannofuranosylidene complex 5 and gulofur-
anosylidene complex 7 reflects the complementary relative
configuration at C-5, the only feature in which d-gulose and l-
mannose differ from each other (Scheme 4).
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Scheme 4. Configuration of complex 13 and the enantiomer of complex 18.


In acyclic glycosylidene complexes the conformation of the
carbohydrate skeleton has been found to be controlled by the
relative 1,3-stereochemistry imposed by the O-protecting
groups rather than by the bulky organometallic fragment.[7] In
the case of the manno- and gulo-aminocarbene complexes
11 ± 19 a 2G-sickle conformation is favoured by the rigidity of
the acetalic protecting groups. The lack of any detectable
scalar coupling in complexes 11 ± 18, and the small vicinal
3JH-3,H-4 coupling constant of 2.7 Hz in complex 19, suggest a
preferred conformation in solution somewhere between
synclinal and orthogonal orientation of the hydrogen atoms
along the C-3/C-4 bond. The medium vicinal 3JH-4,H-5 coupling
constants (6.5 ± 7.8 Hz) indicate a conformational equilibrium
and rather free rotation around the C-4/C-5 bond, which is
consistent with the data known for analogously protected
mannonamide and gulonamide.[35] X-ray structural analysis of
aminoglycosylidene complex 11 confirms these arguments
and shows a 2G� conformation in the solid state (Figure 2).
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Figure 2. Schakal plot of the molecular structure of complex 11. Selected
bond lengths [�] and angles [8]: CrÿC-1 2.086(2), C-1ÿN 1.299(3), C-1ÿC-2
1.525(3); Cr ± C-1 ± N 125.1(2), Cr ± C-1 ± C-2 122.8(1), N ± C-1 ± C-2
111.9(2), C-1 ± C-2 ± C-3 ± C-4 ÿ11.56 (0.25).


Again, manno- and gulo-derivatives in an achiral environ-
ment differ from each other only in the configuration at C-5.
The same holds for manno- and gulo-derivatives with
enantiomeric substrates. Thus, any difference in reactivity
should be due to different steric impacts of the C-5/C-6-O-
isopropylidene rotor.


The aminolysis of alkoxycarbene complexes with primary
amines is expected to afford a mixture of E/Z isomers with
respect to the C(carbene)ÿN bond. Surprisingly, only the
reaction of furanosylidene complex 5 with excess methyl-
amine at ÿ78 8C results in the formation of an approximately
2:1 mixture of (E)-12 and (Z)-12 (Scheme 3, Table 1), where-


as all other aminolysis reactions yielded a single diastereomer
within the limits of NMR spectrosopy. The configuration of
both isomers of 12 (Scheme 5) can be assigned on the basis of
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Scheme 5. E/Z Isomers of complex 12.


solvent-induced chemical shifts in the 1H NMR spectra for the
N-H and the N-CH2(3) hydrogen atoms observed in an
isotropic and in an anisotropic solvent.[36] The shift differences


D� d (CDCl3)ÿ d(C6D6) observed for the N-CH2 group in the
E isomers generally exceed those encountered for the Z
isomers, (e.g. in this case 0.8 compared to 0.4), while the
opposite trend holds for the N-H protons (0.35 compared to
1.0).[37]


The stereoselectivity of the aminolysis depends on the
reaction and workup conditions. When aminolysis of man-
nofuranosylidene complex 5 was carried out with methyl-
amine generated by slow hydrolysis of benzylidene(methyl)-
imine at ambient temperature, only the E isomer of 12 was
formed and could be isolated in 53 % yield. Thus, all
aminolysis reactions of chromium furanosylidene complexes
5 and 7 with primary amines could be performed with
excellent stereoselectivity yielding only a single detectable
isomer. The configuration of the mannose-derived aminolysis
product (E)-12 was determined based on the arguments
outlined above. As the complexes 12 ± 14 and 16 ± 19 exhibit
chemical shifts of the N-H protons in the range from d� 10.05
to 10.36 which corresponds to those of (E)-12, they are
supposed to adopt the E configuration.[38]


Mitsunobu recyclization: In contrast to a variety of methods
for the preparation of 4-deoxy-4-iminosugars, a general facile
method for the stereospecific transformation of readily
available furanonolactones into the corresponding C-4-epi-
meric furanonolactams is still missing. Moreover, intramolec-
ular recyclization sequences of acyclic 4-hydroxy-aldona-
mides described so far require N-protection and an additional
hydroxyl activation step[39, 40] or a stereochemically ambiguous
oxidation/reduction sequence.[41] With the aim of synthesizing
iminoglycosylidene complexes which represent organometal-
lic analogues of sugar lactams and potential precursors of aza-
C-glycosides which are currently receiving increased attention
due to their potential as glycosidase inhibitors,[42] we were
interested in a recyclization of the acyclic aminoglycosylidene
complexes 11 ± 19. They bear a selectively unprotected
hydroxy substituent at C-4 which might be exploited in a
stereospecifical one-step recyclization using an intramolecu-
lar version of the Mitsunobu reaction.[43, 44] The analogous
reaction of acyclic aldonamides suffers from competing side
reactions due to the nucleophilicity of the carboxylic oxygen
atom.[39] The applicability of Mitsunobu conditions in organo-
transition metal chemistry has recently been demonstrated.[45]


When aminocarbene complexes 11, 12, 14 and 15 ± 18 were
treated with diethyl azodicarboxylate (DEAD) and triphe-
nylphosphane in THF at room temperature cyclization to
chromium 4-deoxy-4-iminofuranosylidenes 20 ± 26 occurred
in isolated, non-optimized yields of 23 to 67 % (Scheme 6).


The X-ray structure analysis of complex 21 (Figure 3)
indicates the configuration at C-4 and, in comparison with
complex 5, demonstrates that epimerization at the sterically
demanding C-5/C-6-anchor has little impact on the ring
conformation. As previously observed for the aminolysis the
absolute configuration at C-5 also effects the propensity for
recyclization. While gulo-complexes 17 and 18 undergo ready
cyclization independent of the configuration of the amino acid
ester, the manno-analogue 13 does not, and 14 affords only
traces of iminofuranosylidene complex 22. Evidently, the
sterically demanding C-5/C-6-di-O-isopropylidene anchor, in


Table 1. Characteristic NMR shifts of complex 12.


E-12 Z-12
N ± H N ± CH3 N ± H N ± CH3


CDCl3 10.05 3.6 9.0 3.2
C6D6 9.7 2.8 8.0 2.8
D 0.35 0.8 1.0 0.4
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Scheme 6. Mitsunobu cyclization reactions. Reaction times and yields. 20 :
overnight, 42 %; 21: overnight, 67%; 22 : 4 days, 1%; 23 : overnight, 36%;
24 : overnight, 34 %; 25 : 2 days, 23%; 26 : 2 days, 54%.


Figure 3. Schakal plot of the molecular structure of complex 21.[21]


Selected bond lengths [�] and angles [8]: CrÿC-1 2.097(3), C-1ÿN
1.313(4), NÿC-4 1.495(3), C-1ÿC-2 1.524(4), C-2ÿC-3 1.514(4), C-3ÿC-4
1.507(4); Cr ± C-1 ± N 130.8(2); N ± C-1-C-2 105.4, Cr-C-1-C-2 123.7(2).


combination with the bulky amino ester, prevents the manno-
complexes from intramolecular nucleophilic attack at C-4.
Similarly, the steric bulk of the glucosamine skeleton may be
made responsible for the failure of the attempted cyclization
of the N-disaccharide complex 19. The different tendency
towards cyclization observed for the manno- and gulo-
derivatives is precedented; whereas N-benzyl-2,3:5,6-di-O-
isopropylidene-4-methanesulfonyl-d-gulonamide underwent


cyclization in high yield, the reaction of the manno analogue
failed.[40,46]


Chromium 4-deoxy-4-imino-allofuranosylidene conjugate
26 was obtained in two isomeric forms A and B (Scheme 7)
which are supposed to be atropisomers due to restricted
rotation around the NÿC-2' bond. Their conformation was
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Scheme 7. Atropisomers 26 A and 26 B.


assigned by NOE, no coalescence could be detected over a
temperature range of 218 ± 333 K (see Experimental Section).
Metal carbenes 22, 25 and 26 represent a novel class of
organometallic glycoconjugates which may be extended to
iminoglycopeptides following the same ring-opening aminol-
ysis/recyclization methodology. Moreover, this approach
provides a general strategy complementary to the sugar
lactam electrophile/carbonyl metalate nucleophile route;[21, 47, 48]


it avoids the use of the tedious reducing agent potassium
graphite, makes both N-deprotected and N-substituted imino-
furanosylidene complexes accessible, and is compatible with the
synthesis of carbohydrate-anchored azacyclopentylidene com-
plexes.[49]


We have described an efficient and multigram scale access
to C-1-metal carbene modified furanoses and iminofuranoses
which exhibit the characteristic properties of Fischer carbene
complexes. Their scope and application in typical reactions
such as C-glycosidation and cycloaddition reactions is under
investigation.


Experimental Section


All operations involving organometallic compounds were performed under
argon atmosphere. Reaction mixtures were degassed in three cycles prior to
the start of the reaction. Solvents used for organometallic compounds were
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dried according to standard procedures: THF over sodium/potassium or
LAH, diethyl ether over sodium hydride, dichloromethane and light
petroleum (40 ± 60 8C) over calcium hydride, and acetone over calcium
chloride. If not mentioned otherwise, column chromatography was carried
out using degassed solvents and silica gel (Merck Type 60, 0.063-0.200 mm).
FT-IR: Nicolet Magna 550. MS: Kratos 1 H Concept. Melting points: Büchi
SMP 20, uncorrected. Elemental analyses: Heraeus CHN-O-Rapid. NMR:
Bruker AM 250, Bruker AM 400, Bruker DRX 500. Chemical shifts refer
to those of residual solvent signals based on dTMS� 0.00.


Preparation of the furanosylidene complexes 5 ± 8 : 2,5-Anhydro-1-deoxy-
3,4:6,7-di-O-isopropylidene-d-gulo-hept-1-enitol (2) was prepared in anal-
ogy to the protocol by Csuk and Glänzer:[27] A solution of dicyclopenta-
dienyldimethyltitanium[27] (8.36 g, 40.16 mmol)) and 2,3:5,6-di-O-isopro-
pylidene-d-gulofuranonolactone[50] (4.70 g, 18.20 mmol) in toluene
(100 mL) was stirred for 48 h at 65 ± 70 8C in the dark. The reaction
mixture was concentrated, and 2 was purified by column chromatography
on silica gel (gradient light petroleum/ethyl acetate 20/1 to 5/1, silica gel and
eluent containing 1% of triethylamine to prevent hydrolysis, Rf� 0.61,
eluent light petroleum/ethyl acetate 3:1). Compound 2 (3.40 g, 13.27 mmol)
was obtained as a waxy colourless solid in 73 % yield. M.p. 47 8C; [a]20


D �
ÿ103 (584 nm, CHCl3, 2.34 mm); IR (film): nÄ � 1688 cmÿ1 (s, C�C);
1H NMR (500.13 MHz, CDCl3): d� 1.31 (s, 3H; CH3), 1.37 (s, 3H; CH3),
1.44 (s, 3 H; CH3), 1.45 (s, 3 H; CH3), 3.70 (dd, 2JH,H� 8.6 Hz, 2JH,H�
7.05 Hz, 1 H; H-7a), 4.04 (dd, 3JHH� 8.44 Hz, 3JH,H� 4.37 Hz, 1H; H-5),
4.19 (dd, 2JH,H� 8.6 Hz, 6.71 Hz, 1H; H-7b), 4.26 (dd, 2JH,H� 2.0 Hz, 4JH,H


�1.0 Hz, 1 H; H-1a), 4.39 (dt*, 3JH,H� 8.44 Hz, 3JH,H� 6.86 Hz, 1 H; H-6),
4.58 (ddd, 2JH,H� 2.0 Hz, 4JH,H� 1.4 Hz, 5JH,H� 0.6 Hz, 1 H; H-1b), 4.62 (dd,
3JH,H� 6.1 Hz, 3JH,H� 4.37 Hz, 1H; H-4), 5.04 (dt*, 3JH,H� 6.1 Hz, 4JH,H�
1.2 Hz, 1H; H-3); 13C NMR (62.9 MHz, CDCl3): d� 26.2, 26.7, 27.5, 27.7
(4C; CH3), 66.7 (1 C; C-7), 76.8, 79.5, 81.1, 85.7 (4C; C-6, C-5, C-4, C-3),
87.9 (1 C; C-1), 110.9, 114.6 (2C, Cacetalic), 161.9 (1 C, C-2); MS (EI): m/z
(%): 256 (7) [M�], 241 (38) [M�ÿCH3], 213 (3), 198 (1) [M�ÿ (CH3)2CO],
183 (10) [M�ÿCH3ÿ (CH3)2CO], 141 (20), 43 (39); HRMS for
12C13


1H20
16O5 [M�] calcd. 256.1311; found 256.1307; C13H20O5 (256.30):


calcd. C 60.92, H 7.87; found C 60.90, H 7.93.


Pentacarbonyl(2,3:5,6-di-O-isopropylidene-dd-mannofuranosylidene)chro-
mium(0) (5): To pentacarbonyl(diphenylcarbene)chromium (0) (3)[28]


(5.25 g, 14.65 mmol), exo-methylene sugar 1[27] (3.45 g, 13.46 mmol) and
n-heptane (11 mL) were added at ÿ40 8C, allowed to warm to ambient
temperature and stirred for 90 min. Column chromatography on silica gel
(light petroleum/diethyl ether/dichloromethane 10/5/1; Rf� 0.38) afforded
5 (4.00 g, 9.21 mmol) as a dark orange solid in 68 % yield. Crystals for X-ray
structural analysis were grown from pentane. IR (n-heptane): nÄ � 2070 (s,
1A1; C�O), 1965 (vs, 2A1/E; C�O), 1954 cmÿ1 (vs, E/2A1; C�O); 1H NMR
(400.13 MHz, CDCl3): d� 1.40 (s, 3 H; CH3), 1.406 (s, 3H; CH3), 1.41 (s,
3H; CH3), 1.51 (s, 3H; CH3), 4.16 (dd, 2JH,H� 9 Hz, 3JH,H� 4.9 Hz, 1H;
H-6a), 4.20 (dd, 2JH,H� 9 Hz, 3JH,H� 6.3 Hz, 1 H; H-6b), 4.48 (td, 3JH,H�
6.3 Hz, 3JH,H� 4.9 Hz, 1 H; H-5), 4.71 (dd, 3JH,H� 5.5 Hz, 3JH,H� 4 Hz, 1H;
H-3), 5.00 (dd, 3JH,H� 6.3 Hz, 3JH,H� 4 Hz, 1H; H-4), 5.23 (d, 3JH,H� 5.5 Hz,
1H; H-2); 13C NMR (100.62 MHz, CDCl3): d� 25.4, 25.5, 26.5, 26.8 (4 C,
CH3), 66.0, 72.6, 74.7, 97.5, 99.2 (5 C, C-2, C-3, C-4, C-5, C-6), 110.0, 114.2 (2
C, Cacetalic), 215.8 (4 C, COcis), 224.0 (1 C, COtrans), 342.4 (1 C, C-1); MS (EI):
m/z (%): 434 (14) [M�], 419 (7) [M�ÿCH3], 406 (7) [M�ÿCO], 391 (1)
[M�ÿCOÿCH3], 378 (1) [M�ÿ 2 CO], 350 (7) [M�ÿ 3CO], 335 (7)
[M�ÿ 3COÿCH3], 322 (42) [M�ÿ 4 CO], 307 (10) [M�ÿ 4COÿCH3],
294 (30) [M�ÿ 5CO], 279 (5) [M�ÿ 5COÿCH3], 236 (1) [M�ÿ 5 COÿ
(CH3)2CO], 221 (2) [M�ÿ 5COÿCH3ÿ (CH3)2CO], 178 (100) [M�ÿ
5COÿ 2(CH3)2CO], 148 (18); HRMS for 12C17


1H18
16O10


52Cr [M�] calcd.
434.0305; found 434.0296; C17H18O10Cr (434.32): calcd. C 47.01, H 4.18;
found C 47.40, H 4.63.


Pentacarbonyl(2,3:5,6-di-O-isopropylidene-dd-mannofuranosylidene)tung-
sten(0) (6): A mixture of of exo-methylene sugar 1[27] (360 mg, 1.42 mmol)
and pentacarbonyl(diphenylcarbene)tungsten (0) (4)[28] (665 mg,
1.35 mmol) in n-heptane (2 mL) was prepared at ÿ20 8C, then warmed
and stirred at 50 8C for 90 min. Column chromatography on silica gel (light
petroleum/diethyl ether/dichloromethane 15/5/1; Rf� 0.20) yielded 6
(20 mg, 0.035 mmol) as a dark orange crystalline solid in 3 % yield. IR:
(light petroleum): nÄ � 2075 cmÿ1 (s, 1A1; C�O), 1954 cmÿ1 (vs, 2A1, E;
C�O); 1H NMR (500.13 MHz, CDCl3): d� 1.39 (s, 3H; CH3), 1.40 (s, 3H;
CH3), 1.42 (s, 3H; CH3), 1.50 (s, 3H; CH3), 4.13 (dd, 2JH,H� 9.2 Hz, 3JH,H�
4.8 Hz, 1 H; H-6a), 4.20 (dd, 2JH,H� 9.2 Hz, 3JH,H� 6.3 Hz, 1 H; H-6b), 4.50


(td, 3JH,H� 6.3 Hz, 3JH,H� 4.8 Hz, 1H; H-5), 4.71 (dd, 3JH,H� 5.3 Hz, 3JH,H�
3.9 Hz, 1H; H-3), 4.95 (dd, 3JH,H� 6.3 Hz, 3JHH� 3.9 Hz, 1H; H-4), 4.98 (d,
3JH,H� 5.3 Hz, 1H; H-2); 13C NMR (125.76 MHz, CDCl3): d� 25.3, 25.6,
26.73, 26.75 (4C, CH3), 66.0 (1 C, C-6), 72.4, 74.8, 97.8, 101.5 (4C, C-2, C-3,
C-4, C-5), 109.9, 114.0 (2C, Cacetalic), 196.5 (d, 1JW,C� 64 Hz, 4 C, COcis),
204.6 (1C, COtrans), 314.1 (1C, C-1); MS (EI): m/z (%): 566 (10) [M�], 538
(1) [M�ÿCO], 436 (1), 394 (1), 366 (1), 338 (5), 310 (7), 282 (18), 254 (5), 59
(40); HRMS for 12C17


1H18
16O10


182W [M�] calcd. 564.0381; found 564.0386.


Pentacarbonyl(2,3:5,6-di-O-isopropylidene-dd-gulofuranosylidene)chromi-
um(0) (7): To pentacarbonyl(diphenylcarbene)chromium (0) (3)[28] (5.80 g,
16.19 mmol), exo-methylene sugar 2 (2.05 g, 8.00 mmol) and n-heptane
(10 mL) were added at ÿ40 8C. The mixture was warmed up to ambient
temperature and stirred for 90 min. Column chromatography on silica gel
(light petroleum/diethyl ether/dichloromethane 15/5/1; Rf� 0.28) afforded
7 (2.3 g, 5.30 mmol) as a red oil in 66 % yield. IR: (light petroleum): nÄ �
2070 cmÿ1 (s, 1A1; C�O), 1965 (vs, 2A1/E; C�O), 1956 (vs, E/2A1; C�O);
1H NMR (500.13 MHz, CDCl3): d� 1.36 (s, 3H; CH3), 1.37 (s, 3H; CH3),
1.42 (s, 3 H; CH3), 1.51 (s, 3 H; CH3), 3.82 (dd, 2JH,H� 8.95 Hz, 3JH,H�
6.26 Hz, 1 H; H-6a), 4.22 (dd, 2JH,H� 8.95 Hz, 3JH,H� 6.76 Hz, 1H; H-6b),
4.41 (dt*, 3JH,H� 8.14, 3JH,H� 6.56, 1H; H-5), 4.59 (dd, 3JH,H� 5.56, 3JH,H�
4.27, 1 H; H-3), 4.92 (dd, 3JH,H� 8.2 Hz, 3JH,H� 4.22, 1 H; H-4), 5.24 (d,
3JH,H� 5.66, 1 H; H-2); 13C NMR (100.62 MHz, C6D6): d� 25.9, 26.0, 27.1,
27.5 (4C, CH3), 66.5, 75.4, 75.4, 100.2, 101.9 (5 C, C-2, C-3, C-4, C-5, C-6),
111.3, 114.6 (2 C, Cacetalic), 217.1 (4C, COcis), 225.1 (1C, COtrans), 342.1 (1 C,
C-1); MS (EI): m/z (%): 434 (32 ) [M�], 419 (18) [M�ÿCH3], 406 (9)
[M�ÿCO], 391 (2) [M�ÿCH3ÿCO], 378 (6) [M�ÿ 2 CO], 350 (8) [M�ÿ
3CO], 335 (13) [M�ÿCH3ÿ 3CO], 322 (82) [M�ÿ 4 CO], 307 (7) [M�ÿ
CH3ÿ 4 CO], 294 (18) [M�ÿ 5 CO], 279 (12) [M�ÿCH3ÿ 5CO], 178 (100)
[M�ÿ 5COÿ 2 (CH3)2CO], 126 (34); HRMS for 12C17


1H18
16O10


52Cr [M�]
calcd. 434.0306; found 434.0306.


Pentacarbonyl(2,3 :5,6-di-O-isopropylidene-dd-gulofuranosylidene)tung-
sten(0) (8): A mixture of exo-methylene sugar 2 (482.4 mg, 1.88 mmol) and
pentacarbonyl(diphenylcarbene)tungsten (0) (4)[28] (1.00 g, 2.04 mmol) in
n-heptane (2 .5 mL) was prepared atÿ20 8C, and stirred at 55 8C for 90 min.
Column chromatography on silica gel (light petroleum/diethyl ether/
dichloromethane 15/5/1; Rf� 0.42) yielded 8 (29 mg,<0.05 mmol) as a dark
orange oil in<3% yield. IR (light petroleum): nÄ � 2077 cmÿ1 (s, 1A1; C�O),
1962 cmÿ1 (vs, 2A1, E; C�O); 1H NMR (500.13 Hz, CDCl3): d� 1.36 (s, 3H;
CH3), 1.39 (s, 3 H; CH3), 1.42 (s, 3 H; CH3), 1.51 (s, 3 H; CH3), 3.83 (dd,
2JH,H� 8.95 Hz, 3JH,H� 6.3 Hz, 1H; H-6a), 4.23 (dd, 2JH,H� 8.95 Hz, 3JH,H�
6.76 Hz, 1H; H-6b), 4.42 (dt*, 3JH,H� 8.2 Hz, 3JH,H� 6.56 Hz, 1H; H-5),
4.58 (dd, 3JH,H� 5.6 Hz, 3JH,H� 4.2 Hz, 1H; H-3), 4.87 (dd, 3JH,H� 8.2 Hz,
3JH,H� 4.2 Hz, 1H; H-4), 5.00 (d, 3JH,H� 5.6 Hz, 1 H; H-2); 13C NMR
(125.76 MHz, CDCl3): d� 25.3, 25.8, 26.8, 26.9 (4C, CH3), 66.0, 74.7, 74.9,
101.2, 101.8 (5 C, C-2, C-3, C-4, C-5, C-6), 110.7, 114.1 (2C, Cacetalic), 196.6 (d,
1JW,C� 63.6 Hz, 4 C, COcis), 204.7 (d, 1JW,C� 58.3 Hz, 1 C, COtrans), 313.1 (d,
1JW,C� 54.0 Hz, 1 C, C-1); MS (EI): m/z (%): 566 (5) [M�], 551 (1) [M�ÿ
CH3], 538 (1) [M�ÿCO], 482 (4) [M�ÿ 3 CO], 467 (1) [M�ÿ 3COÿCH3],
408 (12), 310 (5), 282 (8); HRMS for 12C16


1H15
16O10


182W [M�ÿCH3] calcd.
549.0147; found 549.0141.


Attempted preparation of pyranosylidene complex 10 : 2,6-Anhydro-1-
deoxy-3,4:5,7-di-O-isopropylidene-d-manno-hept-1-enitol (9) was pre-
pared in analogy to the protocol by Csuk and Glänzer:[27] A solution of
dicyclopentadienyldimethyltitanium[27] (3.33 g, 16.00 mmol) and 2,3:4,6-di-
O-isopropylidene-d-mannopyranonolactone[51] (2.00 g, 7.74 mmol) in tol-
uene (40 mL) was stirred for 48 h at 65 ± 70 8C in the dark. The reaction
mixture was concentrated and 9 was purified by column chromatography
on silica gel (light petroleum/ethyl acetate 5/1, silica gel and eluent
containing 1 % of triethylamine to prevent hydrolysis of the double bond;
Rf� 0.50). Compound 9 (1.70 g, 6.63 mmol) was obtained as a waxy
yellowish oil in 86% yield. IR (film): nÄ � 1655 cmÿ1 (s, C�C); 1H NMR
(500.13 MHz, CDCl3): d� 1.38 (s, 3H; CH3), 1.41 (s, 3H; CH3), 1.51 (s, 3H;
CH3), 1.52 (s, 3 H; CH3), 3.50 (td, 3JH,H� 10.23 Hz, 3JH,H� 5.66 Hz, 1H;
H-6), 3.75 (dd, 2JH,H� 11.02 Hz, 3JH,H� 10.14 Hz, 1 H; H-7a), 3.84 (dd,
3JH,H� 10.33 Hz, 3JH,H� 7.35 Hz, 1 H; H-5), 3.98 (dd, 2JH,H� 11.03 Hz,
3JH,H� 5.67 Hz, 1H; H-7b), 4.23 (t*, 3JH,H� 7.1 Hz, 1H; H-4), 4.53 (t*,
2/4JH,H� 1.20 Hz, 1H; H-1a), 4.63 (t*, 2/4JH,H� 0.99 Hz, 1H; H-1b), 4.70 (d,
3JH,H� 6.85 Hz, 1 H; H-3); 13C NMR (125.76 Hz, C6D6): d� 19.3, 26.5, 28. 4,
29.8 (4C, CH3), 63.2 (1C, C-7), 67.7, 73.5, 73.8, 78.1 (4 C, C-3, C-4, C-5, C-6),
92.2 (1 C, C-1), 100.1, 111.6 (2C, Cacetalic), 156.9 (1C, C-2); MS (EI): m/z
(%): 256 (19) [M�], 241 (100) [M�ÿCH3], 199 (5) [M�H�ÿ (CH3)2CO],
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183 (15) [M�ÿCH3ÿ (CH3)2CO], 141 (19). HRMS for 12C13
1H20


16O5 [M�]
calcd. 256.1311; found 256.1297; for 12C12


1H17
16O5 [M�ÿCH3] calcd.


241.1075; found 241.1071; C13H20O5 (256.30): calcd. C 60.92, H 7.87; found
C 60.77, H 7.85.


Pentacarbonyl(2,3:4,6-di-O-isopropylidene-dd-mannopyranosylidene)chro-
mium(0) (10): A solution of exo-methylene sugar 9 (439 mg, 1.71 mmol) in
n-heptane/dichloromethane (4.3 mL, 1/1) was added to pentacarbonyl(di-
phenylcarbene)chromium (0) (3)[28] (920 mg, 2.57 mmol) at ÿ50 8C. The
solution was stirred at ambient temperature for 90 min until TLC indicated
that the starting material 3 had been consumed. The solvent was
evaporated below ÿ20 8C, and the reaction mixture was submitted to
column chromatography on silica gel (light petroleum/diethyl ether 3/2) at
ÿ20 8C. The crude orange product complex 10 (Rf� 0.28, eluent light
petroleum/diethyl ether 3/2) could not be purified due to rapid decom-
position even at ÿ78 8C. IR (light petroleum): nÄ � 2068 cmÿ1 (s, 1A1; C�O),
1962 (s, 2A1/E; C�O), 1948 (vs, E/2A1; C�O); 13C NMR (62.9 MHz, CDCl3,
253 K): d� 216.0 (4C, COcis), 225.2 (1 C, COtrans), 352.4 (1 C, C-1).


Aminolysis reactions to acyclic aminoglycosylidene complexes 11 ± 19 :


General procedure for the preparation of the complexes 11, 12, 15 and 16 :
Into a solution of the glycosylidene complex (5 for 11 and 12 ; 7 for 15 and
16) in dichloromethane (ca. 10 mL/0.1 mmol) the gaseous amine (ammonia
for 11 and 15 ; methylamine for 12 and 16) was condensed at ÿ78 8C. The
colour changed from orange to yellow instantaneously. Excess amine and
solvent were evaporated at low temperature affording a quantitative yield
of pure product.


Pentacarbonyl(1-amino-1-deoxy-2,3:5,6-di-O-isopropylidene-dd-mannitol-
1-ylidene)chromium(0) (11): Yellowish crystalline solid, m.p. 150 ± 152 8C
(decomp), Rf� 0.65 (eluent light petroleum/diethyl ether 1/6). Crystals for
X-ray structure analysis were grown from hexane/dichloromethane; IR
(KBr): nÄ � 2058 cmÿ1 (s, 1A1; C�O), 1969 cmÿ1 (s, B1; C�O), 1925 cmÿ1 (vs,
2A1/E; C�O), 1915 cmÿ1 (vs, E/2A1; C�O); 1H NMR (500.13 MHz, CDCl3):
d� 1.33 (s, 3H; CH3), 1.39 (s, 3 H; CH3), 1.44 (s, 3H; CH3), 1.53 (s, 3H;
CH3), 1.72 (d, 3JH,H� 8.65 Hz, 1 H; OH), 3.63 (dd, 3JH,H� 8.64 Hz, 3JH,H�
7.05 Hz, 1 H; H-4), 3.91 (dd, 2JH,H� 8.3 Hz, 3JH,H� 6.2 Hz, 1 H; H-6a), 3.96
(q*, 3JH,H� 6.4 Hz, 1H; H-5), 4.05 (dd, 2JH,H� 8.3 Hz, 3JH,H� 6.1 Hz, 1H;
H-6b), 4.92 (d, 3JH,H� 7.75 Hz, 1H; H-3), 5.61 (d, 3JH,H� 7.85 Hz, 1 H; H-2),
8.9 (br, 1H; NH-a), 9.55 (br, 1H; NH-b); 13C NMR (62.9 MHz, CDCl3):
d� 25.0, 25.3, 26.2, 26.4 (4 C, CH3), 66.7, 70.7, 76.1, 76.2 (4C, C-3, C-4, C-5,
C-6), 87.7 (1C, C-2), 108.9, 109.4 (2C, Cacetalic), 216.9 (4C, COcis), 221.5 (1C,
COtrans), 276.5 (1 C, C-1); MS (EI): m/z (%): 451 (4) [M�], 436 (9) [M�ÿ
CH3], 423 (2) [M�ÿCO], 408 (4) [M�ÿCOÿCH3], 378 (3) [M�ÿCH3ÿ
(CH3)2CO], 367 (5) [M�ÿ 3CO], 339 (18) [M�ÿ 4CO], 311 (48) [M�ÿ
5CO], 57 (100); HRMS for 12C17


1H21
16O10


14N 52Cr [M�] calcd. 451.0570;
found 451.0574; C17H21O10NCr (451.35): calcd. C 45.24, H 4.69, N 3.10;
found C 45.34, H 4.91, N 2.76.


Crystal data for 11: C17H21CrNO10, Mr� 451.35, orthorhombic, space group
P212121 (No. 19), yellow prisms, dimensions 0.20� 0.20� 0.15 mm3, a�
10.752(1), b� 12.336(1), c� 15.712(1) �, V� 2084.0(3) �3, 1calcd�
1.439 Mg mÿ3, Z� 4, m(CuKa)� 5.001 mmÿ1, T� 293(2) K, F(000)� 936;
9673 reflections were collected on a MACH3 diffractometer (2qmax� 1508 ;
ÿ13� h� 13, ÿ15� k� 15, ÿ2� l� 19), 4264 symmetry-independent
reflections (Rint� 0.0342) were used for the structure solution (direct
methods)[52] and refinement (full-matrix least-squares on F 2,[53] 270
parameters, 2 restraints), non-hydrogen atoms were refined anisotropically,
H atoms localized by difference electron density and refined using a riding
model; wR2� 0.0734 [R1� 0.0295 for I> 2s(I)]. The absolute configura-
tion was determined by refinement of Flack�s x parameter (x� 0.002(4)).[54]


A semi-empirical absorption correction on the basis of Y scans (min./max.
transmission 0.253/0.811) was applied. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-114498. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Pentacarbonyl(1-N-methylamino-1-deoxy-2,3:5,6-di-O-isopropylidene-dd-
mannitol-1-ylidene)chromium(0) (12): The procedure described above
afforded an approximately 2:1 mixture of (E)-12 and (Z)-12. Pure (E)-12
was obtained by stirring a solution of glycosylidene complex 5 (229 mg,
0.53 mmol) and partially hydrolyzed benzylidene(methyl)imine (0.13 mL,
1.05 mmol) in degassed dichloromethane (6 mL) at ambient temperature


for several days. Column chromatography on silica gel (light petroleum/
dichloromethane/diethyl ether 10/1/5, Rf� 0.25) afforded pure (E)-12
(132 mg, 0.28 mmol) as a yellowish solid in 53% yield, m.p. 45 ± 47 8C; IR
(light petroleum): nÄ � 2058 cmÿ1 (s,1A1; C�O), 1971cmÿ1 (m, B1; C�O),
1938 cmÿ1 (vs, 2A1/E; C�O), 1929 cmÿ1 (vs, E/2A1; C�O); 1H NMR (500.13
Mz, CDCl3): d� 1.32 (s, 3 H; CH3), 1.36 (s, 3H; CH3), 1.42 (s, 3H; CH3), 1.53
(s, 3 H; CH3), 1.76 (d, 3JH,H� 7.8 Hz, 1H; OH), 3.41 (dd, 3JH,H� 7.7 Hz,
3JH,H� 6.5 Hz, 1H; H-4), 3.61 (d, 3JH,H� 5.17 Hz, 3 H; NCH3), 3.87 (dd,
2JH,H� 8.3 Hz, 3JH,H� 6.6 Hz, 1H; H-6a) 3.93 (q*, 3JH,H� 6.3 Hz, 1 H; H-5),
4.02 (dd, 2JH,H� 8.3 Hz, 3JH,H� 6.1 Hz, 1H; H-6b), 4.83 (d, 3JH,H� 7.35 Hz,
1H; H-3), 5.61 (d, 3JH,H� 7.25 Hz, 1H; H-2), 10.08 (br, 1H; NH). 1H NMR
(250.13 MHz, C6D6): d� 1.07 (s, 3H; CH3), 1.25 (s, 3 H; CH3), 1.28 (s, 3H;
CH3), 1.39 (s, 3 H; CH3), 1.68 (d, 3JH,H� 7.8 Hz, 1H; OH), 2.78 (d, 3JH,H�
4.9 Hz, 3 H; NCH3), 3.55 (t*, 6 Hz, 1H), 3.80 ± 4.00 (m, 4H; H-4, H-5, H-6a,
H-6b), 4.92 (d, 3JH,H� 7.32 Hz, 1H; H-3), 5.66 (d, 3JH,H� 7.33 Hz, 1 H; H-2),
9.67 (br, 1 H; NH); 13C NMR (125.76 MHz, CDCl3): d� 25.2, 25.3, 26.1,
26.3 (4C, CH3), 39.2 (1C, NCH3), 66.3 (1C, C-6), 70.2, 76.1, 76.4, 88.0 (4 C,
C-2, C-3, C-4, C-5), 108.9, 109.1 (2C, Cacetalic), 217.3 (4 C, COcis), 222.0 (1 C,
COtrans), 262.5 (1C, C-1); 13C NMR (62.5 Hz, C6D6): d� 25.5, 26.1, 26.5, 27.3
(4C, CH3), 39.3 (1C, NCH3), 67.4, 71.4, 77.3, 77.5, 89.0 (5 C, C-2, C-3, C-4,
C-5, C-6), 109.5, 110.0 (2C, Cacetalic), 218.6 (4C, COcis), 223.1 (1C, COtrans),
262.6 (1 C, C-1); MS (EI): m/z (%): 465 (10) [M�], 450 (10) [M�ÿCH3], 381
(3) [M�ÿ 3 CO], 353.2 (22) [M�ÿ 4CO], 325.2 (77) [M�ÿ 5CO], 310.2
(12) [M�ÿ 5COÿCH3]; HRMS for 12C18


1H23
16O10


14N 52Cr [M�] calcd.
465.0727; found 465.0719.


(Z)-12 was obtained in an approximately 1:2 mixture with the E isomer,
following the general procedure. Characteristic spectroscopic data:
1H NMR (500.13 MHz, CDCl3): d� 1.31 (s, 3H; CH3), 1.37 (s, 3H; CH3),
1.45 (s, 3H; CH3), 1.69 (s, 3 H; CH3), 2.20 (d, 3JH,H� 10.7 Hz, 1H; OH), 3.17
(d, 3JH,H� 5.3 Hz, 3H; NCH3), 8.99 (br, 1H; NH); 1H NMR (250.13 MHz,
C6D6): d� 1.04 (s, 3H; CH3), 1.19 (s, 3 H; CH3), 1.24 (s, 3H; CH3), 1.53 (s,
3H; CH3), 2.06 (d, 3JH,H� 10.9 Hz, 1H; OH), 2.79 (d, 3JH,H� 5.1 Hz, 3H;
NCH3), 8.0 (br, 1H; NH).


Pentacarbonyl(1-amino-1-deoxy-2,3:5,6-di-O-isopropylidene-dd-gulitol-1-
ylidene)chromium(0) (15): Yellowish powder, m.p. 155 8C (decomp); IR
(light petroleum): nÄ � 2058 cmÿ1 (s, 1A1; C�O), 1967 cmÿ1 (m, B1; C�O),
1936 cmÿ1 (vs, 1A1/E; C�O), 1923 cmÿ1 (vs, E/2A1; C�O); 1H NMR
(500.13 MHz, CDCl3): d� 1.35 (s, 3H; CH3), 1.37 (s, 3H; CH3), 1.41 (s,
3H; CH3), 1.55 (s, 3H; CH3), 2.24 (d, 3JH,H� 4.6 Hz, 1H; OH), 3.49 (dd,
3JH,H� 7 Hz, 3JH,H� 4.6 Hz, 1 H; H-4), 3.78 (dd, 2JH,H� 8.6 Hz, 3JH,H�
5.6 Hz, 1H; H-6a), 4.05 (dd, 2JH,H� 8.6 Hz, 3JH,H� 6.4 Hz, 1 H; H-6b),
4.17 (dt*, 3JH,H� 7 Hz, 3JH,H� 6 Hz, 1 H; H-5), 4.57 (d, 3JH,H� 7.25 Hz, 1H;
H-3), 5.56 (d, 3JH,H� 7.25 Hz, 1 H; H-2), 8.89 (br, 1 H; NH-a), 9.68 (br, 1H;
NH-b); 13C NMR (125.76 MHz, CDCl3): 25.5, 25.9, 26.1, 26.7 (4 C, CH3),
65.8, 71.2, 76.7, 77.0, 88.1 (5 C, C-2, C-3, C-4, C-5, C-6), 109.75, 109.84 (2 C,
Cacetalic), 217.1 (4 C, COcis), 221.4 (1C, COtrans), 275.0 (1 C, C-1); MS (EI): m/z
(%): 451 (7) [M�], 436.0 (18) [M�ÿCH3], 423 (14) [M�ÿCO], 408.2 (12)
[M�ÿCOÿCH3], 378 (5) [M�ÿCH3ÿ (CH3)2CO], 367 (24) [M�ÿ 3CO],
339 (67) [M�ÿ 4CO], 311 (92) [M�ÿ 5CO], 296 (17) [M�ÿ 5COÿCH3];
HRMS for 12C17


1H21
16O10


14N52Cr [M�] calcd. 451.0571; found 451.0569;
C17H21O10NCr (451.35): calcd. C 45.24, H 4.69, N 3.10; found C 46.14, H
4.95, N 2.59.


(E)-Pentacarbonyl(1-N-methylamino-1-deoxy-2,3:5,6-di-O-isopropylidene-
dd-gulitol-1-ylidene)chromium(0) (16): Light orange oil; IR (light petrol-
eum): nÄ � 2056 cmÿ1 (s, 1A1; C�O), 1971 cmÿ1 (m, B1; C�O), 1936 cmÿ1 (vs,
1A1/E; C�O), 1919 cmÿ1 (vs, E/2A1; C�O); 1H NMR (400.13 MHz, CDCl3):
d� 1.34 (s, 3H; CH3), 1.37 (s, 3 H; CH3), 1.41 (s, 3H; CH3), 1.55 (s, 3H;
CH3), 2.21 (d, 3JH,H� 5.09 Hz, 1H; OH), 3.30 (dd, 3JH,H� 7.2 Hz, 3JH,H�
5.09 Hz, 1 H; H-4), 3.61 (d, 3JH,H� 5.2 Hz, 3H; NCH3), 3.77 (dd, 2JH,H�
8.6 Hz, 3JH,H� 5.68 Hz, 1H; H-6a), 4.02 (dd, 2JH,H� 8.5 Hz, 3JH,H� 6.4 Hz,
1H; H-6b), 4.14 (dt*, 3JH,H� 7.2 Hz, 3JH,H� 6.2 Hz, 1H; H-5), 4.53 (d,
3JH,H� 7.04 Hz, 1 H; H-3), 5.56 (d, 3JH,H� 7.04, 1 H; H-2), 10.21 (br, 1H;
NH); 13C NMR (125.76 MHz, CDCl3): d� 25.4, 25.8, 26.0, 26.6 (4 C, CH3),
39.1 (1 C, NCH3), 65.8, 71.0, 76.8, 77.02, 88.2 (5C, C-2, C-3, C-4, C-5, C-6),
109.5, 109.7 (2 C, Cacetalic), 217.5 (4 C, COcis), 221.8 (COtrans), 260.8 (1 C, C-1);
MS (EI): m/z (%): 465.1 (3) [M�], 450.0 (4) [M�ÿCH3], 437.0 (2) [M�ÿ
CO], 381 (4) [M�ÿ 3CO], 353.1 (1) [M�ÿ 4CO], 325.1 (3) [M�ÿ 5CO];
HRMS for 12C18


1H23
16O10


14N52Cr [M�] calcd. 465.0728; found 465.0730.


General procedure for the preparation of the amino acid derivatives 13,14,
17 and 18 :
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To a solution of amino acid methyl ester hydrochloride (3 equiv) in
dichloromethane (4 mL per mmol hydrochloride) triethylamine (1.2 mL
per mmol hydrochloride) was added, and the solution was stirred for 5 min.
Then the mixture was added to a solution of one equivalent of
glycosylidene complex 5 (at 0 8C) or 7 (at ÿ78 8C) in dichloromethane
(9.3 mL per mmol complex). The reaction was monitored by TLC
(completion: 13, 14 after 2 h of stirring at 0 8C; 17, 18 instantaneously at
ÿ78 8C). After evaporation of the solvent the products were purified by
column chromatography on silica gel (light petroleum/diethyl ether 1:1).


(E)-Pentacarbonyl([N-2''-(S)-1''-methoxycarbonylprop-2''-yl]-1-amino-1-
deoxy-2,3:5,6-di-O-isopropylidene-dd-mannitol-1-ylidene)chromium(0) (13):
442 mg (0.82 mmol, 70 %), yellowish oil, Rf� 0.48 (eluent light petroleum/
diethyl ether 1/3); IR (light petroleum): nÄ � 2058 cmÿ1 (s, 1A1; C�O),
1971 cmÿ1 (m, B1;C�O), 1938 cmÿ1 (vs, E/2A1; C�O); 1H NMR (500.13 MHz,
CDCl3): d� 1.31 (s, 3H; CH3), 1.36 (s, 3 H; CH3), 1.43 (s, 3H; CH3), 1.55 (s,
3H; CH3), 1.62 (d, 3JH,H� 7.15 Hz, 3 H; CH3-3'), 1.74 (d, 3JH,H� 8.6 Hz, 1H;
OH), 3.40 (dd, 2JH,H� 8.6 Hz, 3JH,H� 7.0 Hz, 1H; H-6a), 3.80 (s, 3H;
OCH3), 3.84 (dd, 3JH,H� 8.4 Hz, 3JH,H� 6.6 Hz, 1H; H-4), 3.92 (q*, 3JH,H�
6.6 Hz, 1H; H-5), 4.02 (dd, 2JH,H� 8.5 Hz, 3JH,H� 6.2 Hz, 1H; H-6b), 4.86
( d, 3JH,H� 7.45 Hz, 1 H; H-3), 5.12 (dq, 3JH,H� 9.3 Hz, 3JH,H� 7.2 Hz, 1H;
H-2'), 5.63 (d, 3JH,H� 7.55, 1H; H-2), 10.35 (d, br, 3JH,H� 7 Hz, NH);
13C NMR (125.76 MHz, CDCl3): d� 18.4 (1 C, CH3-3'), 25.0, 25.2, 26.1, 26.3
(4C, CH3), 53.0 (1C, C-2'), 59.9 (1C, OCH3), 66.7, 70.3, 76.1, 76.2, 88.2 (5C,
C-2, C-3, C-4, C-5, C-6), 109.0, 109.3 (2 C, Cacetalic), 171.6 (1C, C-1'), 216.9
(4C, COcis), 221.6 (1C, COtrans), 263.2 (1 C, C-1); MS (EI): m/z (%): 537 (2)
[M�], 522 (5) [M�ÿCH3], 509 (4) [M�ÿCO], 397 (18) [M�ÿ 5CO];
HRMS for 12C21


1H27
16O12


14N52Cr [M�] calcd. 537.0938; found 537.0942.


(E)-Pentacarbonyl([N-2''-(R)-1''-methoxycarbonylprop-2''-yl]-1-amino-1-
deoxy-2,3:5,6-di-O-isopropylidene-dd-mannitol-1-ylidene)chromium(0) (14):
260 mg (0.48 mmol, 60%), light orange oil, Rf� 0.84 (eluent light
petroleum/diethyl ether 1/3); IR (light petroleum): nÄ � 2058 cmÿ1 (s, 1A1;
C�O), 1973 cmÿ1 (m, B1; C�O), 1944 cmÿ1 (vs, E, 2A1; C�O); 1H NMR
(400.13 MHz, C6D6): d� 1.00 (d, 3JH,H� 7.04 Hz, 3H; CH3-3'), 1.19 (s, 3H;
CH3-b), 1.28 (s, 3 H; CH3-a), 1.45 (s, 3 H; CH3-d),1.59 (s, 3H; CH3-c), 3.14 (s,
3H; OCH3), 3.51 (d, 3JH,H� 7.82 Hz, 1 H; OH), 3.71 (t*, 3JH,H� 7.83 Hz, 1H;
H-4), 4.0-4.1 (m, 2 H; H-6a, H-6b), 4.23 (q*, 3JH,H� 6.7 Hz, 1H; H-5), 5.13
(dq, 3JH,H� 9.1 Hz, 3JH,H� 7.1 Hz, 1 H; H-2'), 5.15 (d, 3JH,H� 7 Hz, 1H;
H-3), 5.82 (d, 3JH,H� 7 Hz, 1 H; H-2), 10.34 (d, br, 3JH,H� 8 Hz, 1H; NH);
13C NMR (100.62 MHz, C6D6): d� 18.0 (1 C, CH3-3'), 26.2 (1C, CH3-a), 26.4
(1C, CH3-b), 26.6 (1C, CH3-c), 27.4 (1C, CH3-d), 53.7 (1 C, OCH3), 60.9
(1C, C-2'), 68.3 (1C, C-6), 71.8 (1C, C-4), 77.0 (1 C, C-5), 78.2 (1C, C-3),
89.9 (1C, C-2), 110.29, 110.32 (2 C, Cacetalic), 173.7 (1C, C-1'), 218.0 (4C,
COcis), 222.7 (1C, COtrans), 269.6 (1C, C-1); MS (EI): m/z (%): 537 (4) [M�],
522 (8) [M�ÿCH3], 509 (6) [M�ÿCO], 494 (2) [M�ÿCOÿCH3], 453 (2)
[M�ÿ 3CO], 425 (10) [M�ÿ 4CO], 397 (13) [M�ÿ 5CO], 382 (12) [M�ÿ
5COÿCH3]; HRMS for 12C20


1H24
16O12


14N52Cr [M�] calcd. 522.0704; found
522.0706.


(E)-Pentacarbonyl([N-2''-(S)-1''-methoxycarbonylprop-2''-yl]-1-amino-1-
deoxy-2,3:5,6-di-O-isopropylidene-dd-gulitol-1-ylidene)chromium(0) (17):
353 mg (0.71 mmol, 67 %), orange oil, Rf� 0.88 (eluent light petroleum/
diethyl ether 1/6); IR (light petroleum): nÄ � 2058 cmÿ1 (s, 1A1; C�O),
1971 cmÿ1 (m, B1; C�O), 1938 cmÿ1 (vs, 1A1/E; C�O), 1924 cmÿ1 (vs, E/1A1;
C�O); 1H NMR (400.13 MHz, C6D6): d� 1.10 (d, 3JH,H� 7.1 Hz, 3 H; CH3-
3'), 1.23 (s, 3H; CH3), 1.30 (s, 3 H; CH3), 1.40 (s, 3 H; CH3), 1.63 (s, 3H;
CH3), 3.19 (s, 3 H; OCH3), 3.68 (dd, 3JH,H� 7.3 Hz, 3JH,H� 5 Hz, 1 H; H-4),
3.89-3.98 (m, 2H; H-6a, H-6b), 4.34 (q*, 3JH,H� 7 Hz, 1 H; H-5), 4.69 (d,
3JH,H� 6.85 Hz, 1H; H-3), 5.14 (dt, 3JH,H� 9 Hz, 3JH,H� 7.2 Hz, 1H; H-2'),
5.80 (d, 3JH,H� 6.85 Hz, 1H; H-2), 10.57 (d, br, 3JH,H� 7 Hz, 1H; NH), OH
not observed; 13C NMR (100.62 MHz, C6D6): d� 17.8 (q, 1JC,H� 132.7 Hz,
1C, CH3-3'), 25.8, 25.96, 25.99, 26.9 (4C, CH3), 52.6 (q, 1JC,H� 148.4 Hz, 1 C,
OCH3), 60.5 (d, 1JC,H� 143.7 Hz, 1 C, C-2'), 65.8 (t, 1JCH� 147.5 Hz, 1 C,
C-6), 71.4 (d, 1JC,H� 141.1 Hz, 1 C, C-3/C-4/C-5), 77.4 (d, 1JCH� 150.0 Hz,
1C, C-3/C-4/C-5), 77.8 (d, 1JCH� 153.9 Hz, 1C, C-3/C-4/C-5), 89.3 (dd,
1JCH� 156.4 Hz, 2JCH� 7.6 Hz, 1 C, C-2), 109.5, 110.0 (2C, Cacetalic), 171.5
(1C, C-1'), 217.6 (4C, COcis), 221.8 (1C, COtrans), 265.6 (C-1); MS (EI): m/z
(%): 537 (1) [M�], 522 (4) [M�ÿCH3], 509 (4) [M�ÿCO], 425 (11) [M�ÿ
4CO], 397 (12) [M�ÿ 5 CO], 382 (12) [M�ÿ 5COÿCH3]; HRMS for
12C21


1H27
16O12


14N52Cr [M�] calcd. 537.0939; found 537.0932; C21H27O12NCr
(537.44): calcd. C 46.93, H 5.06, N 2.61; found C 47.57, H 5.53, N 3.22.


(E)-Pentacarbonyl([N-2''-(R)-1''-methoxycarbonylprop-2''-yl]-1-amino-1-
deoxy-2,3:5,6-di-O-isopropylidene-dd-gulitol-1-ylidene)chromium(0) (18):


553 mg (1.029 mmol, 80 %), light orange oil. IR (light petroleum): nÄ �
2058 cmÿ1 (s, 1A1;C�O), 1973 (m, B1; C�O), 1936 cmÿ1 (vs, 2A1, E; C�O);
1H NMR (500.13 MHz, C6D6): 1.14 (s, 3 H; CH3-a), 1.22 (s, 3 H; CH3-b), 1.30
(s, 3 H; CH3-c), 1.36 (d, 3JH,H� 7.16 Hz, 3H; CH3-3'), 1.46 (s, 3H; CH3-d),
2.31 (d, 3JH,H� 4 Hz, 1H; OH), 3.25 (s, 3 H; OCH3), 3.48 (dd, 3JH,H� 7.7 Hz,
3JH,H� 4 Hz, 1 H; H-4), 3.70-3.85 (m, 2 H; H-6a/b), 4.16 (q*, 3JH,H� 5.8 Hz,
1H; H-5), 4.52 (d, 3JH,H� 6.5 Hz, 1H; H-3), 5.19 (quint*, 3JH,H� 7.3 Hz, 1H;
H-2'), 5.69 (d, 3JH,H� 6.5 Hz, 1 H; H-2), 10.67 (d, br, 3JH,H� 6.0 Hz, 1H;
NH); 13C NMR (125.76 Hz, C6D6): d� 18.7 (1 C, CH3-3'), 26.3 (1 C, CH3-b),
26.5 (1C, CH3-a), 26.6 (1 C, CH3-d), 27.7 (1C, CH3-c), 53.1 (1 C, OCH3), 61.1
(1C, C-2'), 66.6 (1C, C-6), 72.1 (1C, C-4), 77.92 (1C, C-3), 78.00 (1 C, C-5),
89.7 (1C, C-2), 110.5, 110.6 (2C, Cacetalic), 171.7 (1C, C-1'), 218.5 (4C, COcis),
222.6 (1C, COtrans), 262.2 (1C, C-1); MS (EI): m/z (%): 537 (2) [M�], 522
(6) [M�ÿCH3], 509 (5) [M�ÿCO], 425 (8) [M�ÿ 4CO], 397 (25) [M�ÿ
5CO], 382 (13) [M�ÿ 5COÿCH3], 339 (20) [M�ÿ 5 COÿ (CH3)2CO];
HRMS for 12C21


1H27
16O12


14N 52Cr [M�] calcd. 537.0939; found 537.0952.


(E)-Pentacarbonyl(N-2''-glucosyl-1-amino-1-deoxy-2,3:5,6-di-O-isoprop-
ylidene-dd-gulitol-1-ylidene)chromium(0) (19): Glucosamine hydrodrochlo-
ride (501.6 mg, 2.33 mmol) was suspended in acetone (6 mL), and triethyl-
amine (2.7 mL) was added. After stirring for 5 min, a solution of
gulofuranosylidene complex 7 (348.2 mg, 0.80 mmol) in acetone (6 mL)
was added at ambient temperature. The reaction mixture was stirred at
ambient temperature overnight and subjected to column chromatography
on silica gel (acetone/dichloromethane 1/3). The first orange fraction (Rf�
0.88) contained 7 (113.6 mg, 0.262 mmol; 67% turnover), the second
orange fraction (Rf� 0.15) yielded 19 (64.2 mg, 0.268 mmol; 50 % referring
to turnover) as a yellowish powder, m.p. 108 8C; IR (acetone): nÄ �
2058 cmÿ1 (s, 1A1; C�O), 1975 cmÿ1 (m, B1; C�O), 1938 cmÿ1 (vs, 2A1/E;
C�O), 1919 cmÿ1 (vs, E/2A1; C�O); 1H NMR (500.13 MHz, THF-D8): d�
1.27 (s, 3 H; CH3-a), 1.29 (s, 3H; CH3-b), 1.40 (s, 3H; CH3-c), 1.58 (s, 3H;
CH3-d), 3.48 (br, 1H; H-4'), 3.55 (t*, 3JH,H� 6.0 Hz, 1 H; H-5), 3.68 (br, 1H;
H-6a'), 3.74 (br, 1 H; H-6b'), 3.76 (t*, br, 2/3JH,H� 6.4 Hz, 1H; H-6a), 3.85
(br, 1H; H-5'), 3.92 (br, 1H; OH), 3.95 (t*, br, 2/3JH,H� 6 Hz, 1 H; H-6b),
3.98 (br, 1H; H-3'), 4.08 (q*, br, 2/3JH,H� 7 Hz, 1 H; H-4), 4.30 (t*, br,
3JH,H� 7.5 Hz, 1H; H-2'), 4.60 (dd, 3JH,H� 7.0 Hz, JH,H� 2.7 Hz, 1 H; H-3),
4.82 (br, 1 H; OH), 4.91 (br, 1 H; OH), 5.30 (br, 1H; H-1'), 5.33 (br, 1H;
OH), 5.65 (dd, 3JH,H� 6.8 Hz, 1 H; H-2), 6.39 (br, 1H; OH), 10.36 (d,
3JH,H� 6.7 Hz, 1H; NH); 13C NMR (62.9 Hz, [D8]THF): d� 26.4 (2 C, CH3-
a, CH3-c), 26.6 (1 C, CH3-d), 27.3 (1 C, CH3-b), 63.2 (1C, C-6'), 66.8 (1 C,
C-6), 69.0 (1 C, C-2'), 71.7 (1C, C-4'), 72.2 (1 C, C-5), 72.4 (1 C, C-3'), 73.7
(1C, C-5'), 78.3 (1C, C-3), 78.9 (1C, C-4), 90.1 (1C, C-2), 92.8 (1 C, C-1'),
218.3 (4 C, COcis), 222.9 (1C, COtrans), 260.8 (1C, C-1); MS (FAB): m/z (%):
636 (20) [M��Na], 613 (5) [M�], 580 (3) [M��Naÿ 2 CO], 552 (24)
[M��Naÿ 3 CO], 473 (19) [M�ÿ 5CO], 415 (47) [M�ÿ 5COÿ
(CH3)2CO], 397 (21).


General procedure for Mitsunobu cyclization reactions to iminoglycosyli-
dene complexes 20 ± 26 : The acyclic aminoglycosylidene complex (0.25 ±
0.94 mmol) was dissolved in THF (10 mL per mmol complex for 20, 21, 23
and 24 ; ca. 40 mL per mmol complex for 22, 25 and 26); 1.5 equivalents
triphenylphosphane and 1.3 equivalents of diethyl azodicarboxylate
(DEAD) were added. The reaction mixture was stirred at ambient
temperature until TLC indicated consumption of the starting complex
material. For reaction times and purification see below.


4-Amino-4-deoxy-2,3:5,6-di-O-isopropylidene-dd-talofuranosylidene(penta-
carbonyl)chromium(0) (20): The reaction was complete after stirring
overnight. Column chromatography on silica gel (light petroleum/diethyl
ether 1/1, Rf� 0.34) and recrystallization from pentane afforded 20
(77.9 mg, 0.18 mmol) as a light yellow powder in 42 % yield, m.p. 109 ±
113 8C (decomp); IR (light petroleum): nÄ � 2056 cmÿ1 (s, 1A1; C�O),
1973 cmÿ1 (s, B1; C�O), 1931 cmÿ1 (vs, 2A1/E; C�O); 1H NMR (500.13 Mz,
CDCl3): d� 1.32 (s, 3 H; CH3), 1.36 (s, 3H; CH3),1.37 (s, 3H; CH3), 1.41 (s,
3H; CH3), 3.91 (dd, 2JH,H� 8.8 Hz, 3JH,H� 4.8 Hz, 1H; H-6a), 4.12 ± 4.14,
4.18 (m, br, 3 H; H-4, H-5, H-6b), 4.41 (d, 3JH,H� 5.27 Hz, 1H; H-3), 5.17 (d,
3JH,H� 5.27 Hz, 1H; H-2), 8.87 (br, 1H; NH); 13C NMR (125.76 MHz,
CDCl3): d� 24.8, 25.7, 26.3, 26.8 (4 C, CH3), 65.9, 75.3, 75.7, 77.4, 95.2 (5 C,
C-2, C-3, C-4, C-5, C-6), 110.8, 112.1 (2 C, Cacetalic), 217.4 (4 C, COcis), 222.8
(1 C, COtrans), 279.4 (1 C, C-1); MS (EI): m/z (%): 433 (9) [M�], 418 (6)
[M�ÿCH3], 349 (1) [M�ÿ 3CO], 334 (2) [M�ÿ 3 COÿCH3], 321 (16)
[M�ÿ 4CO], 306 (3) [M�ÿ 4COÿCH3], 293 (100) [M�ÿ 5CO], 278 (11)
[M�ÿ 5COÿCH3]; HRMS for 12C17


1H19
16O9


14N52Cr [M�] calcd. 433.0465;
found 433.0460.
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Pentacarbonyl(4-deoxy-4-methylamino-2,3:5,6-di-O-isopropylidene-dd-talo-
furanosylidene)chromium(0) (21): The reaction was complete after stirring
overnight. Column chromatography on silica gel (light petroleum/diethyl
ether 1/1, Rf� 0.34) and recrystallization from pentane afforded 21
(75.9 mg, 0.17 mmol) as a light yellow cystalline solid in 67 % yield,
m.p. 105-107 8C (decomp). Crystals for X-ray structural analysis were
grown from pentane; IR (light petroleum): nÄ � 2058 cmÿ1 (s, 1A1; C�O),
1977 cmÿ1 (w, B1; C�O), 1931 (vs, 2A1/E; C�O); 1H NMR (500.13 MHz,
CDCl3): d� 1.32 (s, 3H; CH3), 1.33 (s, 3H; CH3), 1.36 (s, 3 H; CH3) 1.45 (s,
3H; CH3), 3.79 (s, 3 H; NCH3), 3.89 (dd, 2JH,H� 9 Hz, 3JH,H� 5 Hz, 1H;
H-6a), 4.06 ± 4.11, 4.14 ± 4.17 (m, 3 H; H-4, H-5, H-6b), 4.25 (d, 3JH,H�
5.07 Hz, 1 H; H-3), 5.20 (d, 3JH,H� 5.07 Hz, 1 H; H-2); 13C NMR
(125.76 MHz, CDCl3): d� 24.6, 26.1, 26.3, 27.0 (4 C, CH3), 43.8 (1C,
NCH3), 66.3, 75.8, 78.0, 82.0, 96.6 (5C, C-2, C-3, C-4, C-5, C-6), 110.9, 111.6
(2C, Cacetalic), 217.7 (4C, COcis), 223.1 (1C, COtrans), 272.3 (1 C, C-1); MS
(EI): m/z (%): 447 (45) [M�], 432 (32) [M�ÿCH3), 419 (28) [M�ÿCO],
391 (8) [M�ÿ 2 CO], 363 (8) [M�ÿ 3 CO], 335 (15) [M�ÿ 4CO], 307 (100)
[M�ÿ 5CO], 292 (8) [M�ÿ 5 COÿCH3]; HRMS for 12C18


1H21
16O9


14N52Cr
[M�] calcd. 447.0622; found 447.0617; C18H21O9NCr (447.36): calcd. C 48.33,
H 4.73, N 3.13; found C 48.21, H 4.80, N 3.31.


Pentacarbonyl[4-deoxy-2,3:5,6-di-O-isopropylidene-4-(1''-methoxycarbonyl-
prop-2''-(R)-2''-yl)-amino-dd-talofuranosylidene)chromium(0) (22): After
four days of stirring the reaction was terminated. Column chromatography
on silica gel (light petroleum/diethyl ether 2/1) afforded 22 (<2.6 mg,
<5 mmol) (RF� 0.60) as a yellow oil in 1 % yield. Major amounts of starting
material 14 were recovered in a second band (Rf� 0.50). Selected NMR
spectroscopic data: 1H NMR (250.13 MHz, C6D6): d� 4.43 (d, 3JH,H�
5.8 Hz, 1H; H-3), 4.98 (d, 3JH,H� 5.6 Hz, 1H; H-2), 5.77 (q*, 3JH,H�
7.2 Hz, 1H; H-2'); 13C NMR (62.5 MHz, C6D6): 15.06, 15.14, 15.9, 16.2
(4C, CH3), 97.1 (1C, C-2/C-4), 111.3, 112.2 (2C, Cacetalic), 172.0 (1 C, C-1'),
218.8 (4 C, COcis), 232.1 (1 C, COtrans), 280.8 (1 C, C-1).


4-Amino-4-deoxy-2,3:5,6-di-O-isopropylidene-dd-allofuranosylidene(penta-
carbonyl)chromium(0) (23): The reaction was complete after stirring
overnight. Complex 23 was purified by column chromatography on silica
gel (light petroleum/diethyl ether 1/1, Rf� 0.25), and hydrazine-N,N-
dicarboxylate formed in the Mitsunobu reaction was removed by subse-
quent crystallization from hexane/dichloromethane, leaving complex 23
(131.4 mg, 0.30 mmol) as a yellow oil in 36% yield; IR (KBr): nÄ �
2058 cmÿ1 (s, 1A1; C�O), 1976 cmÿ1 (s, B1; C�O), 1927 cmÿ1 (vs, E, 2A1;
C�O); 1H NMR (400.13 MHz, CDCl3): d� 1.30 (s, 3H; CH3), 1.35 (s, 3H;
CH3), 1.37 (s, 3H; CH3), 1.41 (s, 3 H; CH3), 3.63 (br, 1 H;) 4.09 (br, 1H),
4.18-4.32 (m, 2H) (H-4, H-5, H-6a, H-6b), 4.43 (d, 3JH,H� 4.7 Hz, 1 H; H-3),
5.14 (4.9 Hz, 1H; H-2), 8.98 (br, 1H; NH); 13C NMR (125.76 MHz, C6D6):
d� 24.8, 26.3, 26.6, 27.6 (4C, CH3), 65.8, 74.6, 76.5, 76.6, 96.5 (5C, C-2, C-3,
C-4, C-5, C-6), 110.8, 112.5 (2C, Cacetalic), 218.8 (4C, COcis), 224.1 (1C,
COtrans), 276.7 (1 C, C-1); MS (EI): m/z (%): 433 (4) [M�], 418 (4) [M�ÿ
CH3], 405 (1) [M�ÿCO], 377 (1) [M�ÿ 2 CO], 349 (1) [M�ÿ 3 CO], 334
(1) [M�ÿ 3 COÿCH3], 321 (18) [M�ÿ 4 CO], 306 (3) [M�ÿ 4COÿCH3],
293 (100) [M�ÿ 5CO], 278 (11) [M�ÿ 5 COÿCH3]; HRMS for
12C17


1H19
16O9


14N52Cr [M�] calcd. 433.0465; found 433.0452; C17H19O9NCr
(433.33): calcd. C 47.12, H 4.42, N 3.23; found C 46.85, H 5.08, N 3.09.


Pentacarbonyl(4-deoxy-4-methylamino-2,3:5,6-di-O-isopropylidene-dd-allo-
furanosylidene)chromium(0) (24): The reaction was complete overnight.
Column chromatography on silica gel (light petroleum/diethyl ether 1/4;
Rf� 0.52, light petroleum/diethyl ether 1/6) afforded complex 24 (54 mg,
0.12 mmol) as a yellowish oil in 34% yield; IR (light petroleum): nÄ �
2056 cmÿ1 (s, 1A1; C�O), 1975 cmÿ1 (s, B1; C�O), 1931 cmÿ1 (vs, E, 2A1;
C�O); 1H NMR (250.13 MHz, CDCl3): d� 1.29 (s, 3H; CH3-a), 1.31 (s, 3H;
CH3-b), 1.37 (s, 3 H; CH3-c), 1.39 (s, 3H; CH3-d), 3.70 (d, 5JH,H� 0.6 Hz,
1H; NCH3), 3.84 (dd , 2JH,H� 9 Hz, 3JH,H� 5 Hz, 1 H; H-6a), 4.03 (d, 3JH,H�
2.0 Hz, 1 H; H-4), 4.18 (dd, 2JH,H� 9 Hz, 3JH,H� 7.7 Hz, 1 H; H-6b), 4.43 (d,
3JH,H� 5.5 Hz, 1H; H-3), 4.47 (ddd, 3JH,H� 7.5 Hz, 3JH,H� 5.0 Hz, 3JH,H�
2.0 Hz, 1H; H-5), 5.19 (dd, 3JH,H� 5 Hz, 5JH,H� 0.6 Hz, 1 H; H-2); 13C NMR
(62.5 MHz, CDCl3): d� 23.6 (1 C, CH3-a), 25.7 (1 C, CH3-d), 26.1 (1C, CH3-
c), 27.1 (1C, CH3-b), 41.2 (1C, NCH3), 65.4 (1C, C-6), 70.9 (1C, C-5), 75.3
(1C, C-3), 82.4 (1C, C-4), 97.2 (1C, C-2), 110.6, 111.3 (2C, Cacetalic), 217.8
(4C, COcis), 223.3 (1C, COtrans), 271.1 (1 C, C-1); MS (EI): m/z (%): 447 (3)
[M�], 432 (2) [M�ÿCH3), 419 (2) [M�ÿCO], 391 (1) [M�ÿ 2CO], 363 (2)
[M�ÿ 3CO], 335 (20) [M�ÿ 4CO], 320 (2) [M�ÿ 4COÿCH3], 307 (100)
[M�ÿ 5CO], 292 (8) [M�ÿ 5 COÿCH3]; HRMS for 12C18


1H21
16O9


14N52Cr
[M�] calcd. 447.0622; found 447.0626.


Pentacarbonyl[4-deoxy-2,3:5,6-di-O-isopropylidene-4-(1''-methoxycarbonyl-
prop-2''-(S)-2''-yl)-amino-dd-allofuranosylidene)chromium(0) (25): After
stirring overnight TLC indicated the formation of two yellow products
(A : Rf� 0.73, B : Rf� 0.61, eluent light petroleum/diethyl ether 1/6). When
the reaction mixture was stirred for two days, the formation of a single
isomer was indicated by TLC (Rf� 0.53, eluent light petroleum/diethyl
ether 1/2). In both cases column chromatography on silica gel (light
petroleum/diethyl ether gradient 2/1 ± 1/2) afforded a single isomer of 25
(53 mg, 0.10 mmol) as a yellowish oil in 23 % yield; IR (light petroleum):
nÄ � 2058 cmÿ1 (s, 1A1; C�O), 1979 cmÿ1 (m, B1; C�O), 1940 cmÿ1 (vs, E/2A1;
C�O), 1923 cmÿ1 (s, 2A1/E, C�O); 1H NMR (250.13 MHz, C6D6): d� 0.85
(s, 3H; CH3-a), 1.10 (s, 3H; CH3-b), 1.20 (s, 3 H; CH3-c), 1.23 (d, 3JH,H�
7.7 Hz, 3H; CH3-3'), 1.30 (s, 3 H; CH3-d), 3.25 (m, 1 H; H-6a), 3.30 (m, 1H;
H-6b), 3.37 (s, 1 H; OCH3), 3.80 (t*d, 3JH,H� 6 Hz, 3JH,H� 1.4 Hz, 1H; H-5),
3.90 (d, 3JH,H� 1.4 Hz, 1 H; H-4), 4.38 (d, 3JH,H� 5.1 Hz, 1H; H-3), 5.39 (d,
3JH,H� 5.1 Hz, 1H; H-2), 5.73 (q, 3JH,H� 7.4 Hz, 1 H; H-2'); 13C NMR
(62.9 MHz, C6D6): d� 15.9 (1C, CH3-3'), 24.0 (1C, CH3-a), 26.2 (1 C, CH3-
b), 26.7 (1C, CH3-c), 28.1 (1C, CH3-d), 52.8 (1C, OCH3), 63.0 (1 C, C-2'),
66.2 (1C, C-6), 72.4 (1 C, C-5), 76.2 (1 C, C-3), 77.5 (1 C, C-4), 97.5 (1 C, C-2),
111.0, 111.7 (2C, Cacetalic), 170.4 (1 C, C-1'), 218.9 (4 C, COcis), 224.6 (1 C,
COtrans), 280.7 (1 C, C-1); MS (EI): m/z (%): 519 (2) [M�], 504 (3) [M�ÿ
CH3], 491 (4) [M�ÿCO], 463 (2) [M�ÿ 2 CO], 435 (2) [M�ÿ 3 CO], 433
(3) [M�ÿCOÿ (CH3)2CO], 407 (23) [M�ÿ 4CO], 379 (12) [M�ÿ 5CO],
321 (40) [M�ÿ 5 COÿ (CH3)2CO]; HRMS for 12C21


1H25
16O11


14N52Cr [M�]
calcd. 519.0832; found 519.0819.


Pentacarbonyl[4-deoxy-2,3:5,6-di-O-isopropylidene-4-(1''-methoxycarbonyl-
prop-2''-(R)-2''-yl)-amino-dd-allofuranosylidene)chromium(0) (26): After
two days of stirring the reaction was complete. Column chromatography
on silica gel (light petroleum/diethyl ether 1/2) gave two isomers of
complex 26 (major isomer: Rf� 0.63; minor isomer: Rf� 0.51, eluent light
petroleum/diethyl ether 1/2), presumably atropisomers around the N-C-2'
bond, in an approximately 1:1 ratio (total yield: 262 mg, 0.51 mmol, 54%).
No coalescence of NMR signals could be detected in the temperature range
of 218 ± 333 K. Both isomers had to be further purified by column
chromatography on silica gel (light petroleum/chloroform 1/40; first
isomer: Rf� 0.32; second isomer: Rf� 0.28).


Major isomer (still containing certain amounts of the second isomer):
yellowish oil, 160 mg (0.31 mmol, 33%); IR (light petroleum): nÄ �
2058 cmÿ1 (s, 1A1; C�O), 1969 cmÿ1 (s, B1; C�O), 1935 cmÿ1 (vs, 2A1/E;
C�O), 1917 cmÿ1 (sh, E/1A1;C�O); 1H NMR (500.13 MHz, C6D6): d� 0.90
(s, 3H; CH3-a), 1.12 (s, 3H; CH3-b), 1.21 (s, 3H; CH3-c), 1.25 (br, 3 H; CH3-
3'), 1.31 (s, 3 H; CH3-d), 3.24-3.30 (m, br, 1H; H-6a), 3.38-3.45 (m, br, 1H;
H-6b), 3.40 (s, 3 H; OCH3), 3.83 (br, 1H; H-5), 3.95 (br, 1H; H-4), 4.39 (br,
1H; H-3), 5.37 (d, 3JH,H� 5 Hz, 1H; H-2), 5.71 (br, 1H; H-2'); 13C NMR
(125.76 MHz, C6D6): d� 15.6 (1C, CH3-3'), 23.9 (1 C, CH3-a), 26.2 (1 C,
CH3-b), 26.6 (1 C, CH3-c), 28.0 (1C, CH3-d), 52.8 (1C, OCH3), 63.1 (1 C,
C-2'), 66.3 (1 C, C-6), 72.3 (1C, C-5), 76.2 (1C, C-3), 77.5 (1C, C-4), 97.5
(1C, C-2), 111.0, 111.7 (2C, Cacetalic), 170.3 (1C, C-1'), 218.9 (4C, COcis),
224.7 (1C, COtrans), 280.3 (1C, C-1); MS (EI): m/z (%): 519 (1) [M�], 504
(2) [M�ÿCH3], 491 (2) [M�ÿCO], 463 (1) [M�ÿ 2CO], 435 (1) [M�ÿ
3CO], 433 (4) [M�ÿCOÿ (CH3)2CO], 407 (14) [M�ÿ 4CO], 379 (6)
[M�ÿ 5CO], 321 (27) [M�ÿ 5 COÿ (CH3)2CO]; HRMS for
12C21


1H25
16O11


14N52Cr [M�] calcd. 519.0832; found 519.0843.


Minor isomer: yellowish oil, 102 mg (0.20 mmol, 21%); IR (light petrol-
eum): 2058 cmÿ1 (s, 1A1; C�O), 1979 (s, B1; C�O), 1938 cmÿ1 (vs, E/2A1;
C�O), 1922 cmÿ1 (sh, 2A1/E; C�O); 1H NMR (500.13 MHz, C6D6): d� 0.86
(s, 3 H; CH3), 1.12 (s, 3 H; CH3), 1.24 (s, 3 H; CH3), 1.34 (s, 3 H; CH3), 1.57
(d, 3H; CH3-3'), 3.21 (dd, 2JH,H� 9 Hz, 3JH,H� 4 Hz, 1H; H-6a), 3.32 (s, 3H;
OCH3), 3.34 (t*, 2/3JH,H� 8 Hz, 1H; H-6b), 4.03-4.08 (m, br, 2H; H-4, H-5),
4.37 (d, 3JH,H� 4.96 Hz, 1H; H-3), 5.41 (d, 3JH,H� 4.96 Hz, 1 H; H-2), 5.82-
5.91 (m, br, 1 H; H-2'). H-4/H-5 show a strong NOE upon irradiation at
CH3-3', indicating a syn conformation along the N-C-2' bond; 13C NMR
(125.76 MHz, C6D6): d� 17.8 (1C, CH3-3'), 23.6 , 26.0, 26.9, 27.6 (4 C, CH3),
52.9 (1C, OCH3), 64.8 (1C, C-2'), 65.9 (1C, C-6), 73.5 (1 C, C-5), 76.6 (1 C,
C-3), 79.8 (1 C, C-4), 97.3 (1 C, C-2), 111.0, 111.8 (2C, Cacetalic), 169.8 (1 C,
C-1'), 218.6 (4C, COcis), 224.3 (1 C, COtrans), 280.0 (1 C, C-1), 13C assign-
ments in analogy to the major isomer; MS (EI): m/z (%): 519 (2) [M�], 504
(5) [M�ÿCH3], 491 (8) [M�ÿCO], 463 (5) [M�ÿ 2CO], 435 (1) [M�ÿ
3CO], 407 (35) [M�ÿ 4CO], 379 (25) [M�ÿ 5 CO], 364 (11) [M�ÿ 5 COÿ
CH3], 321 (41) [M�ÿ 5COÿ (CH3)2CO]; HRMS for 12C21


1H25
16O11


14N52Cr
[M�] calcd. 519.0832; found 519.0842.
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The [(DT-TTF)2M(mnt)2] Family of Radical Ion Salts: From a Spin Ladder to
Delocalised Conduction Electrons That Interact with Localised Magnetic
Moments


Elisabet Ribera,[a] ConcepcioÂ Rovira,*[a] Jaume Veciana,[a] Judit TarreÂs,[a] Enric Canadell,[a]


Roger Rousseau,[a] Elies Molins,[a] Montserrat Mas,[a] Jean-Philippe Schoeffel,[b] Jean-Paul
Pouget,[b] Jorge Morgado,[c] Rui T. Henriques,[c] and Manuel Almeida[d]


Abstract: Electrocrystallisation of the
p-electron donor dithiopheno-tetrathia-
fulvalene (DT-TTF) with maleonitrile
dithiolate (mnt) ± metal (M) complexes
gives rise to the new family of radical ion
salts [(DT-TTF)2M(mnt)2] (M�Au, Pt,
Ni), which are isostructural and crystal-
lise in the monoclinic space group P21/n
forming regular segregated stacks of
donor and acceptor molecules along
the b axis. The DT-TTF stacks are paired
and interact strongly through S ´´´ S
contacts in a ladder-like motif. The three
salts have quite high room-temperature
electrical conductivities (9, 40 and
40 Scmÿ1 for M�Au, Pt and Ni respec-


tively) but their conductivity ± tempera-
ture dependencies differ. The Au salt
has an activated conductivity at room
temperature whereas the Ni and Pt salts
are metal-like at room temperature and
both exhibit a metal ± insulator transi-
tion around 120 K. These contrasting
transport properties are accounted for
by the differences in the transfer inte-
grals along the DT-TTF stacks. The


magnetic susceptibility of the salt with
M�Au, in which the [Au(mnt)2


ÿ] anion
is diamagnetic, can be fitted to a two-
legged spin-ladder model. From diffuse
X-ray scattering studies it is established
that below 220 K the donors dimerise
along the b stacking direction, and the
spin carrier units in the ladder are
identified as those formed by dimerised
donors [(DT-TTF)2]�


. . Observation in
their EPR spectra of a single line which
increases dramatically in width as the
conductivity increases is evidence for
the presence of two magnetic subsys-
tems which interact in the salts (M�Ni,
Pt) with paramagnetic [M(mnt)2]ÿ ions.


Keywords: conducting materials ´
crystal engineering ´ magnetic prop-
erties ´ spin ladder ´ tetrathiafulva-
lenes


Introduction


Since the discovery of metallic properties in molecular
organic compounds, a large variety of such materials based
on planar p-electron donor molecules has been synthesised,[1]


some of which exhibit different ground states and new


physical phenomena, depending on composition, temper-
ature, pressure and magnetic field.[1, 2] The metallic radical
cation salts with paramagnetic anions are particularly inter-
esting, since the co-existence of delocalised conduction
electrons and localised magnetic moments raises the possi-
bility of new physical phenomena resulting from their mutual
interaction.[3]


The synthesis and characterisation of one-dimensional (1D)
chain-like and two-dimensional (2D) layered organic con-
ductors are well documented, and in some crystals both
electronic dimensionalities can co-exist.[4] Nevertheless, com-
pounds with an intermediate dimensionality (that is, a finite
number of assembled stacks, next to each other, forming
ladders) are very uncommon and are receiving much atten-
tion, especially in the area of quantum magnets.[5±8]


Among the 1D organic metals, the structure of the a phases
of the [(per)2M(mnt)2] family of compounds (per� perylene;
mnt�maleonitrile dithiolate; M� transition metal) can be
described as two regular stacks of partially oxidised perylene
molecules, (per)0.5�, next to each other, surrounded by four
regular stacks of [M(mnt)2]ÿ counterions.[9] The interstack
perylene ± perylene interactions are extremely small com-
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pared with the strong intrastack interactions;[10] consequently,
these compounds are metals with an enhanced 1D charac-
ter.[3b, 11] In order to achieve a ladder-type molecular organic
compound, we replaced the perylene donor by the sulfur-rich
donor dithiopheno-tetrathiafulvalene (DT-TTF) 1,[12] to com-


bine with the [M(mnt)2]ÿ ions. This donor retains the planarity
and aromatic character of perylene but incorporates six
peripheral sulfur atoms that can establish intercolumn S ´´´ S
contacts. The crystal structure of neutral DT-TTF shows
stacks of molecules with short S ´´´ S and CÿH ´´´ S interstack
contacts that promote a 2D crystal packing.[13] We have used
both diamagnetic and paramagnetic [M(mnt)2]ÿ counterions
to obtain a new family of compounds in which delocalised
conduction electrons and non-magnetic or localised magnetic
centres can co-exist.


In this paper we report the synthesis and the structural and
physical characterisation of the new family of compounds
[(DT-TTF)2M(mnt)2] (M�Au, Pt, Ni). The salt with M�Au
has a diamagnetic anion whereas those with M�Ni and Pt
have paramagnetic anions (square-planar NiIII and PtIII


complexes have a spin S � 1�2). In the [(DT-TTF)2Au(mnt)2]
salt the unpaired electrons are localised on the interacting
pairs of donor stacks, isolated one from another by stacks of
anions. The magnetic properties of this compound show that
the localised electrons behave as a two-legged spin-ladder
system;[14] this is one of the first reported examples of
molecular materials that exhibit this uncommon proper-
ty.[15±17] It is isostructural with the salts with the paramagnetic
[Pt(mnt)2]ÿ and [Ni(mnt)2]ÿ ions, but they exhibit a metal-like
behaviour at room temperature due to the delocalisation of
the electrons on the DT-TTF stacks. Interestingly, these
electrons interact strongly with the paramagnetic anions.


Results and Discussion


Crystal structure : The Au, Ni and Pt salts are isostructural and
crystallise in the monoclinic space group P21/n. The asym-
metric unit of the unit cell contains one DT-TTF molecule and
half of the [M(mnt)2] species. Their molecular structures are
depicted in Figure 1 and the crystallographic data are given in


Figure 1. Molecular structure of the [(DT-TTF)2Pt(mnt)2] salt.


Table 1. The DT-TTF and [M(mnt)2] units are essentially
planar and form regular segregated donor and acceptor stacks
along the b axis in a herringbone pattern (Figure 2 a). The DT-
TTF and [M(mnt)2] units are tilted with respect to the stacking
axis b. The dihedral angles of the DT-TTF planes with the b
axis are 24.98, 22.48 and 22.128 and those of the [M(mnt)2]
planes are 24.38, 21.58 and 17.58 for the Au, Ni and Pt salts,
respectively.


The interplanar distances are given in Table 2. Donor
molecules overlap in all three compounds by slipping in the
direction parallel to the shortest axis of the molecule (Fig-
ure 3 a), as in the structure of the neutral donor.[13] The
overlap mode of the [M(mnt)2] units is slightly different for
the three salts (Figures 3 b ± 3 d): in the Pt salt it is closer to a
metal-over-metal arrangement and in the Ni salt it is closer to
a metal-over-sulfur situation, although the latter structure is
not so clearcut as that observed for the perylene analogue.[9c]


These different overlap modes are expected to be relevant for
different magnetic interactions between [M(mnt)2] units.


Abstract in Catalan: L�electrocristal ´ litzacioÂ del donador
d�electrons p ditiof�-tetratiafulval� (DT-TTF) amb complexes
de metalls de transicioÂ (M) del maleonitrilditiolat (mnt) doÂna
lloc a la nova família de sals d�ioÁ radical [(DT-TTF)2M(mnt)2]
(M�Au, Pt, Ni). Aquestes sals soÂn isoestructurals i cristal ´
litzen en el grup espacial monoclínic P21/n formant apilaments
regulars i segregats de mol�cules de donador i d�acceptor al
llarg de l�eix b. Els apilaments de DT-TTF s�aparellen formant
una escala mitjançant interaccions fortes S ´´´ S intermoleculars.
Les tres sals tenen conductivitats força elevades a temperatura
ambient (9, 40 i 40 S cmÿ1 per M�Au, Pt i Ni respectivament)
peroÁ presenten diferents depend�ncies amb la temperatura. La
sal d�Au tØ una conductivitat activada a temperatura ambient,
mentre que les sals de Pt i Ni soÂn metàl ´ liques a temperatura
ambient i ambdues presenten una transicioÂ metall ± aïllant al
voltant de 120 K. Les difer�ncies en les propietats de transport
soÂn conseqü�ncia dels diferents valors de les integrals de
transfer�ncia al llarg dels apilaments de DT-TTF. La suscepti-
bilitat magn�tica de la sal amb M�Au, en la qual l�anioÂ
[Au(mnt)2]ÿ Øs diamagn�tic, es pot ajustar a un model d�escala
de spin de dues potes. Mitjançant experiments de difraccioÂ
difusa de raigs X s�ha establert que per sota de 220 K els
donadors dimeritzen al llarg de l�eix d�apilament b, la qual cosa
permet l�assignacioÂ de les unitats portadores de spin en l�escala
a les formades per dímers de donadors [(DT-TTF)2]�


. . Les
sals amb M�Ni i Pt en les que els anions [M(mnt)2]ÿ son
paramagn�tics, tenen dos subsistemes magn�tics que interac-
cionen entre ells, fet evidenciat per l�observacioÂ d�una sola línia
en els espectres de RPE, l�amplada de la qual augmenta
dràsticament al augmentar la conductivitat.
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The DT-TTF stacks are arranged in pairs related by a
twofold screw axis parallel to the b axis, and alternate with
single stacks of [M(mnt)2] units along the a ± c direction
(Figure 2). This crystal packing is very similar to that of the a-


Figure 2. Crystal structure of [(DT-TTF)2Pt(mnt)2]: a) projection along a ;
b) view perpendicular to the (a, c) plane of the structure showing short S ´´ ´
S (****) and S ´´´ N (- - - -) contacts.


[(per)2M(mnt)2] salts.[9a±c] However, at variance with the
perylene salts, due to the six sulfur atoms on the periphery
of the DT-TTF molecules, the pairs of donor stacks related by
the screw axis are strongly connected by three close interstack
S(2) ± S(5) contacts (Figure 2b and Table 3). As a result of
these short contacts, the pairs of donor stacks form a
structural two-legged ladder (Figure 2). This arrangement is
very similar to the 2D organisation found in the crystal
structure of the neutral donor;[13] the crystal packing of these
[(DT-TTF)2M(mnt)2] salts can be described formally as
derived from the DT-TTF crystal structure by introducing
one stack of anions between each two stacks of donors, thus
cutting the 2D arrangement and giving rise to the two-legged


Table 1. Crystallographic data of [(DT-TTF)2M(mnt)2] salts


M Au Pt Ni


formula C28H8S16N4Au C28H8S16N4Pt C28H8S16N4Ni
molecular mass 1110.3 1108.4 972.0
T [K] 293 293 293
dimensions [mm] 0.37� 0.23� 0.065 0.50� 0.05� 0.03 0.60� 0.04� 0.01
space group P21/n P21/n P21/n
a [�] 16.334(1) 16.304(5) 16.277(2)
b [�] 3.912(1) 3.803(5) 3.830(1)
c [�] 27.348(2) 28.015(5) 27.811(4)
a [8] 90.0 90.0 90.0
b [8] 101.787(6) 102.29(3) 102.63(1)
g [8] 90.0 90.0 90.0
volume [�3] 1710.7(2) 1697(2) 1691.8(5)
Z 2 2 2
1calcd [gcmÿ3] 2.16 2.17 1.91
scan mode w-2q w-2q w-2q


intervals h, k, l � 23, 0 ± 5, ÿ39 ± 0 � 22, 0 ± 5, 0 ± 39 � 18, ÿ4 to 0,
ÿ31 to 0


2qmax [8] 61.9 60.7 47.3
measured reflections 7898 5248 3076
independent reflections 5444 5151 2565
R 0.0275 0.0504 0.0511
wR 0.2780 0.1106 0.1032


Table 2. Interplanar distances [�] in the DT-TTF and [M(mnt)2] stacks


M dt stacks [M(mnt)2] stacks


Au 3.555(3) 3.581(4)
Pt 3.527(4) 3.636(4)
Ni 3.534(3) 3.568(3)


Abstract in French: L�Ølectrocristallisation du donneur à
Ølectrons p DT-TTF (dithiopheno-tetrathiafulvalene) avec les
complexes mØtalliques (M) du malØonitriledithiolate (mnt)
donne naissance à une nouvelle famille de sels à ions radicaux
[(DT-TTF)2 M(mnt)2] (M�Au, Pt, Ni). Ces sels isostructu-
raux cristallisent dans le groupe d�espace monoclinique P21/n,
en formant, le long de la direction b, des colonnes rØguli�res
sØgrØgØes de molØcules donneuses et acceptrices d�Ølectrons.
Les colonnes de DT-TTF sont appariØes deux par deux, en Øchelles,
par de fortes interactions intermolØculaires S ´´´ S. Ces sels
prØsentent une assez forte conductivitØ Ølectrique à tempØrature
ambiante (9, 40 et 40 Scmÿ1 pour M�Au, Pt et Ni respecti-
vement) avec toutefois d�assez diffØrentes dØpendances en
tempØrature. Le sel d�Au a une conductivitØ activØe thermi-
quement tandis que les sels de Ni et Pt, de type mØtallique à
tempØrature ambiante, prØsentent une transition mØtal ± isolant
vers 120 K. Ces propriØtØs de transport contrastØes peuvent eÃtre
corrØlØes à des diffØrences d�intØgrales de transfert le long des
colonnes DT-TTF. La susceptibilitØ magnØtique du sel d�Au,
dans lequel l�anion [Au(mnt)2]ÿ est diamagnØtique, peut eÃtre
ajustØe par un mod�le d�Øchelle de spins à deux montants. Les
expØriences de diffusion diffuse des rayons X Øtablissent que,
en dessous de 220 K, les molØcules donneuses se dîmØrisent
dans la direction d�empilement b, ce qui montre que les unitØs
de spin des Øchelles sont situØes dans les dim�res [(DT-TTF)2]�


. .
Les sels avec M�Ni and Pt, dans lesquels l�anion [M(mnt)2]ÿ


est paramagnØtique, prØsentent deux sous syst�mes magnØti-
ques en forte interaction, comme le prouve la dØtection d�une
seule raie de rØsonance paramagnØtique Ølectronique; la
largeur de cette raie croissant fortement avec la conductivitØ.
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ladder structure. The pairs of donor stacks are connected
along the a axis by one short S(6) ± S(6iii) contact. The
[M(mnt)2] molecules also play an important role in the crystal
packing by establishing significant S ´´ ´ S and S ´´´ N interac-
tions with the sulfur atoms of the DT-TTF molecules (Fig-
ure 2b, Table 3).


Optical properties and determination of the charge on the
ions : The stoichiometry of the [(DT-TTF)2M(mnt)2] salts was
found to be (DT-TTF)/M(mnt)2� 2:1 by elemental and X-ray
crystal structure analyses. If the metal complex acceptors are
assumed to have a monoanionic character, this stoichiometry
implies an average partial oxidation state of the donor DT-TTF
of �0.5 if the charge on the anions remains unaltered during
the formation of the salts. The mixed-valence character of the
three salts was confirmed by the presence of the characteristic
broad A band in the IR and Vis/NIR spectra, corresponding
to the mixed-valence states of low-dimensional conducting
organic solids,[18] centred at 3320, 3500 and 3700 cmÿ1 for the


Figure 3. Overlap mode of a) DT-TTF; and of [M(mnt)2] units with b) M�
Au, c) M�Ni and d) M�Pt.


Abstract in Portuguese: A electrocristalizaçaÄo do doador
electroÂnico p, DT-TTF (ditiofeno-tetratiofulvaleno) com com-
plexos de metais de transiçaÄo (M) e maleonitriloditiolato
(mnt), permite obter uma nova família de sais de iaÄo radical
[(DT-TTF)2M(mnt)2] (M�Au, Ni e Pt). Estes sais saÄo
isoestruturais e cristalizam no grupo P21/n do sistema mono-
clínico, formando empilhamentos regulares e segregados de
molØculas de doadores e aceitadores ao longo do eixo b. Os
empilhamentos de DT-TTF estaÄo emparelhados e interactuam
fortemente atravØs de contactos S ´´´ S formado uma estrutura
em escada. Os treÃs sais apresentam uma condutibilidae elØctrica
à temperatura ambiente relativamente elevada (9, 40 e 40 Scmÿ1


respectivamente para M�Au, Pt e Ni) mas com diferentes
dependeÃncias tØrmicas. O composto de ouro apresenta uma
condutibilidade elØctrica que à temperatura ambiente Ø termica-
mente activada à enquanto que os sais de Pt e Ni apresentam um
comportamento de tipo metaÂlico com transiçaÄo
metal ± isolador a cerca de 120 K. Estas diferentes
propriedades de transporte saÄo explicadas pelas
diferenças nos integrais de transfereÃncia electroÂ-
nica ao longo dos empilhamentos de DT-TTF. A
susceptibilidade magnØtica do sal de Au, em que o
aniaÄo [Au(mnt)2]ÿ Ø diamagnØtico, pode ser bem
ajustada a um modelo de spins em escada simples.
ExperieÃncias de dispersaÄo difusa de raios-x neste
composto mostram que abaixo de 220 K os
doadores se dimerizam ao longo do eixo b dos
empilhamentos, permitindo a atribuiçaÄo das uni-
dades com spins na escada aos doadores dimeri-
zados [(DT-TTF)2]�


. . Os sais de Pt e Ni, em que
os anioÄes [M(mnt)2]ÿ saÄo paramagnØticos, apre-
sentam dois subsistemas magnØticos em interac-
çaÄo, como Ø evidenciado pelo sinal de RPE com
uma soÂ risca, cuja largura aumenta drasticamente
à medida que a condutibilidade elØctrica aumen-
ta.


Table 3. S ´´ ´ S and S ´´´ N short distances in the [(DT-TTF)2M(mnt)2] salts.


Type of
distance[a]


S ´´ ´ Sm S ´´´ Sm S ´´´ Nm S ´´´ Sm


(DT-TTF ±
DT-TTF)


(DT-TTF ±
[M(mnt)2])


(DT-TTF ±
[M(mnt)2])


([M(mnt)2] ±
[M(mnt)2])


Au 3.599i 3.912iii 3.724iii 3.600iv 3.378v 3.428vi 3.912iii


3.784i 3.775iii 3.822iii 3.646 3.608vi 3.683 3.988iii


3.611i 3.804iii 3.944iv 3.760 3.465iii 3.224vii


3.470ii


Ni 3.579 3.830 3.731 3.666 3.351 3.477 3.830
3.786 3.821 3.933 3.700 3.608 3.593 3.998
3.579 3.858 4.007 3.932 3.423 3.271
3.424


Pt 3.608 3.803 3.713 3.659 3.306 3.391 3.803
3.816 3.827 3.821 3.658 3.557 3.622 4.221
3.597 3.882 3.961 3.830 3.480 3.280
3.438


[a] m is the symmetry operation of the neighbouring molecule for which the contact is given.
Their operations correspond to: i� 1.5ÿ x, ÿ0.5� y, ´ 0.5ÿz ; ii� 0.5ÿ x, ÿ0.5� y, ÿ0.5ÿz ;
iii� x, 1� y, z ; iv� 1ÿx, 1ÿy, ÿz ; v� 0.5� x, 0.5ÿy, ÿ0.5� z ; vi� 2ÿx, ÿy, ÿz ;
vii� 2ÿ x, 1ÿy, ÿz. Those contacts where the symmetry operation, m, is not indicated are
between atoms in the reference asymmetric unit. The m operations are indicated in the Au
compound only; those for Ni and Pt are the same in identical dispositions.
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Ni, Pt and Au salts respectively. Among the several
[M(mnt)2] salts with tetrathiafulvalene derivatives as a
donor[19] these are the first mixed-valence salts to be
obtained. The exact valence values of the molecular
components of charge transfer compounds based on
the stoichiometry are controversial. For instance, the
formal charges in salts such as Na-TCNQ or [(BEDT-
TTF)2]NO3 (TCNQ� 7,7,8,8-tetracyanoquinodime-
thane; BEDT-TTF� bisethylenedithio-tetrathiafulva-
lene) may not correspond to the actual charge
distribution in the solid.[20] Such a situation also applies
in some cases when the anion has acceptor character,
because some charge transfer from the donor molecule
to the anion can occur during the electrocrystallisation
process.[19f] Since the [M(mnt)2]ÿ (M�Ni, Pt) ions are
good acceptors,[21] we must confirm that the charge on
the anion remains unaltered during the formation of
the salts, that is, that the mixed-valence character
observed in the [(DT-TTF)2M(mnt)2] salts is due to the
organic part only. Some reliable methods based on IR
and Raman spectroscopy as well as on geometric
factors have been developed in order to determine the
charge on molecules in low-dimensional conducting
solids based on the more common building blocks,
such as the acceptor TCNQ and donors tetrathiaful-
valene (TTF) and BEDT-TTF.[20, 22, 23] Nevertheless, for
compounds based on [M(mnt)2] anions, there is very
little information available. Best et al. studied the
relationship between the stretching modes of CN
groups (n(CN)) and the charge (ÿ1 to ÿ3) on the
[M(mnt)2]nÿ complexes.[24] In [M(mnt)2]nÿ salts, the CN groups
give rise to intense vibrational bands which are in general only
weakly coupled to other vibrations of the molecule, and are
well isolated from the vibrational modes of the donor
molecule. Therefore, their frequencies can be used for the
evaluation of the valence of the anion complex. It has been
found (Table 4) that the n(CN) increases by about 15� 1 cmÿ1


upon oxidation from the dianion to the monoanion. Compar-
ison of the n(CN) stretching mode values obtained for [(DT-
TTF)2M(mnt)2] salts (Table 4) with those of the starting
tetrabutylammoniun salts and other [M(mnt)2] salts[24, 19f] led
us to conclude that the three anions in DT-TTF derivatives
have a formal charge of nearly ÿ1, although it is difficult to
estimate quantitatively the valence of [M(mnt)2]nÿ.


It is also well known that the molecular geometry varies
with the electron population of the MOs in the complexes.[20]


Thus, a comparison of the M ± S bond lengths in neutral and
charged M[(mnt)2], [M(mnt)2]ÿ and [M(mnt)2]2ÿ species
reveals that this parameter is also very sensitive to the
oxidation state of the metal, although the relationship
between charge transfer and geometry is only approxima-
te.[19f, 25] We have compared the M ± S bond lengths in the
[(DT-TTF)2M(mnt)2] salts with those of other well-charac-
terised [M(mnt)2] salts (Table 4). The great similarity between
the bond lengths in the (DT-TTF)-based salts and those in the
MIII compounds points towards a formal charge of ÿ1 on the
[M(mnt)2] complexes, in agreement with the results obtained
from the values of the CN stretching modes. This means that
the mixed-valence character observed spectroscopically for


these compounds seems to be due to only the organic part of
the salts, the DT-TTF donors.


Electrical transport properties : The ladder-type crystal pack-
ing of the DT-TTF molecules in the [(DT-TTF)2M(mnt)2]
mixed-valence salts was expected a priori to provide almost
1D metallic properties; room-temperature electrical conduc-
tivities in the range 7 ± 40 S cmÿ1 were found (Table 5).
Nevertheless, although the three salts are isostructural, their
room-temperature electrical conductivities (Table 5) are sig-
nificantly different and, most importantly, their temperature
dependencies are distinct (Figure 4).


The Au salt has electrical conductivity at room temperature
of 9 S cmÿ1 and over the whole temperature range studied
(100 ± 300 K) the electrical conductivity decreases as the
temperature is lowered. However, the rate of decrease is
not independent of temperature: a broad maximum at circa
220 K occurs in the graph of ÿd(log 1)/d(1/T) versus T
(Figure 4 bottom).


Thermopower S (Figure 5) is positive for all three salts in
the temperature range studied (75 ± 300 K), indicating hole


Table 4. CN stretching frequency (n), MÿS bond lengths (d) and anion charge (n) of
[M(mnt)2]nÿ based salts.


Anion Cation n(CN) [cmÿ1] d MÿS [�] n Ref.


[Au(mnt)2] solution 2213,2226 ÿ 1 24
2195 ÿ 2 24


Bu4N 2208, 2222 ÿ 1 24
Et4N 2.307, 2.305, 2.312, 52


2.300,2.308, 2.309 ÿ 1
perylene 2.308, 2.322 ÿ 1 53
BEDT-TTF[a] 2222 2.308, 2.302 ÿ 1 19f
nmpz[b] 2.327, 2.310, 2.316 54
DT-TTF 2204, 2216 2.317, 2.320 ÿ 1 this work


[Ni(mnt)2] solution 2211, 2226(sh) ÿ 1 24
2195, 2213(sh) ÿ 2 24


Bu4N 2206, 2220(sh) ÿ 1 this work
2197, 2216(sh) ÿ 2 24


Et4N 2194(sh),2210 2.148, 2.151,2.149 ÿ 1 24, 55
2195, 2205(sh) 2.177, 2.171 ÿ 2 24, 56


perylene 2.146, 2.135 ÿ 1 53
nmpz[b] 2.142, 2.141, 2.139, ÿ 1 57


2.134, 2.137
2.158, 2.175 ÿ 2 58


DT-TTF 2205 2.144, 2.155 ÿ 1 this work
[Pt(mnt)2] solution 2204(sh), 2215 ÿ 1 24


2189(sh), 2200 ÿ 2 24
Bu4N 2207 2.262, 2.256, 2.265, ÿ 1 this work, 59


2188(sh), 2197 2.290, 2.282 ÿ 2 24, 60
Et4N 2.261, 2.274, 2.270, ÿ 1 61


2.259
perylene 2207 2.262, 2.260 ÿ 1 53
BEDT-TTF[a] 2194, 2181(sh) ÿ 2 19f
DT-TTF 2205.0 2.269, 2.275 ÿ 1 this work


[a] Bisethylenethio-tetrathiafulvalene. [b] N-Methylphenazinium.


Table 5. Conductivity and thermopower data for [(DT-TTF)2M(mnt)2] salts.


M sr.t.[S cmÿ1] Ttrans. [K] S [mVKÿ1]


Au 9 220 38
Ni 40 120 50
Pt 40 127 55
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Figure 4. Variation with temperature T of log 1, measured along the b axis
(top), and of d log (1)/d(1/T) (bottom), for [(DT-TTF)2M(mnt)2] with M�
Au (ÐÐ), Ni (- - - -) and Pt (*±*±).


Figure 5. Absolute thermoelectric power (thermopower) of [(DT-TTF)2-
M(mnt)2] with M�Au (ÐÐ), Ni (- - - -), and Pt (*±*±) measured along the b
axis as a function of temperature.


transport, as expected in a partially oxidised donor band. The
regime with S almost proportional to the absolute temper-
ature, observed above 200 K for the Au salt, indicates that, in
this temperature range, the Fermi level lies in a continuum of
states. In the same range, X-ray diffuse scattering data (see
below) give evidence of dimerisation of the donor double
stacks into small domains which may be separated by non-
dimerised regions, where the electrons may be more delocal-
ised, and may therefore give rise to metal-like behaviour of
the thermopower. Conductivity data suggest a conduction
hopping mechanism between the regions of less-delocalised
states. Below 200 K, the temperature of the maximum
conductivity derivative d(log 1)/d(1/T), the thermopower


increases gradually as the system is cooled, as expected in a
semiconducting regime when there is a gap in the charge
degrees of freedom. This change of regime is ascribed to an
enhanced localisation of charge carriers which might result
from the disappearance of the non-dimerised domains. This
effect is discussed below in relation to the diffuse X-ray
scattering data.


Near room temperature the Pt and Ni salts present a higher,
temperature-independent, electrical conductivity (40 S cmÿ1


at 300 K) than the Au salt, indicating a metal-like behaviour.
Upon cooling a dramatic decrease in the conductivity is
observed around 127 K for M�Pt and to a smaller extent
around 120 K for M�Ni (Figure 4 top). At these temper-
atures ÿd(log 1)/d(1/T) exhibits a maximum (Figure 4 bot-
tom), which is particularly sharp for the Pt compound,
denoting the opening of a gap. In the Pt compound diffuse
X-ray scattering experiments (see below) show that the metal-
to-insulator (M ± I) transition observed at 127 K is associated
with a structural transition.


The atypical temperature dependence of thermopower in
the Pt and Ni compounds above 100 K cannot be understood
on the basis of a single-band picture; it could be caused by a
complex electronic structure and its modification through the
M ± I transition. In agreement with the electronic band
structure calculations discussed below, the strong interaction
between the paired donor stacks forming the ladder is
expected to lead to a splitting of the donor HOMO bands
that in the similar perylene compounds are degenerate.[10]


Therefore, the high-temperature electrical transport proper-
ties of the [(DT-TTF)2Pt(mnt)2] and [(DT-TTF)2Ni(mnt)2]
salts can be understood as being typical of a multiband
metallic system. These two salts are the first reported metallic
compounds based on a TTF-derived donor with aromatic
substituents.


Electronic structure : Judging from the short S ´´´ S and S ´´´ N
distances in the crystals, there are three DT-TTF ´´´ DT-TTF,
one [M(mnt)2] ´´ ´ [M(mnt)2] and six different DT-TTF ´´´
[M(mnt)2] intermolecular interactions (two within the slabs
along the (ÿa � c) direction and four between such slabs) in
the crystal structure of the [(DT-TTF)2M(mnt)2] (M�Ni, Pt,
Au) salts. Calculations for the three-dimensional (3D) lattices
of these salts show that, as far as the one-electron band
structures are concerned, the interactions between the HOMO
of the DT-TTF donors and the LUMO of the [M(mnt)2]
acceptors are very small. These interactions should certainly
play a role in their magnetic properties but not in the nature of
the band structure and the Fermi surface of these salts.
Therefore we will consider the two subsystems separately.


The possible participation of the acceptor stacks in the
conductivity is an important factor that must be considered
before the differences in conductivity between the three
salts, or the M ± I transitions in the Ni and Pt salts, are
understood. Although the on-site electron ± electron repul-
sion (U) value associated with the [M(mnt)2]ÿ LUMO is not
known, we calculated a bandwidth of 0.45 eV for the LUMO
band of the [Pt(mnt)2] stacks in [(DT-TTF)2Pt(mnt)2], which
is very similar to that calculated with the same computational
technique for the [Pt(mnt)2] LUMO band of the [(per)2Pt(mnt)2]
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salt (0.39 eV)[10] and considerably smaller than that calculated
for the structurally very similar [Pt(mnt)2] stacks in [Li0.8-
(H3O)0.33Pt(mnt)2] (0.80 eV).[26] Since it is well known that the
electrons in the [Pt(mnt)2] LUMO levels in [(per)2Pt(mnt)2]
are localised[9, 11] whereas those of the [Li0.8(H3O)0.33Pt(mnt)2]
salt are delocalised (that is, the salt is metallic),[27] our
calculations give additional proof that the electrons in the
[Pt(mnt)2]ÿ stacks (and for similar reasons those in the
[Ni(mnt)2]ÿ stacks also) must be localised. Since the LUMO
levels of the [Au(mnt)2]ÿ stacks in [(DT-TTF)2Au(mnt)2] are
all doubly filled, the differences in the conductivity behaviour
of the three salts must arise from variations in their DT-TTF
networks.


The topology of the calculated band structures for M�Pt,
Au is essentially identical (Figure 6). There is significant
dispersion along b* and considerably less along a* for both


Figure 6. Dispersion relationships for the HOMO bands of the DT-TTF
donor slabs of a) [(DT-TTF)2Pt(mnt)2] and b) [(DT-TTF)2Au(mnt)2]. The
band structures for the Ni and Pt salts are very similar; therefore we only
report one of them here. The broken line in a) indicates the Fermi level.
G, X, Y and M refer to the wave vectors (0, 0), (a*/2, 0), (0, b*/2) and
(a*/2, b*/2), respectively. Note the different energy scales in a) and b).


systems. Both the energy separation at G and the dispersion in
the a* direction are essentially identical in the two salts. The
only difference lies in the greater bandwidth along b* (that is,
G!Y) for the Pt salt. The total bandwidth (W) for the Pt salt
(0.29 eV) is practically twice that for the Au salt (0.15 eV). It is
well known that for a formally partially filled one-electron
band situation, the metallic state is the ground state only if
W>U.[28, 29] Since the Au salt is semiconducting whereas the
Pt salt is metallic, these bandwidths suggest that the boundary
between a localised electronic state (W<U) and a metallic
state (W>U) is somewhere between the two salts, which is in
accord with the relatively low room-temperature conductiv-
ities of these salts and the weak metallic behaviour of the Pt
and Ni salts.


We now turn to the origin of the M ± I transition in the Pt
and Ni salts of DT-TTF. The closely related [(per)2M(mnt)2]
salts undergo an M ± I transition caused by a Fermi surface
instability. The calculated Fermi surface for the [(DT-
TTF)2Pt(mnt)2] salt (Figure 7 left) consists of two pairs of non-
equivalently warped lines running along a direction perpen-


Figure 7. Left: Calculated Fermi surface for the DT-TTF donor slabs of
[(DT-TTF)2Pt(mnt)2]; that for the Ni salt is almost identical. Right:
Schematic illustration of the Fermi surface when the transfer integral tIII is
reduced (a small reduction of tII also has been assumed).


dicular to b* (that is, the stacking direction). Clearly, there is
no single vector nesting the whole Fermi surface, and
consequently the M ± I transition is not a classical Fermi-
surface-driven structural instability. This situation is some-
what puzzling because even if, as we have argued, the
electronic structures of these salts are on the borderline
between localised and delocalised, at least for the Pt salt the
phase transition seems not to be due to a classical electronic
localisation phenomenon because the resistivity versus tem-
perature upturn is too abrupt.


To understand the possible origin of the transition we must
consider the different transfer integrals in the DT-TTF
sublattice. As mentioned, there are three different DT-TTF
´´´ DT-TTF interactions (Figure 2): I) those within the DT-
TTF molecular stacks along the b axis; II) those connecting
the two molecular stacks related by the screw axis, and
forming a pair; III) those between the extremities of the
molecules in different paired stacks. Among the calculated
transfer integrals (tHOMO±HOMO) for M�Ni, Pt, Au (Table 6), tII


and tIII are practically identical for all three salts. Integral tIII


controls the dispersion along the a* direction and thus the
warping of the two different lines of the Fermi surface.
Integral tII controls the separation between the two bands at G


and consequently the separation between the two different
warped lines of the Fermi surface. The large values of tI are
related to the overlap between the p orbitals of the carbon
atoms of the central double bond and those of the sulfur


Table 6. Calculated transfer integrals [m eV] in [(DT-TTF)2M(mnt)2] salts.


M tI tII tIII


Au 36 21 6
Ni 55 21 6
Pt 64 20 6
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atoms of the TTF moiety (see Figure 3 a for the overlap
mode); tI is considerably smaller for M�Au because of the
increase of 0.11 � in the length of the b axis (see below).
Integral tI controls the dispersion along the b* direction and is
the factor ultimately responsible for the difference in the
conductivity of the Pt/Ni and Au salts.


Thus, inclusion of sulfur atoms in the donor introduces two
major differences from the [(per)2M(mnt)2] salts. In the latter,
tII and tIII are both negligible, so the Fermi surface is just the
superposition of two practically ideal straight lines separated
by 1�4 b*. Consequently, the [(per)2M(mnt)2] salts are ideally
suited to exhibiting a Fermi surface instability leading to a
structural modulation with wave vector q� 1�4 b*.[29, 30] In the
Fermi surface of the DT-TTF salts the S ´´ ´ S interactions lead
to separation of the two lines of every pair, and to the straight
lines becoming warped with opposite curvature. Yet, there is
still the possibility of some kind of structural modulation with
wave vector q� 1�4 b* which can open a gap all along the Fermi
surface. As we noted, the dispersion along the a* direction,
and thus the different curvature of the lines in the Fermi
surface, are due to the tIII transfer integral. This integral is
small, however, and quite weak structural changes affecting
the S ´´´ S contact between paired stacks (see Figure 2 b) will
decrease it. When tIII is decreased the two lines become flatter
and more equivalent, as shown schematically in Figure 7 right.
In that case, a single nesting vector (q� 1�4 b*, imposed by the
stoichiometry) can nest the whole Fermi surface and thus lead
to an M ± I transition. However, without reduction of tIII by the
initial structural change, structural modulation driven by the
Fermi surface will not occur. Thus, this mechanism can be
described as a structurally assisted 2kF instability. Alternatively,
the reduction in tIII could be brought about simply by thermal
contraction. In order to distinguish between the two possibil-
ities it would be necessary to determine the crystal structure for
a temperature slightly above the M ± I transition, so that the
corresponding Fermi surface could be calculated. In any case,
the Fermi surface instability is not predictable from the room-
temperature Fermi surface. This situation, first discussed in
order to explain the M ± I transition in [(BEDT-TTF)2ReO4], is
referred to as hidden Fermi surface nesting.[31, 32]


There is still another possible (and probably more likely)
mechanism for the M ± I transition. As discussed above, these
salts lie at the borderline between localised and delocalised
electronic structures and a small reduction in the tI transfer
integral would be enough for them to fall into the localised
regime. If this reduction happened, the natural chemical units
bearing the unpaired electrons are (DT-TTF)2 dimers (see
X-ray scattering section, below). This situation must lead to
some kind of dimerisation (either with short- or long-range
order) along the stacking direction. However, why should this
reduction of tI occur? It can be argued that thermal
contraction would most probably lead to a decrease in the
interplanar DT-TTF ´´´ DT-TTF distance, and thus to an
increase in tI . There are two important parameters that affect
the geometric dependence of tI [taking as starting values those
of the Pt salt (Table 6)]: the interplanar separation and the
sliding of one of the DT-TTF donors along its short axis.
Bearing in mind the differences between the Pt and Au salts in
the interplanar distance (0.03 � shorter for M�Pt) and the


donor sliding along the short axis (0.21 � greater for M�Au),
we studied in detail how tI depends on these two geometric
parameters. Our main conclusions are: i) reduction of the
interplanar distance leads to an increase in tI (for instance, for
a reduction of 0.03 � tI is increased by 6 meV); ii) sliding of
the donors along the short molecular axis away from each
other leads to a decrease in tI (for instance, sliding by 0.09 �
leads to a reduction in tI of 14 meV). Our results suggest that a
very small sliding motion of the order of magnitude of 0.2 �
could easily change the tI transfer integral from the value for
the Pt or Ni salts towards that for the Au salt, that is, from the
values appropriate for the delocalised regime to those for the
localised regime. The smaller value of tI (Table 6) for the Au
salt (and thus, the semiconducting behaviour) is due to the
increase in both the interplanar separation and the sliding of
the donors away from each other. However, as can be
understood easily from the data reported above, the role of
the sliding is clearly dominant.


As thermal contraction probably has the effect of decreas-
ing the separation between the planes of the DT-TTF donors,
this decrease will raise the value of tI . However, according to
our study, this effect can be more than compensated by a small
sliding of the two donors away from each other along the
direction of their short axis. Consequently, an abrupt small
sliding motion of the two donors could also be the driving
force for an M ± I transition in these salts. Since in that case
some kind of dimerisation would result, this mechanism
would just be a 4 kF instability of the donor slabs.[33] The
tendency towards this 4 kF instability, which we believe is
inherent in the [(DT-TTF)2]�


. networks in these salts, could
be enhanced by any type of instability leading to dimerisation
in the [Pt(mnt)2] stacks. The diffuse X-ray scattering measure-
ments (see below) strongly suggest that this scenario is the
most likely one for the Pt salt. Such a dimerisation of the
[Pt(mnt)2] stacks, coupled with a 4 kF instability of the donor
stacks, would also be consistent with the magnetic suscepti-
bility and EPR data (see Magnetic properties section), which
differ markedly from the data for the Ni salt.


From the results of Figure 4 (top), it is clear that the change
from the initial pseudo-metallic to the semiconducting regime
is much more progressive for M�Ni than for M�Pt. This
suggests that thermal contraction brings about a progressive
electron localisation within the DT-TTF stacks. Two factors
probably contribute to the difference in behaviour of the M�
Pt and M�Ni salts: i) with the slightly smaller tI , the M�Ni
salt is nearer the boundary between the localised and delocal-
ised states; ii) the 4kF instability of the DT-TTF stacks is not
assisted by a tendency towards dimerisation in the [Ni(mnt)2]ÿ


stacks (as discussed in the Crystal structure section).


Magnetic properties : Since the [Au(mnt)2]ÿ anion is diamag-
netic, the paramagnetic properties of the [(DT-TTF)2 Au
(mnt)2] salt result from the spins on the DT-TTF paired stacks,
whereas in the other two salts (M�Ni, Pt) there are
contributions from the two magnetic subsystems: the DT-
TTF paired stacks, with mobile electrons; and the [M(mnt)2]
stacks, with localised spins.


For the salt with the diamagnetic anion [Au(mnt)2]ÿ , the
static paramagnetic susceptibility (cp) and effective magnetic
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moment (meff), measured by the Faraday method in the range
2 ± 300 K and assuming a diamagnetic contribution of 4.6�
10ÿ4 emu molÿ1 (estimated from tabulated Pascal constants),
are plotted against T in Figure 8. The high value of the


Figure 8. Temperature dependence of the paramagnetic susceptibility cP


(top) and the effective magnetic moment meff (bottom) of [(DT-
TTF)2M(mnt)2] with M�Au (*), Ni (*) and Pt (!).


effective moment (meff� 1.60 mB at room temperature) clearly
indicates that there is one spin per [(DT-TTF)2Au(mnt)2]
formula unit and, moreover, that the electrons in the DT-TTF
units are already localised at this temperature, in agreement with
the transport properties. The average X-ray structure previously
described does not reveal in which entities the electrons are
localised, but when the X-ray scattering results (vide infra) are
taken into account, one can consider the spin carrier units to be
those formed by dimerised donors [(DT-TTF)2]�


., with S � 1�2.
After the structural interactions, such dimerised donors can
interact magnetically with the neighbouring spin carrier units in
a ladder model, as represented schematically in Figure 9, where
Jk and J? are the exchange coupling constants along the legs and
along the rungs of the ladder, respectively.


The temperature dependence of the static paramagnetic
susceptibility does not show any significant anomaly around
220 K. The absence of anomalies in this temperature region
where the transport properties do change indicates that, as a
consequence of electronic correlations in the DT-TTF stacks,
separation of the spin and charge degrees of freedom occurs in
this system. The temperature dependence of the magnetic
susceptibility exhibits a maximum around 70 K with activated
behaviour below this temperature crossing over to a Curie ±
Weiss form at higher temperatures. This c(T) plot is character-
istic of a system having localised S� 1�2 spins with antiferro-


Figure 9. Schematic illustration of the two possible two-legged ladders
formed by the dimerisation of the DT-TTF stacks in [(DT-TTF)2Au(mnt)2],
where Jk is the exchange coupling along the legs and J? is the coupling along
the rungs of the ladder.


magnetic interactions together with a gap in the low-temper-
ature region. In accordance with the structural characteristics,
the best fit of the data from 8 to 45 K has been achieved with
the low-temperature expression [Eq. (1)] for the susceptibil-


cladder�aTÿ1/2 exp(ÿD/kBT) (1)


ity of a spin-ladder model given by Troyer et al. ,[34] where a is
a constant corresponding to the dispersion of the excitation
energy, and D is the finite energy gap in the spin-excitation
spectrum. For such a fit, the Curie contribution cCurie, which
takes into account both the finite size of the spin ladders and
the magnetic defects present in the crystals (molar fraction f),
was introduced [Eq. (2)].


c� fcladder� (1ÿ f)cCurie (2)


The parameters resulting from this fit were f� 0.98, a�
7.22� 10ÿ4 emu K1/2 molÿ1, and D/kB� 78 K (r2� 0.9972). Fit-
ting all the data (Figure 10) to the two-legged ladder model


Figure 10. The paramagnetic susceptibility (*) of the [(DT-TTF)2-
Au(mnt)2] salt as a function of temperature. The solid line is the fit by
Equation (2) to a contribution of a spin-ladder model (*±*±) and a Curie tail
(- - - -) (see text).


equations given by Barnes and Riera [Eq. (3)][35] gives the
exchange coupling parameters Jk/kB�ÿ83 K and J?/kB�
ÿ142 K, with f� 0.980 (r2� 0.9989).
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The ratio Jk/J? agrees qualitatively with the ratio of the
transfer integrals evaluated from the tI and tII values when the
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dimeric nature of the elementary building block of the spin
ladder has been taken into account (Figure 9). The spin gap
has also been calculated from the resulting values of Jk and J?
by the theoretical expression (4),[32] giving D/kB� 83 K, in
good agreement with the previous value.


D� jJ? jÿj Jk j� Jk2/2 j J? j (4)


The EPR spectrum of an oriented single crystal of the [(DT-
TTF)2Au(mnt)2] salt is characterised by a single resonance
line with a Lorentzian shape. Both the peak-to-peak linewidth
(DHpp) and the g factor values exhibit a sinusoidal depend-
ence on the angle of the applied magnetic field, the extreme
values of the g factor being 2.0021, 2.0052 and 2.0131, which
are almost identical to those found in the salt [(DT-
TTF)2Re6S5Cl9 ´ 2 C3H7NO], where strongly coupled, singly
oxidised [(DT-TTF)2]�


. dimers exist,[36] and agree with the
molecular orientations of the radical cations in the crystal.
Thus, the minimum g value observed for this salt is close to the
free-electron value of 2.0023, as expected for any planar sulfur
p-donor radical cation with the axis perpendicular to the
molecular plane oriented parallel to the applied magnetic
field (H0), where the contribution of the spin ± orbit coupling
is very small.[37] On the other hand, the maximum g value is
found when H0 is parallel to the a* crystallographic axis, which
corresponds approximately to the long axis of the donor
molecule (see Figure 2 b), as is usually observed for oxidised
TTF derivatives.[38] In addition, the average g factor of a
polycrystalline sample (g� 2.0064) is very similar to that
observed for the free radical cation in solution under isotropic
conditions (giso� 2.0077).[13a] It is also interesting that the
anisotropy of the DHpp parameter gives values for the three
crystal orientations of 25, 26 and 43 G which are consistent
with the a-like packing of the DT-TTF donors in the crystal
lattice. Thus it is clear that the EPR signal is due only to the
oxidised DT-TTF donor species, confirming the diamagnetic
nature of the monoanionic [Au(mnt)2] complexes.


The thermal variation of the g factor and DHpp parameters,
and of the EPR signal intensity (I) observed when the
magnetic field is parallel to the b* axis, are displayed in
Figure 11. The intensity of the EPR signal closely follows the
spin-ladder behaviour observed for the static magnetic
susceptibility (Figure 8). As for the static magnetic suscept-
ibility, no change in the EPR parameters is observed around
220 K, the temperature region where the conductivity shows a
transition.


The magnetic behaviour of the [(DT-TTF)2M(mnt)2] salts
containing magnetic anions (M�Ni, Pt), where two different
kinds of spin carrier co-exist, is very distinct from that of the
Au salt (Figure 8). In both Ni and Pt salts the effective
magnetic moment meff shows a continuous decrease when the
temperature is lowered, indicating an antiferromagnetic
coupling between the spins (Figure 8 bottom). The presence
of sizeable antiferromagnetic interactions is also indicated by
the low values of meff at room temperature (1.56mB for Pt,
1.66mB for Ni), since this value is very similar to that of the Au
salt (1.60mB), in spite of the presence of the extra para-
magnetic [M(mnt)2]ÿ centres. This cannot be explained only


Figure 11. Temperature dependence of EPR parameters of [(DT-TTF)2-
M(mnt)2] single crystals for M�Au (*) and Ni (8), and a polycrystalline
sample for M�Pt (!): a) DHpp; b) g factor; c) intensity of the EPR signal.


by the reduction in the paramagnetic contribution from the
DT-TTF stacks due to the higher electron delocalisation
(Pauli-like behaviour) since, as shown by the electronic band
calculations, the donor bandwidth is small. The plot of the
paramagnetic susceptibility cp against T for Ni and Pt salts
(Figure 8 top) has a very flat profile at high temperature,
especially for the Pt salt. In both compounds there is a sharp
anomaly in the susceptibility at lower temperatures (at circa
50 K for Ni, 20 K for Pt), followed by an exponential decrease,
indicating a magnetic transition, possibly to a spin ± Peierls or
an antiferromagnetic state. The nature of this transition is
unclear. Above the transition temperature, the susceptibility
of either salt could not be fitted to any simple magnetic model,
such as an antiferromagnetic dimer or chain model, nor to a
two-legged spin-ladder model or known 2D models (quad-
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ratic and hexagonal layers).[39] The flat susceptibility profile
suggests the presence of a complex 2D or 3D network of non-
regular antiferromagnetic interactions or a system with
frustrated antiferromagnetic interactions. The crystal packing
of the [DT-TTF2M(mnt)2] salts accounts for this high-dimen-
sional magnetic character since there are short S ´´´ S contacts
along the three directions linking molecules of the same or
different natures (Figure 2 and Table 3). These contacts are
very important for the magnetic interactions because sulfur
atoms of both types of molecules have high spin densities, as
revealed from their SOMO (single occupied molecular
orbital). No anomaly is observed for the susceptibility of the
Pt compound (like the Au salt) in the M ± I transition
temperature region. In the Ni compound the M ± I transition
corresponds to a very small change in slope of cp(T) in the
M ± I transition temperature region. The same susceptibility
behaviour is indicated by the variation of the intensity of the
EPR spectra with T in a single crystal of the Ni salt and in a
polycrystalline sample of the Pt salt (Figure 11 c).


The EPR spectra of the Pt salt over the whole temperature
range studied (4 ± 300 K), and of the Ni salt above 15 K, all
consist of a single line. In contrast to the Au salt, the EPR lines
of the Ni and Pt salts at room temperature are very broad,
with linewidths DHpp in polycrystalline samples of 210 and
around 600 G respectively. At room temperature the average
g factor of the Ni salt (2.0163) is between those of the [DT-
TTF]� . and [Ni(mnt)2]ÿ units (gDT� 2.0077,[13] gNi�mnt�2 �
2.0377,[40] gPt�mnt�2 � 2.0420[41]) whereas, surprisingly, the g
value of the Pt salt (1.96) is much lower than those of the
[DT-TTF]� . and [Pt(mnt)2]ÿ


. units. For both compounds a
strong narrowing of the line is observed as the temperature
decreases, as well as important changes in the g factors
(Figure 11). Thus, the linewidth of the Ni salt decreases when
it is cooled to 30 K, where DHpp begins to increase suddenly,
and the signal becomes less intense and almost vanishes. At
very low temperatures, below 15 K, some narrow and very
anisotropic signals appear that grow upon cooling. The g
factor also decreases on cooling but its slope changes clearly
at the metal insulator transition at 120 K, then has a broad
minimum centred at 50 K. Below 25 K a dramatic increase of
the g value is observed. The increases in linewidth and g value
at low temperatures are consistent with an antiferromagnetic
transition, which is responsible for the drop in the suscept-
ibility below 50 K. This hypothesis is further supported by the
appearance of additional lines, which can be attributed to
antiferromagnetic resonance.


A strong decrease of linewidth and an increase of g factor
occur when the Pt salt is cooled from room temperature, with
a large change in slope around the TM±I at 130 K. Qualitatively
the signal intensity follows the susceptibility behaviour. In
contrast to the Ni salt, no extra narrow line appears at very
low temperatures.


As mentioned, the Pt and Ni salts have two magnetic
subsystems. The observation that their EPR spectra both
consist of a single line, with a dramatic increase in width and
change in g values upon warming above the TM±I, indicates
that there is a strong interaction between the two subsystems,
at least at high temperatures. The loose dependence of the
linewidth on the conductivity suggests that the interaction


between the [M(mnt)2]ÿ
. localised spins is mediated through


the conduction electrons. This effect is probably related to the
short S ´´´ S contacts shown in the crystal structure between
molecules of the two subsystems (Table 3).


Diffuse X-ray scattering : To relate the electronic anomalies to
structural modifications, diffuse X-ray scattering experiments
were performed on Au and Pt salts which should also provide
information on the transformation into a spin ladder of the
structurally regular ladder of the partially oxidised DT-TTF
molecules in the Au salt. For the latter purpose it was
necessary to locate the units bearing the localised spin, since
these entities are not clearly revealed by the average X-ray
structure previously described.


In the Au salt, X-ray patterns taken at 15 K exhibit a weak
scattering consisting of several single diffuse lines, each
located midway between successive layers of main Bragg
reflections perpendicular to the stacking direction, b. This
diffuse scattering is more clearly revealed by a microdensi-
tometer reading along b* (inset, Figure 12). Its reduced wave


Figure 12. Thermal dependence of the HWHM of the diffuse lines of
[(DT-TTF)2Au(mnt)2] measured along b. Inset: the microdensitometer
reading along b* of one such diffuse line, showing that its reduced wave
vector is �vector,1 2 b* (intensity in arbitrary units).


1�2 b*,indicates that dimerisation is achieved in the stacking
direction. However, these lines are broader than the exper-
imental resolution, which means that the dimerisation occurs
only on a local scale. At 15 K the half-width-at-half-maximum
(HWHM) of the diffuse scattering in the stacking direction is
DQ� 0.035 �ÿ1. The inverse of this quantity, corrected by the
(Gaussian) resolution of 0.025 �ÿ1, leads to an intrastack
correlation length xb� 60(40) �, if one assumes an intrinsic
Lorentzian (Gaussian) profile of the diffuse scattering.
Weaker and broader diffuse lines can still be detected at
room temperature. The diffuse lines begin to broaden
substantially above about 225 K (Figure 12); at 295 K xb'
20 �.


The diffuse lines detected in the Au salt are of quite weak
intensity. A previous study of the [(per)2M(mnt)2] salts[29] and
that of [(DT-TTF)2Pt(mnt)2] (see below) show that, because
of the presence of the heavy atom M, much more intense
diffuse lines are observed when the dithiolate stack undergoes
a structural instability. This suggests that the diffuse lines arise
from a dimerisation of the DT-TTF stack. However, a definite
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proof of this statement requires a structure factor analysis
which is difficult to perform because of the weak intensity of
the diffuse scattering.


The intensity of the diffuse lines is slightly modulated for
transverse components of the scattering wave vector. This
indicates that there is a phase relationship between the
dimerisations on neighbouring stacks. More quantitatively the
HWHM of the intensity modulation leads, at 15 K, to a
correlation length of x?� 10 �. x? exceeds the transverse
dimension (approximately 5.5 �) of a double stack of DT-
TTF donors along the rung of the ladder. This indicates that
each ladder is made of coherently dimerised pairs of
dimerised DT-TTF stacks. x? , however, is slightly less than
the centre-to-centre distance of first-neighbour ladders.


The diffuse lines observed on the X-ray patterns correspond
to the intersection of the Ewald sphere with diffuse sheets in
reciprocal space. The presence of the diffuse sheets means that
the dimerisation is basically uncorrelated between neighbour-
ing chain-like units; this unit begins, in our interpretation of the
data, at the DT-TTF ladder. In this case, however the doubling
of the b periodicity must break the 21 two-fold screw axis
symmetry of the average structure (Figure 2) which relates the
two DT-TTF stacks forming the ladder. There are two ways to
break this 21 symmetry (Figure 9); each possibility corresponds
to a different phasing between the dimerisations of the two
stacks forming the ladder. On a given ladder the two kinds of
phasing will occur with the same probability in different
domains. Between two adjacent domains there is a break in the
structural coherence of the dimerisation. From the previous
determination of the intrastack correlation length, xb, one can
estimate that the average length of a coherently dimerised
domain is Lb�pxb� 150 � (that is, 40b) below 225 K. Two
different phasings are connected by a domain wall consisting of
undimerised DT-TTF molecules. If it is assumed that the
domain walls contain a few unpaired DT-TTF units S� 1�2
which do not contribute to the singlet ground state, the
presence of a small molar fraction f of Curie spins in the
magnetic susceptibility can be explained simply.


As there is an average of half a hole per DT-TTF molecule,
the dimerisation leads to the localisation of one hole per
dimer. As mentioned above, this localisation can be the result
of a 4 kF charge density wave (CDW) response of the donor
stacks expected from the simultaneous presence of important
electron ± electron repulsions on (and between) the DT-TTF
molecules and of a small intrastack electronic transfer tI . In
agreement with this interpretation, the low-temperature
resistivity and thermopower show a gap in the charge degrees
of freedom. The rapid decrease in the correlation length of the
4 kF CDW distortion above 225 K (see the inverse of this
quantity, Figure 12) should lead to a significant reduction of
the charge localisation effect, which is consistent with the
thermal dependence of the resistivity (Figure 4) and of the
thermopower (Figure 5) above about 200 K. In this model
there is an S� 1�2 spin associated with each hole localised on a
[(DT-TTF)2]�


. dimer. This S� 1�2 dimer interacts with all the
neighbouring dimers of the DT-TTF double stack, as repre-
sented schematically in Figure 9, where Jk and J? are the
coupling along the legs and the rungs of the spin ladder
respectively. In principle, another interstack coupling is


present. However, this coupling, which links more shifted
dimers with only a single tIII interstack interaction, is much
weaker than the previous one and can be neglected.


The [(DT-TTF)2Pt(mnt)2] salt was also investigated by
diffuse X-ray scattering. As for the Au salt, diffuse lines
located midway between successive layers of main reflections
perpendicular to the stacking direction, b, are also detected
above 130 K. Their reduced wave vector in this direction,
1�2 b*, also indicates the presence of an instability towards a
stack dimerisation. However, the diffuse lines of the Pt salt
differ from those previously observed for the Au salt by their
much stronger intensity and their temperature dependence.
Their intensity and structure factor bear some resemblance to
those previously detected in [(per)2Pt(mnt)2] (see Figure 5 in
ref. [29]). This is a clear indication that the dimerisation
occurs on the [Pt(mnt)2] stack, or in both the [Pt(mnt)2] and
DT-TTF stacks. On cooling, these broad diffuse lines begin to
be detected from around 250 K, and sharpen; at 100 K
(Figure 13) they have already condensed into well-resolved


Figure 13. X-ray patterns for [(DT-TTF)2Pt(mnt)2] showing the presence
at 100 K of satellite reflections from the condensation of the diffuse lines
midway between layers of Bragg reflections perpendicular to the stack axis,
b (horizontal direction of the pattern).


satellite reflections. Therefore, the anomaly at 127 K in the
resistivity measurements (Figure 5 b) must be associated with
a structural transition. Sharp satellite reflections are also
detected down to 50 K. At 20 K these reflections exhibit a
surprising broadening in directions perpendicular to the
stacking axis. At 10 K they become so broad that they have
merged into modulated diffuse lines perpendicular to the b
direction. This unexpected behaviour was reproduced during
a second thermal cycle through the 127 K phase transition.
However, after an additional cycle the sharp satellite reflec-
tions previously observed at 100 K were transformed into
diffuse lines.


Let us first consider the high-temperature behaviour, say
above 50 K. At 127 K, the Pt salt undergoes an M ± I
transition, with the opening of a gap in the charge degrees
of freedom (Figure 5), accompanied by a 3D lattice dimerisa-
tion. Although the X-rays detect mainly the distortion of the
[Pt(mnt)2] stacks, the gap is certainly opened on the DT-TTF







Radical Ion Salts 2025 ± 2039


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2037 $ 17.50+.50/0 2037


stacks because there is already one electron localised per
[Pt(mnt)2] unit. The unexpected feature of this phase tran-
sition is that the spin degrees of freedom (Figure 8) do not
reveal a gap opening. Thus, from the electrical and magnetic
measurements, this transition cannot be due to a standard
Peierls nesting mechanism of the Fermi surface (such as the
one represented in Figure 7 right). This transition most
probably corresponds to a charge localisation preserving the
spin degree of freedom. By analogy with our previous finding
for the Au salt, the localisation of one hole per DT-TTF dimer
requires the dimerisation of the donor stacks. However, the
X-ray pretransitional fluctuations show that the dimerisation
is achieved through a 1D instability of the [Pt(mnt)2] stack.
Thus the 127 K phase transition cannot be driven by a simple
spin ± Peierls mechanism, because the dimerisation of the
dithiolate stacks does not lead to a sizeable spin gap opening.
As discussed above, this result implies that the driving force of
the phase transition must certainly involve the divergence of
the 4 kF CDW response function of the donor stacks, and that
the dimerisation of the dithiolate stacks must be accompanied
by a dimerisation of the donor stacks in order to achieve the
4 kF localisation of one hole per DT-TTF dimer. In this
respect, the EPR data suggest that the interaction between
the [Pt(mnt)2] localised spins is mediated through the holes on
the donors.


The surprising feature of the very-low-temperature struc-
tural data is the loss of transverse coherence between the
intrastack dimerisations. This unexpected behaviour requires
further experimental confirmation. However, it is interesting
that this structural modification seems to be associated with
the opening of a gap in the spin degrees of freedom (Figure 8).


Summary and Conclusions


The p-electron donor DT-TTF forms mixed-valence conduct-
ing salts with interesting magnetic and electronic properties
with the transition metal complex counterions [M(mnt)2]ÿ


(M�Au, Pt, Ni). These 2:1 salts are isostructural and
crystallise in segregated stacks, with two paired and strongly
interacting donor stacks forming ladders that are isolated
from each other by anion stacks.


The Au salt has an activated conductivity at room temper-
ature with an increased charge localisation below 220 K. In
contrast, the Ni and Pt salts are metal-like at room temperature
and both exhibit an M ± I transition around 120 K. These
differences in the transport properties are accounted for by the
differences in the transfer integrals along the DT-TTF stacks so
that the Ni and Pt salts, which have a larger bandwidth, are in
the delocalised regime whereas the Au analogue, with a smaller
bandwidth, is in the Mott ± Hubbard insulator regime.


The paramagnetic properties of the M�Au salt, where the
[Au(mnt)2]ÿ ion is diamagnetic, are due to the unpaired
electrons of the donor stacks. The magnetic susceptibility of
this salt can be fitted to a two-legged spin-ladder model. It
therefore constitutes one of the first organic systems recog-
nised as a spin-ladder material.[42]


The salts (M�Ni, Pt) with paramagnetic [M(mnt)2]ÿ ions
have two interacting magnetic subsystems, as shown by EPR


measurements in which the width of the single line is observed
to increase dramatically as the conductivity increases. Both
salts show antiferromagnetic interactions (2D or 3D) and at
lower temperatures exhibit a transition, of a nature not yet
fully understood, most probably antiferromagnetic in the Ni
salt and possibly of a spin ± Peierls type in the Pt salt. Further
low-temperature diffuse X-ray scattering experiments are
expected to clarify the nature of these transitions.


Thus the dramatic changes in the magnetic and electrical
properties observed in this family of isostructural compounds
may be attributed either to the change from diamagnetic to
paramagnetic anions, and/or to small differences in the
intermolecular overlap between DT-TTF donors.


Experimental Section


Sample preparation : [(DT-TTF)2M(mnt)2] (M�Au, Pt Ni) crystals were
obtained by electrocrystallisation from dichloromethane solutions of the
donor and the tetrabutylammonium salt of [M(mnt)2]ÿ as electrolyte, in
approximately stoichiometric amounts, with Pt electrodes and in galvano-
static conditions. The current was typically 1 mA for electrodes 1 cm long, of
1 mm diameter. DT-TTF was synthesized as previously described[13a]


and purified by recrystallisation in dichloromethane/hexane. The
[Bu4N] [M(mnt)2] salts were prepared as previously described,[43] and
purified by recrystallisation from acetone/2-butanol. After about eight days
of electrocrystallisation the dark, metallic, shiny, needle-shaped crystals,
typically up to 5� 0.5� 0.1 mm3, were collected, and washed with dichloro-
methane.


[(DT-TTF)2Au(mnt)2]: C28H8S16N4Au: calcd C 30.29, H 0.73, N 5.04, S
46.20; found C 30.22, H 0.66, N 4.96, S 46.07.


[(DT-TTF)2Ni(mnt)2]: C28H8S16N4Ni : calcd C 34.59, H 0.82, N 5.76, S 52.67;
found C 34.62, H 0.76, N 5.91, S 52.79.


[(DT-TTF)2Pt(mnt)2]: C28H8S16N4Pt: calcd C 30.34, H 0.73, N 5.05, S 46.27;
found C 30.69, H 0.70, N 5.01, S 46.70.


X-ray crystal structure analysis : Single-crystal diffraction data were
collected at room temperature on an Enraf ± Nonius CAD4 diffractometer
equipped with an Mo X-ray tube and a graphite monochromator to select
the MoKa radiation (absorption coefficient m� 5.31 mmÿ1). Corrections
were made for Lorentz polarisation and absorption effects (DI-FABS:
max/min absorption factors 1.254/0.793). The structures were refined by
full-matrix least-squares methods (SHELXL-93). The minimised function
was w(Fo


2ÿFC
2)2 with w� 1/s2F 2�(AP)2�BP , P� [Max(0,Fo)� 2Fc]/3


and s (the standard deviation) was estimated from counting statistics.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-100375,
CCDC-103112 and CCDC-103113. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Transport measurements : Electrical conductivity and thermoelectric power
measurements were performed in the range 20 ± 320 K along the b axis
(long axis) of the needle-shaped crystals, using the same measurement cell
attached to the cold stage of a closed-cycle helium refrigerator. In a first
step thermopower was measured using a slow a.c. (�10ÿ2 Hz) technique,[44]


by attaching to the extremities of the single crystal, with platinum paint
(Demetron 308A), two f� 25 mm 99.99 % pure Au wires (Goodfellow
Metals) anchored to two quartz thermal reservoirs, in previously described
apparatus,[45] controlled by a computer.[46] The oscillating thermal gradient,
kept below 1 K, was measured with a differential thermocouple (Au ±
0.05 atoms % Fe versus chromel). The sample temperature was measured
by a previously calibrated thermocouple of the same type. The absolute
thermopower of the sample was obtained after correction for the absolute
thermopower of the Au leads, using Huebner�s data.[47]


In a second step, electrical resistivity measurements of the same sample
were performed by a four-probe technique. Without removal of the crystal
from the sample holder, two extra Au wires were placed on the sample in
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order to achieve a four-in-line contact configuration. The sample was
checked to ensure that the unnested/nested voltage ratio as defined by
Schaeffer et al.[48] was below 5 %. Then a current of 1 mA was passed
through the sample at low frequency (77 Hz) and the voltage drop was
measured with a lock-in amplifier.


EPR spectroscopy: Spectra in the range 4 ± 300 K were obtained with an
X-Band Bruker ESP 300E spectrometer equipped with a rectangular cavity
operating in T102 mode, a Bruker variable-temperature unit and an Oxford
EPR-900 cryostat, a field frequency lock ER 033M system and an NMR
gaussmeter ER 035M. The modulation amplitude was kept well below the
linewidth and the microwave power was well below saturation.


Magnetic susceptibility : Measurements in the range 2 ± 300 K were
performed using a longitudinal Faraday system (Oxford Instruments) with
a 7 T superconducting magnet, under a magnetic field of 2 T and forward
and reverse field gradients of 5 T mÿ1. A polycrystalline sample (4 ± 5 mg)
was placed inside a previously calibrated thin-walled Teflon bucket. The
force was measured with a microbalance (Sartorius S3D-V). Under these
conditions the magnetization was found to be proportional to the applied
magnetic field.


Electronic spectroscopy : Transmission measurements of finely ground KBr
pellet samples (about 1 wt. %) were carried out with a Nicolet 5ZDX
interferometer with Fourier transform (400 ± 4400 cmÿ1) and a Varian
Cary 5 spectrometer (3330 ± 20000 cmÿ1).


Band structure calculations : In the tight-binding band structure calcula-
tions an extended Hückel Hamiltonian[49] and a modified Wolfsberg ±
Helmoltz formula[50] were used to calculate the non-diagonal Hij matrix
elements. A single-z atomic orbital basis set was used for C, S, H and Pt 6s
and 6p. For Pt 5d, double-z type orbitals were used. The exponents and
parameters used in the calculations were taken from previous work.[51]


Diffuse X-ray scattering : Experiments were performed, as in previous
studies[29] on the [(per)2M(mnt)2] organic conductors, with the so-called
fixed film-fixed crystal method using a monochromatized CuKa (l�
1.542 �) beam obtained after (002) reflection of the principal beam on a
double-beam graphite monochromator. The principal beam was produced
by a conventional X-ray generator operating either in normal conditions
(40 kV, 30 mA) or at low voltage (15 kV, 40 mA) in order to eliminate the l/
2 contamination of the monochromatised beam. The data were recorded
either on photographic films or on imaging plates. Two needles of the Au
salt and one needle of the Pt salt, about 5 mm long in the stacking direction
(b) and a few tenths of a millimetre in the other directions, were studied.
Each needle was fixed in good thermal contact with the cold finger of a He
closed-circuit cryocooler, providing regulated temperatures from 10 K to
room temperature.


Acknowledgment


This work was supported in Spain by grants from the DGES (PB96-0862-
CO2-01 and PB96-0859), from the Generalitat de Catalunya (1977 SGR24
and SGR96-00106) and by the TMR Program of the EC (ERBFMRX
CT980181), in Portugal by PRAXIS XXI, under contract no. 2/2.1/QUI/
203/94, and by a JNCIT ± CSIC bilateral agreement. We thank Dr. JoseÂ
Vidal-Gancedo for performing the EPR experiments.


[1] a) F. Wudl, Acc. Chem. Res. 1984, 17, 227; b) Highly Conducting
Quasi-One-Dimensional Organic Crystals, Semiconductors and Semi-
metals, Vol. 27 (Ed.: E. Conwell), Academic Press, London, 1988 ;
c) The Physics and Chemistry of Organic Superconductors (Eds.: G.
Saito, S. Kagoshima), Springer, Berlin, 1990 ; d) J. M. Williams, J. R.
Ferraro, R. J. Thorn, K. D. Carlson, U. Geiser, H. H. Wang, A. M.
Kini, M.-H. Whangbo, in Organic Superconductors, Including Full-
erenes: Synthesis, Structure, Properties, and Theory, Prentice-Hall,
Englewood Cliffs (NJ), 1992 ; e) Organic Conductors; Fundamentals
and Applications (Ed: J.-P. Farges), Marcel Dekker, New York, 1994.


[2] P. Day, M. Kurmoo, J. Mater. Chem. 1997, 7, 1291.
[3] a) L. AlcaÂcer, Mol. Cryst. Liq. Cryst. 1985, 120, 221; b) C. Bourbon-


nais, R. T. Henriques, P. Wzietek, D. Kongeter, J. Voiron, D. JeÂroÃ me,
Phys. Rev. B 1991, 44, 641; c) V. Gama, R. T. Henriques, G. Bonfait, M.


Almeida, S. Ravy, J. P. Pouget, L. AlcaÂcer, Mol. Cryst. Liq. Cryst. 1993,
234, 171; d) M. Matos, G. Bonfait, R. T. Henriques, M. Almeida, Phys.
Rev. B 1996, 54, 15307; e) M. Y. Ogawa, B. M. Hoffman, S. Lee, M.
Yudkovsky, N. M. Halpern, Phys. Rev. Lett. 1986, 57, 1177; f) G.
Quirion, M. Poirier, K. K. Liou, M. Y. Ogawa, B. M. Hoffman, Phys.
Rev. B 1986, 37, 4272; g) P. Day, M. Kurmoo, T. Mallah, I. R. Marsden,
R. H. Friend, F. L. Pratt, W. Hayes, D. Chasseau, J. Gaultier, G. Bravic,
L. Ducassse, J. Am. Chem. Soc. 1992, 114, 10722; h) H. Kobayashi, H.
Tomita, T. Naito, A. Kobayashi, F. Sakai, T. Watanabe, P. Cassoux, J.
Am. Chem. Soc. 1996, 118, 368; i) E. Coronado, L. Falvello, J. R.
GalaÂn-MascaroÂ s, C. GimeÂnez-Saiz, C. J. GoÂ mez-García, V. Lauhkin,
A. PeÂrez-Benítez, C. Rovira, J. Veciana. Adv. Mater. 1997, 9, 984; j) M.
Kurmoo, A. W. Graham, P. Day, S. J. Coles, M. B. Hursthouse, J. L.
Caulfield, J. Singleton, F. L. Pratt, W. Hayes, L. Ducasse, P. Guion-
neau, J. Am. Chem. Soc. 1995, 117, 12209; k) P. Cassoux, Science 1996,
272, 1277.


[4] R. Rousseau, M.-L. Doublet, E. Canadell, R. P. Shibaeva, S. S.
Khasanov, L. P. Rozemberg, N. D. Kushch, E. B. Yagubskii, J. Phys.
Fr. 1996, 6, 1527.


[5] Z. Hiroi, M. Takano, Nature (London) 1995, 337, 41.
[6] E. Dagotto, T. M. Rice, Science 1996, 271, 618.
[7] a) E. Dagotto, J. Riera, D. J. Scalapino, Phys. Rev. B 1992, 45, 5744;


b) S. Gopalan, T. M. Rice, M. Sigrist, Phys. Rev. B 1994, 49, 8901; c) T.
Barnes, J. Riera, Phys. Rev. B 1994, 49, 6817; d) S. R. White, R. M.
Noack, D. J. Scalapino, Phys. Rev. Lett. 1994, 73, 882 and 886; e) C. A.
Hayward, D. Poilblanc, R. M. Noack, D. J. Scalapino, W. Hanke,
Phys.Rev. Lett. 1995, 75, 926.


[8] a) R. S. Eccleston, T. Barnes, J. Brody, J. W. Johnson, Phys. Rev. Lett.
1994, 73, 2626; b) T. M. Rice, S. Gopalan, M. Sigrist, Europhys. Lett.
1993, 23, 445; c) M. Azuma, Z. Hiroi, M. Takano, K. Ishida, Y.
Kitaoka, Phys. Rev. Lett. 1994, 73, 3463.


[9] a) L. AlcaÂcer, H. Novais, F. Pedroso, S. Flandrois, C. Coulon, D.
Chasseau, J. Gaultier, Solid State Commun. 1980, 35, 945; b) A.
Domingos, R. T. Henriques, V. Gama, M. Almeida, A. L. Vieira, L.
AlcaÂcer, Synth. Met. 1988, 27, B411; c) V. Gama, M. Almeida, R. T.
Henriques, I. C. Santos, A. Domingos, S. Ravy, J. P. Pouget, J. Phys.
Chem. 1991, 95, 4263; d) V. Gama, I. C. Santos, G. Bonfait, R. T.
Henriques, M. T. Duarte, J. C. Waerenborgh, L. Pereira, J. M. P.
Cabral, M. Almeida, Inorg. Chem. 1992, 31, 2598.


[10] L. F. Veiros, M. J. Calhorda, E. Canadell, Inorg. Chem. 1994, 33,
4290.


[11] a) M. Almeida, V. Gama, R. T. Henriques, L. AlcaÂcer, in Inorganic
and Organometallic Polymers with Special Properties (Ed.: R. M.
Laine), Kluwer Academic Publishers, Dordrecht, 1992, pp. 163 ± 177;
b) M. Almeida, R. T. Henriques, in Organic Conductive Molecules and
Polymers, Vol. 1 (Ed.: H. S. Nalwa), John Wiley, Chichester, 1997,
chapter 2, pp. 87 ± 149.


[12] Correct name: D2,2'-bithieno[3,4-d]-1,3-dithiol.
[13] a) C. Rovira, J. Veciana, N. SantaloÂ , J. TarreÂs, J. Cirujeda, E. Molins, J.


Llorca, E. Espinosa, J. Org. Chem. 1994, 59, 3307; b) J. J. Novoa, M. C.
Rovira, C. Rovira, J. Veciana, J. TarreÂs, Adv. Mater. 1995, 7, 233.


[14] C. Rovira, J. Veciana, E. Ribera, J. TarreÂs, E. Canadell, R. Rousseau,
M. Mas, E. Molins, M. Almeida, R. T. Henriques, J. Morgado, J.-P.
Schoeffel, J.-P. Pouget, Angew. Chem. 1997, 109, 2417 ± 2421; Angew.
Chem. Int. Ed. Engl. 1997, 36, 2324 ± 2326.


[15] H. Imai, T. Inabe, T. Otsuka, T. Okuno, K. Agawa, Phys. Rev. B 1996,
54, 6838.


[16] T. Komatsu, N. Kojima, G. Saito, Solid State Commun. 1997, 103, 519.
[17] M. FourmigueÂ, B. Domercq, I. V. Jourdain, P. MolinieÂ, F. Guyon, J.


Amaudrut, Chem. Eur. J. 1998, 4, 1714.
[18] J. B. Torrance, B. W. Scott, F. B. Kaufman, P. E. Seiden, Phys. Rev. B


1979, 19, 730.
[19] a) M. G. Milles, J. D. Wilson, Inorg. Chem. 1975, 14, 2357; b) R. C.


Wheland, J. L. Gillson, J. Am. Chem. Soc. 1976, 98, 3916; c) F. Wudl,
C. H. Ho, A. Nagel, J. Chem. Soc. Chem. Commun. 1973, 923; d) F.
Wudl, J. Am. Chem. Soc. 1975, 97, 1962; e) A. Underhill, J. S. Tonge,
P. I. Clemenson, H.-H. Wang, J. M. Williams, Mol. Cryst. Liq. Cryst.
1985, 125, 439; f) J. TarreÂs, M. Mas, E. Molins, J. Veciana, C. Rovira, J.
Morgado, R. T. Henriques, M. Almeida, J. Mater. Chem. 1995, 5,
1653 ± 1658.


[20] T. C. Ummland, S. Allie, T. Kuhlmann, P. Coppens, J. Phys. Chem.
1988, 92, 6456.







Radical Ion Salts 2025 ± 2039


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2039 $ 17.50+.50/0 2039


[21] Cyclic voltammetry of the starting tetrabutylammonium salts gives
E1/2([Pt(mnt)2]ÿ$ [Pt(mnt)2]2ÿ� 0.32 V and E1/2([Ni(mnt)2


ÿ]$
[Ni(mnt)2]2ÿ)� 0.35 V vs. Ag/AgCl in CH2Cl2.


[22] J. S. Chappel, A. N. Bloch, W. A. Bryden, M. Maxfield, T. O. Poehler,
D. O. Cowan, J. Am. Chem. Soc. 1981, 103, 2442.


[23] a) H. Kuzmany, M. Elbert, Solid State Commun. 1980, 35, 597;
b) H. H. Wang, J. R. Ferraro, J. M. Williams, U. Geiser, J. A. Schueter,
J. Chem. Soc. Chem. Commun. 1994, 1893.


[24] S. P.Best, S. A. Ciniawsky, R. J. H. Clark, R. C. S. McQueen, J. Chem.
Soc. Dalton Trans. 1993, 2267.


[25] a) A. Kobayashi, Y. Sasaki, Bull. Chem. Soc. Jpn. 1977, 50, 2650; b) W.
Reith, K. Polborn, E. Amberger, Angew. Chem. 1988, 100, 722;
Angew. Chem. Int. Ed. Engl. 1988, 27, 699; c) I. G. Dance, P. J. Solstad,
J. C. Calabrese, Inorg. Chem. 1973, 12, 2161; d) F. Knoch, G.
Schmauch, H. Kisch, Z. Kristallogr. 1995, 210, 76; e) P. I. Clemenson,
A. E. Underhill, M. B. Hursthouse, R. L. Short, J. Chem. Soc. Dalton
Trans. 1989, 61; f) J. S. Miller, J. C. Calabrese, A. J. Epstein, Inorg.
Chem. 1989, 28, 4230; g) W. Clegg, S. L. Birkby, A. J. Banister, J. M.
Rawson, S. T. Wait, P. Rizkallah, M. M. Harding, A. Blake, Acta
Crystallogr. Sect. C 1994, 50, 28; h) W. Guntner, G. Gliemann, U.
Klement, M. Zabel, Inorg. Chim. Acta 1989, 165, 51; i) A. Domingos,
R. T. Henriques, V. Gama, M. Almeida, A. L. Vieira, L. Alcacer,
Synth. Met. 1988, 27, B411.


[26] E. Canadell, New J. Chem. 1997, 21, 11479.
[27] A. Kobayashi, T. Mori, Y. Sasaki, H. Kobayashi, M. M. Ahmad, A. E.


Underhill, Bull. Chem. Soc. Jpn. 1984, 57, 3262.
[28] Metal ± Insulator Transitions (Ed.: N. F. Mott), Taylor and Francis,


London, 1974.
[29] R. T. Henriques, L. Alcacer, J. P. Pouget, D. Jerome, J. Phys. C: Solid


State Phys. 1984, 17, 5197.
[30] V. Gama, R. T. Henriques, M. Almeida, J. P. Pouget, Synth. Met. 1993,


55 ± 57, 1677 ± 1682.
[31] M.-H. Whangbo, J. Ren, W. Liang, E. Canadell, J. P. Pouget, S. Ravy,


J. M. Williams, M. A. Beno, Inorg. Chem. 1992 31, 4169.
[32] There is another possible hidden Fermi surface mechanism. If tII can


be increased in such a way that the lower band becomes full and the
upper band becomes half-filled, then a distortion with wave vector
1�2 b* or 1�2 a*� 1�2 b*, depending on the strength of tIII , would also be
possible. This distortion would completely destroy the Fermi surface
and thus would lead to an M ± I transition. However, this possibility
implies a stronger structural rearrangement than that discussed in the
text and, in principle, seems less likely.


[33] J. P. Pouget, in Highly Conducting Quasi-One-Dimensional Organic
Crystals, Semiconductors and Semimetals, Vol. 27 (Ed.: E. Conwell),
Academic Press, London, 1988, pp. 87 ± 214.


[34] M. Troyer, H. Tsunetsugu, D. Würtz, Phys. Rev. B 1994, 50, 13515.
[35] T. Barnes, J. Riera, Phys. Rev. B 1994, 50, 6817.
[36] J.-C. Gabriel, I. Johannsen, P. Batail, Acta Crystallogr. Sect. C 1993, 49,


1052.
[37] A. Terahara, H. Ohya-Nishigushi, N. Hirota, H. Awaji, T. Kawase, S.


Yoneda, T. Sugimoto, Z. Yoshida, Bull. Chem. Soc. Jpn. 1984, 57, 1760.


[38] J. M. Williams, J. R. Ferraro, R. J. Thorn, K. D. Carlson, U. Geiser,
H. H. Wang, A. M. Kini, M.-H. Whangbo, Organic Superconductors,
Including Fullerenes, Prentice Hall, Englewood Cliffs (NJ), 1992,
p. 400.


[39] a) G. A. Baker Jr., H. E. Gilbert, J. Eve, G. S. Rushbrooke, Phys. Lett.
A 1967, 25, 207; b) M. E. Lines, J. Phys. Chem. Solids 1970, 31, 101;
c) P. Guionneau, J. Gaultier, D. Chasseau, G. Bravic, Y. Barrans,
L. Ducasse, D. Kanazawa, P. Day, M. Kurmoo, J. Phys. 1996, 6, 1581.


[40] A. Davison, N. Edelstein, R. H. Holm, A. H. Maki, J. Am Chem. Soc. ,
1963, 85, 2029.


[41] R. Kirmse, W. Dietzsh, B. V. Solovev, J. Inorg. Nucl. Chem. 1977, 39,
1157.


[42] m�SR experiments have recently confirmed that this compound is the
first molecular material reported with a two-legged spin-ladder
configuration: D. Arcon, A. Lappas, S. Margadonna, K. Prassides,
E. Ribera, J. Veciana, C. Rovira, R. T. Henriques, M. Almeida,
unpublished results.


[43] a) A. Davison, N. Edelstein, R. H. Holm, A. H. Maki, Inorg. Chem.
1963, 2, 1227; b) A. Davison, R. H. Holm, Inorg. Synth. 1967,
10, 8.


[44] P. M. Chaikin, J. F. Kwak, Rev. Sci. Instrum. 1975, 46, 218.
[45] M. Almeida, S. Oostra, L. AlcaÂcer, Phys. Rev. B 1984, 30, 2839.
[46] E. B. Lopes. INETI ± Sacavem, internal report, 1991.
[47] R. P. Huebner, Phys. Rev. A 1964, 135, 1281.
[48] P. E. Schaffer, F. Wudl, G. A. Thomas, J. P. Ferraris, D. O. Cowan,


Solid State Commun. 1974, 14, 347.
[49] M.-H. Whangbo, R. Hoffmann, J. Am. Chem. Soc. 1978, 100, 6093.
[50] J. Ammeter, H.-B. Bürgi, J. Thibeault, R. Hoffmann, J. Am. Chem.


Soc. 1978, 100, 3686 ± 3692.
[51] B. PommareÁde, B. Garreau, I. Malfant, L. Valade, P. Cassoux, J.-P.


Legros, A. Audouard, L. Brossard, J.-P. Ulmet, M.-L. Doublet, E.
Canadell, Inorg. Chem. 1994, 33, 3401.


[52] J. C. Fitzmaurice, A. M. Z. Slawin, D. J. Williams, J. D. Woollins,
Polyhedron 1990, 1561.


[53] I. C. Santos, M. Almeida et al. , personal communication.
[54] F. Kuppusamy, N. Venkatalakshmi, P. T. Manoharan, J. Crystallogr.


Spectrosc. Res. 1985, 15, 629.
[55] A. Kobayashi, Y. Sasaki, Bull. Chem. Soc. Jpn. 1977, 50, 2650.
[56] C. Mahadevan, M. Seshasayee, B. V. Murthy, P. Kuppusamy, P. T.


Manoharan, Acta Crystallogr. Sect. C 1984, 40, 2032.
[57] F. Kuppusamy, N. Venkatalakshmi, P. T. Manoharan, J. Crystallogr.


Spectrosc. Res. 1985, 15, 389.
[58] H. Endres, H. J. Keller, W. Moroni, D. Nothe, Acta Crystallogr. Sect. B


1979, 35, 353.
[59] R. Kirmse, S. Saluschke, personal communication, 1996
[60] W. Guentner, G. Gliemann, U. Klement, M. Zabel, Inorg. Chim. Acta


1989, 165, 51.
[61] P. I. Clemenson, A. E. Underhill, M. B. Hursthouse, R. L. Short, J.


Chem. Soc. Dalton Trans. 1989, 61.


Received: November 18, 1998 [F1451]








meso-Octaethylporphyrinogen Displaying Site Selectivity in the Stepwise
Synthesis of Polymetallic Aggregates with Interesting Redox Properties:
The p-Binding Ability of Metalla-Porphyrinogens


Lucia Bonomo,[a] Euro Solari,[a] Mario Latronico,[b] Rosario Scopelliti,[a] and
Carlo Floriani*[a]


Abstract: The present report deals with the synthetic approach to homo- and
heteronuclear polymetallic aggregates using the NiII-meso-octaethylporphyrinogen
complex [{h3-(Et8N4Ni)}{Li(thf)2}2] (1) as a p ligand in the reaction with metal halides.
The metallation reaction occurs via the probable intermediate of an isomeric form of
1, namely 2, which should be considered an organolithium derivative. Among the
polymetallic aggregates, complexes [{h5-(Et8N4Ni)}2Co] ´ 2 [Li(thf)4] (6) and [{h2-h4-
(Et8N4Ni)}2Ni2(m-Cl)][Li(thf)] (8) display a thermal and photochemical lability.
Electron transfer reactions can be photochemically or thermally induced resulting in
the formation of metal(0) and oxidized forms of the meso-ctaethylporphyrinogen
skeleton.


Keywords: coordination chemistry
´ porphyrinogens ´ tetrapyrroles ´
redox chemistry


Introduction


The porphyrinogen skeleton, which has been considered in
the past mainly for its redox relationship with porphyrin, in its
stable form as meso-octaalkylporphyrinogen (A) has provid-
ed in recent years an unexpected and important entry to


organometallic and coordination chemistry.[1±3] Some of the
major characteristics of the metal ± porphyrinogen complexes
are associated to the binding versatility of the porphyrinogen
skeleton towards transition and non-transition metals.[4] The
porphyrinogen tetraanion (B) allows, due to the conformation
flexibility associated to the meso-sp3 carbon atoms, each
pyrrolyl anion to behave as an h1, h3, or h5 binding site for a
metal ion. This tetraanion can provide a variable number of
electrons (from 8 up to 24) depending on the metal require-
ments along the reaction pathway.[5] Such a binding versatility
of the porphyrinogen tetraanion has been observed in the
complexation of early transition metals,[2] while in the case of
late transition metals the electron-rich periphery functions as
a binding site for alkali metal countercations.[3,4] We can
consider, however, the porphyrinogen tetraanion (B) as
displaying a site-binding selectivity providing a heteroatom
environment, namely the N4 core, and at the same time carbon
ligands, namely the pyrrolyl anions, which can function as h3-
or h5-binding sites.[1,2] This report focuses on establishing a
strategy to use, in a sequential manner, the two different
binding sites to build up polymetallic aggregates with
interesting redox and magnetic properties. The synthetic
strategy first requires to introduce a metal ion, which has a
high preference for the N4 site, followed by the exploitation of
the p-binding ability of the pyrrolyl anions of the periphery.[5]


This approach has been pursued binding nickel(ii) first,[6]


followed by its reaction with appropriate metal halides. The
resulting polymetallic aggregates, which undergo electron
transfer processes induced by ligand, heat, or light, led to
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oxidized forms of porphyrinogen, thus shedding light on the
metal-assisted oxidations of the porphyrinogen skeleton.


Results and Discussion


Complex 1, which is the parent compound[6] used in this study
for building up polymetallic aggregates, undergoes a quite
interesting thermal rearrangement, leading to 2 (Scheme 1).
Such a thermal rearrangement, which is a signal of the access


Scheme 1. The isomerization of the lithium ± nickel ± porphyrinogen com-
plex.


to polymetallic systems, occurs in boiling toluene and leads to
red crystals of 2 upon extraction with Et2O. The desolvation of
the lithium cation enhances its electrophilic properties and
favors the attack at the b-position of a pyrrole ring of an
adjacent porphyrinogen. This type of reaction has been widely
explored in the case of organic electrophiles or in the
deuteration reaction.[7] As in the reaction with organic


electrophiles, the electrophilic attack by the lithium cation is
followed by the migration of a proton, which, in the present
case, chooses nitrogen. The reversibility of the isomerization
of 1 to 2, which has been proved by dissolving 2 in THF,
suggests that regardless of the solvent, the reactivity of 1
eventually occurs via the intermediacy of 2. This aspect of the
chemical behavior of 1 is particularly relevant to the reaction
(vide infra) with transition metal halides which, in fact,
undergo alkylation by an organolithium derivative. The
nature of 2, including its reversible transformation back to 1,
has been monitored by 1H NMR spectroscopy, in particular
the hydrogen shift to the nitrogen of the pyrrole ring.
The solid-state structure assigned by an X-ray analysis is
in agreement with the proposed solution structure of 2
(Figure 1).


Crystallographic data and details associated with data
collection are given in Table 1. Selected bond lengths and
angles for complexes 2, 3, 5, 6, and 8 are listed in Table 2.
Table 3 compares the most relevant conformational parame-
ters for the five complexes.


Figure 1. X-ray structure of complex 2. Primes denote the symmetry
transformation ÿ x, y, 1/2 ÿ z.


Table 1. Crystal data and structure refinement for 2, 3, 5, 6, and 8.


2 3 5 6 8


formula C80H116Li4N8Ni2O2 C46H62N4NiRu C44H60N4NiRu C72H96CoN8Ni2


´ 2Li(C4H10O2)3


´ 2C6H6


C72H96ClN8Ni4


´ Li(C4H10O2)3


´ 3/2(C4H10O2) ´ C4H8O2


Fw 1366.99 830.78 804.74 1960.73 1844.44
T [K] 296 143 143 143 143
l [�] 1.54178 1.54178 1.54178 0.71073 0.71070
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group C2/c P21/n P21 P21/c P21/c
a [�] 33.895(8) 10.239(2) 9.378(4) 18.349(2) 19.380(6)
b [�] 11.356(6) 20.567(2) 11.897(2) 12.2681(10) 22.912(3)
c [�] 20.258(6) 19.314(2) 17.197(3) 23.590(3) 23.730(6)
a [8] 90 90 90 90 90
b [8] 101.95(2) 90.19(3) 101.94(3) 95.314(9) 111.69(2)
g [8] 90 90 90 90 90
V [�3] 7628(5) 4067.5(10) 1877.1(9) 5287.5(10) 9791(4)
Z 4 4 2 2 4
1calcd [gcmÿ3] 1.190 1.357 1.424 1.232 1.251
m [mmÿ1] 0.986 3.848 4.150 0.569 0.844
reflections collected 6840 7357 3694 21007 57602
data/parameters 6720/434 7136/470 3469/232 8693/589 17039/1073
R1 [I> 2s(I)] 0.0743 0.0413 0.0584 0.0687 0.0696
wR2 (all data) 0.2859 0.1260 0.1600 0.2229 0.2279
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The two NiII ± porphyrinogen moieties are linked by two
lithium atoms, each of them showing an h5, h1 coordina-
tion mode[4,5,6,8] across two Ni ± porphyrinogen moieties
(Li1ÿh5(N4-C16-C17-C18-C19) 2.05(2), Li1ÿh1(C13')
1.98(2), Li2ÿh5(N1-C1-C2-C3-C4) 2.13(2), Li2ÿh1(O1)
1.84(3) �). The lithium atom Li1' is bonded to the b-carbon
(C13) of the pyrrole containing the protonated nitrogen (N3).
Ni1 lies out of the plane of the N4 core and the protonated
pyrrole plane by ÿ 0.026(4) � and 1.972(9) �, respectively.
The latter value shows the relative change in the orientation
of the protonated versus the other pyrroles. The NiÿN bond


lengths (Ni1ÿN1 1.887(7), Ni1ÿN2 1.902(7), Ni1ÿN3 2.039(9),
Ni1ÿN4 1.914(8)) show, once again, the presence of the proton
on N3.


The p-binding ability of the periphery of the Ni ± por-
phyrinogen complex 1 was preliminarily explored in the
reaction with [RuCl2] fragments.[9] For this purpose we
employed [{Ru(Cl)(p-cymene)}2(m-Cl)2][10] and [{Ru (Cl)
(cod)}2(m-Cl)2][11] (cod� 1,2-cyclooctadiene), in which the
coordination sphere of the metal is partially filled by the
aromatic ring or the diolefin, respectively. The metalation of 1
by the aforementioned ruthenium derivatives, carried out


Table 2. Selected bond lengths [�] and angles [8] for complexes 2, 3, 5, 6, and 8.[a]


2
Ni1ÿN1 1.887(7) Li1ÿh5(Pyr) 2.05(2) Li2ÿO1 1.84(3)
Ni1ÿN2 1.902(7) Li1ÿC13' 1.98(2) C13'-Li1-h5(Pyr) 163(1)
Ni1ÿN3 2.039(9) Li2ÿh5(Pyr) 2.13(2) O1-Li2-h5(Pyr) 135(1)
Ni1ÿN4 1.914(8) prime denotes the symmetry transformation: ÿ x, y, 1/2ÿ z


3
Ni1ÿN1 1.921(4) Ni1ÿN4 1.883(4) Ru1ÿh6(p-cymene) 1.745(5)
Ni1ÿN2 1.888(4) Ru1ÿh5(Pyr) 1.846(5) h5(Pyr)-Ru1-h6(p-cymene) 176.6(2)
Ni1ÿN3 1.867(4)


5
Ni1ÿN1 1.90(1) Ru1ÿh5(Pyr) 1.82(1) C16ÿC17 1.55(2)
Ni1ÿN2 1.875(9) Ru1ÿh5(C8H9) 1.81(1) C17ÿC18 1.55(2)
Ni1ÿN3 1.88(1) h5(Pyr)-Ru1-h5(C8H9) 178.5(5) C18ÿC19 1.52(2)
Ni1ÿN4 1.91(1) N4ÿC16 1.49(2) N4ÿC19 1.29(2)
C8H9�trihydropentalene


6
Ni1ÿN1 1.895(4) Ni1ÿN3 1.853(4) Co1ÿh5(Pyr) 1.802(5)
Ni1ÿN2 1.855(4) Ni1ÿN4 1.850(4) h5(Pyr)-Co1-h5(Pyr)' 180
prime denotes the symmetry transformation: ÿ x, ÿ y, ÿ z


8
Ni1ÿN1 1.912(3) [1.896(4)] Ni3ÿC3 2.163(4) Ni4ÿC44 2.145(5)
Ni1ÿN2 1.909(4) [1.905(4)] Ni3ÿC4 2.373(4) Ni4ÿC45 2.362(4)
Ni1ÿN3 1.872(4) [1.871(4)] Ni3ÿC38 2.336(4) Ni4ÿC7 2.118(4)
Ni1ÿN4 1.874(4) [1.867(4)] Ni3ÿC39 2.114(4) Ni4ÿC8 2.302(4)
Ni3ÿh4(Pyr) 1.936(4) Ni4ÿh4(Pyr) 1.944(5) Ni3ÿCl1 2.241(1)
Ni3ÿh2(Pyr) 2.108(4) Ni4ÿh2(Pyr) 2.089(4) Ni4ÿCl1 2.238(1)
Ni3ÿC1 2.337(4) Ni4ÿC42 2.371(4) Ni3-Cl1-Ni4 105.32(5)
Ni3ÿC2 2.132(5) Ni4ÿC43 2.162(5)
Values in square brackets refer to the second NiII ± porphyrinogen moiety: Ni2, N5, N6, N7, N8.


[a] h5(Pyr), h4(Pyr), h2(Pyr), h6(p-cymene) indicate the centroids.


Table 3. Comparison of relevant structural parameters within the metal ± porphyrinogen units for complexes 2, 3, 5, 6, and 8.


2 3 5 6 8


distance of atoms from the N4 core [�] N1 0.068(4) ÿ 0.053(2) 0.018(5) ÿ 0.044(2) 0.007(2) 0.007(2)
N2 ÿ 0.068(4) 0.053(2) -0.018(5) 0.044(2) -0.007(2) -0.007(2)
N3 0.062(4) ÿ 0.053(2) 0.018(5) -0.044(2) 0.007(2) 0.007(2)
N4 ÿ 0.062(4) 0.054(2) ÿ 0.017(5) 0.044(2) ÿ 0.007(2) ÿ 0.007(2)
Ni1 ÿ 0.026(4) ÿ 0.031(2) -0.022(6) ÿ 0.025(2) 0.003(2) ÿ 0.006(2)


distance of Ni1 from A[a] [�] ÿ 0.40(2) 0.274(7) 0.20(2) 0.345(7) ÿ 0.013(7) ÿ 0.317(6)
distance of Ni1 from B[a] [�] ÿ 0.06(1) 0.083(8) ÿ 0.34(2) ÿ 0.215(8) 0.392(6) 0.022(7)
distance of Ni1 from C[a] [�] 1.972(9) 0.131(8) 0.51(2) ÿ 0.062(8) ÿ 0.196(7) ÿ 0.015(8)
distance of Ni1 from D[a] [�] 0.01(1) ÿ 0.296(8) 0.14(2) ÿ 0.217(9) ÿ 0.079(8) 0.101(7)
angles between the N4 core and (A) 37.6(4) 34.7(2) 30.5(5) 36.1(2) 31.0(2) 36.1(2)
the A, B, C, D rings [8] (B) 37.6(4) 27.0(2) 36.1(5) 37.0(2) 35.7(2) 32.2(2)


(C) 75.3(3) 30.0(2) 39.9(5) 31.9(2) 29.8(2) 30.4(2)
(D) 28.2(5) 34.6(2) 24.5(5) 30.9(2) 28.4(2) 30.5(2)


angle between AB [8] 58.2(4) 51.5(2) 47.0(6) 46.4(2) 54.0(2) 53.0(2)
angle between BC [8] 40.2(4) 38.2(2) 56.6(5) 41.4(2) 42.1(2) 44.1(3)
angle between CD [8] 77.7(3) 36.3(2) 33.0(7) 38.3(2) 33.3(2) 38.8(2)
angle between AD [8] 38.9(5) 46.4(2) 44.3(5) 57.8(3) 42.6(3) 41.9(2)


[a] A, B, C and D define the pyrrole rings containing N1, N2, N3 and N4. [b] The double values for 8 refer to the two different NiII ± porphyrinogen units
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either in boiling THF or in benzene, led to complexes 3 and 5
(Scheme 2), which were recovered in high yield as crystalline
solids. Under such thermal conditions we suppose that the
desolvated form 2 may be the active intermediate in the


Scheme 2. The p complexation of ruthenium(ii) by nickel ± porphyrino-
gen.


transmetalation reaction. In complex 3, one of the pyrrolyl
anions, which is h1-N bonded to NiII, acts as an h5-cyclo-
pentadienyl-like ligand towards RuII.[12] The reaction leads to
3 regardless of the Ni/Ru stoichiometric ratio. The reaction of
1 with [{Ru(Cl)(cod)}2(m-Cl)2] proceeds, at least in a prelimi-
nary stage, quite similarly to that with [{Ru(Cl)(p-cyme-
ne)}2(m-Cl)2].


The formation of the proposed intermediate 4 is followed,
however, by the Ru-assisted isomerization of the cod ligand to
the trihydropentalene monoanion and the hydrogen transfer
to one of the pyrrole rings of the Ni ± porphyrinogen fragment
(see complex 5 in Scheme 2). The Ru-assisted hydrogen
transfer reaction is not particularly unusual,[13,14] while the
formation of pentalene skeleton[14] from cod and the hydrogen
transfer to a macrocyclic structure is interesting in the context
of the unique properties associated with polymetallic systems.


The characterization of 3 and 5 has been carried out both in
solution by 1H NMR spectroscopy (see Experimental Section)
and in the solid state by X-ray analysis. In complex 3 (Figure 2,
Table 2) the NiII ± porphyrinogen moiety shows the usual
saddle-shape conformation (Table 3) and, as expected, Ni1 is
only slightly out of the plane of the N4 moiety (ÿ 0.031(2) �).
The Ni1ÿN bond lengths vary in a narrow range from 1.867(4)
to 1.921(4) �; the longest one is Ni1ÿN1, which is associated
to the pyrrole h5-bonded [N1,C1,C2,C3,C4] to rutheni-
um.[9,12,16] The Ruÿpyrrole and Ruÿarene[9,12,15] distances are
in the usual range (Ru1ÿh5 1.846(5), Ru1ÿh6 1.745(5) �).


Figure 2. X-ray structure of complex 3.


In complex 5 (Figure 3), the structural parameters concern-
ing the NiII ± porphyrinogen moiety are in the range observed
for the other Ni ± porphyrinogen derivatives: Ni1 is out of the
plane of the N4 inner core by ÿ 0.022(6) �; the Ni1ÿN bond
lengths (Ni1ÿN1 1.90(1), Ni1ÿN2 1.875(9), Ni1ÿN3 1.88(1),
Ni1ÿN4 1.91(1)) show only slightly the effects due to the h5


bonding mode to RuII. The peculiar aspect of this structure is


Figure 3. X-ray structure of complex 5.


the rearrangement of the cod ligand into the trihydropenta-
lene monoanion, which occurs with the transfer of the three
hydrogen atoms to one of the pyrrole rings (N4-C16-C17-C18-
C19), C16 having an R absolute configuration. Ruthenium(ii)
is h5-bonded (1.81(1) �) to the trihydropentalene monoanion
and h5-bonded (1.82(1) �)[14] to one of the pyrrolyl moieties
(N1,C1,C2,C3,C4).[9,12, 16]


When complex 1 was metalated with metal halides that
do not contain any protecting organic fragment, two classes
of compounds were identified depending on the stoichiomet-
ric ratio (see Schemes 3 and 4). The reaction of 1 with [CoCl2 ´







FULL PAPER C. Floriani et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2044 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 72044


THF1.5] in a 2:1 molar ratio led to the formation of the
paramagnetic (meff� 1.80 mB at 293 K) cobaltocene-type de-
rivative 6 (Scheme 3). The structure of the dianion form 6 is
shown in Figure 4, and the structural parameters are given in
Table 2. The NiII ion is coplanar with the N4 core of the


Figure 4. X-ray structure of the anion in complex 6, the countercation is
[Li(dme)3]� . Primes denote the symmetry transformation ÿ x, ÿ y, ÿ z.


porphyrinogen, which has a distorted saddle-shaped confor-
mation.[6] The longer NiÿN distance (Ni1ÿN1 1.895(4) �) is
related to the pyrrole binding the cobalt in the h5-bonding
fashion (Coÿ(Pyr)centroid 1.802(5) �; (Pyr)centroid-Co-(Pyr)centroid


1808, from symmetry requirements). The structural parame-
ters related to the cobalt environment should be compared
with those of some cobaltocene analogues.[17] The h5-bonding
mode is assumed, though a significant variation in the CoÿC
and CoÿN distances has been observed (Co1ÿC1 2.184(5),
Co1ÿC2 2.059(5), Co1ÿC3 2.051(5), Co1ÿC4 2.190(5),
Co1ÿN1 2.305(4) �). One of the most attractive character-
istics of such polymetallic aggregates is associated with their
redox properties. Complex 6 undergoes a photochemically or
thermally induced intramolecular redox reaction (Scheme 3).
In the former case, irradiation of 6 using visible light led to the
separation of cobalt metal and the two-electron oxidized form
of the Ni ± porphyrinogen containing a cyclopropane func-


tionality (7)[3] along with 1. In
the case of the thermal decom-
position, the products derived
from the thermally induced
transformations of 7 were iden-
tified, instead of 7 itself.[18] The
overall photochemical reaction,
corresponding to the one-elec-
tron oxidation of the Ni ± por-
phyrinogen complex, led to an
equimolar amount of the two-
electron oxidized species 7 and
the starting complex 1. The
thermally and photochemically
induced electron transfer in
polymetallic species is a rele-
vant property, which we can
take advantage of to design
metastable redox couples.[19] In


addition, the formation of transient polymetallic systems
should be considered as a valuable approach to the practical
study of electron transfer processes. In particular, the
oxidation of meso-octaalkylporphyrinogens to the so-called
artificial porphyrins[1b,3] by using CuCl2 can be viewed as
occurring by the preliminary formation of a dimetallic
porphyrinogen complex.


Complex 1 undergoes a different kind of metalation using
[NiCl2 ´ DME1.5] (1:1 molar ratio) in THF. The reaction led to
the formation of the tetranickel derivative 8 (Scheme 4),
which contains two diamagnetic square-planar and two para-
magnetic NiII ions (2.85 mB at 295 K per nickel). The structure
of 8 (Figure 5) has been elucidated by X-ray analysis. The two
NiII ± porphyrinogen moieties are bridged by two NiII ions


Scheme 4. A tetranuclear nickel ± porphyrinogen complex undergoing
thermal and CO-induced demetalation.


Scheme 3. The nickel ± porphyrinogen sandwiching cobalt in a cobaltocene-type structure and its photochemical
decomposition.
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Figure 5. X-ray structure of the anion in complex 8, the countercation is
[Li(dme)3]� .


connected by a single Cl ion (NiÿClav 2.239(1) �). The longer
NiÿN bond lengths within the two Ni ± porphyrinogen units
are related to the pyrroles shared with the two peripheral
nickel ions (NiÿNav 1.906(4) vs NiÿNav 1.871(4) �). The
binding of the [Ni2Cl] fragment induces considerable dis-
tortions on the Ni ± porphyrinogen moieties, though Ni1 and
Ni2 remain coplanar with the N4 set of donor atoms. The
bonding mode of the bridging nickel ions approximates
that of an h4-diene (Ni3ÿ(C1,C2,C3,C4)centroid 1.936(4),
Ni4ÿ(C42,C43,C44,C45)centroid 1.944(5) �) and an h2-olefin
(Ni3ÿ(C38,C39)centroid 2.108(4), Ni4ÿ(C7,C8)centroid 2.089(4) �).
These values are similar to some Niÿdiene and Niÿolefin
bond lengths reported.[20] The pseudo-tetrahedral coordina-
tion spheres around Ni3 and Ni4 are in agreement with their
high-spin state.


Complex 8 undergoes an oxidative demetalation using
carbon monoxide with the formation of 7 and [Ni(CO)4]. The
very high stabilization of Ni(0) by carbon monoxide forces the
Ni ± porphyrinogen to function as an oxidizing agent releasing
two electrons. The two-electron oxidation of Ni ± porphyri-
nogen 1, that is using p-benzoquinone, led to the formation of
the corresponding monocyclopropane derivative 7,[1b,3] as is
the case in the reaction of 8 with carbon monoxide. The
thermally induced demetalation of 8 proceeds with the
formation of a nickel mirror and an equimolar mixture of
9[18] and the two isomers of 10[7] (Scheme 4). Although the
thermal reaction seems very different from the photochemical
one in Scheme 3 and the CO-induced demetalation, a close
relationship between them can be found.[18] In the formation
of the porphodimethene ± nickel complex 9,[18] a four-electron
oxidation of the porphyrinogen skeleton is coupled with the
formation of the two isomers 10 a and 10 b.[7]


Experimental Section


General Procedure: All reactions were carried out under an atmosphere of
purified nitrogen. Solvents were dried and distilled before use by standard
methods. 1H NMR and IR spectra were recorded on AC-200, DPX-400
Bruker, and Perkin ± Elmer FT 1600 instruments, respectively. GC and GC-
MS analyses were carried out using a HP 5890 Series II system and a HP


5890A GC system, respectively. Magnetic susceptibility measurements
were made on an Quantum Design MPMS5 SQUID susceptometer
operating at a magnetic field strength of 1 kOe. The syntheses of [{Ru(Cl)
(p-cymene)}2(m-Cl)2],[10] [{Ru(Cl)(cod)}2(m-Cl)2],[11] and 1[3, 6] have been
carried out as previously reported.


Synthesis of 2 : A solution of 1 (30.0 g, 33.4 mmol) in toluene (300 mL) was
refluxed overnight. The solution was evaporated to dryness and the solid
residue was extracted with Et2O (200 mL) to give a microcrystalline pink-
red residue which was collected and dried in vacuo (16.2 g, 71 %). Crystals
suitable for X-ray diffraction were grown in Et2O. 1H NMR (C6D6,
200 MHz, 298 K): d� 7.52 (s, 2H; NH), 6.27 (d, J� 2.4 Hz, 2H; C4H2N),
6.12 (s br., 4 H; C4H2N), 5.89 (m, 6H; C4H2N), 5.81 (d, J� 2.9 Hz, 2H;
C4H2N), 5.00 (m, 2 H; CH2), 4.84 (m, 2H; CH2), 4.60 (m, 2H; CH2), 4.28 (m,
2H; CH2), 3.25 (m, 2H; CH2 overlapping with q, J� 7.3 Hz, 8H; Et2O),
2.83 (m, 2 H; CH2), 2.48 (m, 2H; CH2), 2.3 ± 1.3 (m, 18H; CH2), 1.13 (t, J�
7.3 Hz, 12 H; Et2O), 1.1 ± 0.8 (m, 48H; CH3); 2 : C80H116Li4N8Ni2O2: calcd C
70.29, H 8.55, N 8.20; found C 69.93, H 8.92, N 7.97.


Synthesis of 3 : [{Ru(Cl)(p-cymene)}2(m-Cl)2] (1.49 g, 2.44 mmol) was
refluxed with 1 (4.38 g, 4.88 mmol) in THF (100 mL) for 12 h. The solvent
was evaporated and benzene (100 mL) was added. The undissolved LiCl
was filtered off and the resulting solution was evaporated to dryness. The
solid residue was triturated with n-hexane to give a red powder, which was
collected and dried in vacuo (3.47 g, 85 %). Crystals suitable for X-ray
diffraction were grown in a mixture of THF/n-hexane. 1H NMR (C5D5N,
200 MHz, 298 K): d� 6.59 (d, J� 5.9 Hz, 1 H; ArH), 6.50 (d, J� 6.3 Hz,
1H; ArH), 6.19 (d, J� 5.9 Hz, 1 H; ArH overlapping with m, 8 H; C4H2N),
5.65 (d, J� 6.34 Hz, 1H; ArH), 4.86 (m, 1 H; CH2), 4.50 (m, 1H; CH2), 4.32
(m, 1 H; CH2), 3.02 (m, 1 H; CH2), 2.80-1.95 (m, 13 H; CH2�CHMe2


overlapping with s, 3 H; CH3), 1.40-1.20 (m, 18 H; CH3), 1.23 (t, J�
7.3 Hz, 3H; CH3), 1.02 (t, J� 7.3 Hz, 3H; CH3), 0.74 (t, J� 7.3 Hz, 3H;
CH3), 0.57 (t, J� 7.3 Hz, 3 H; CH3); 3 : C46H62N4NiRu: calcd C 66.5, H 7.52,
N 6.74; found C 66.23, H 7.27, N 6.91.


Synthesis of 5 : [{Ru(Cl)(cod)}2(m-Cl)2] (2.3 g, 4.10 mmol) was refluxed with
1 (7.37 g, 8.20 mmol) in benzene (200 mL) for 12 h. The undissolved LiCl
was filtered off and the resulting red solution was evaporated to dryness.
The solid residue was triturated with n-hexane to give a red powder which
was collected and dried in vacuo (3.69 g, 56 %). Crystals suitable for X-ray
diffraction were grown in a mixture of benzene/n-hexane. 1H NMR (C6D6,
200 MHz, 298 K): d� 6.53 (m, 4H; C4H2N), 6.44 (d, J� 3.2 Hz, 1H;
C4H2N), 6.38 (d, J� 3.2 Hz, 1H; C4H2N), 5.4 ± 5.3 (m, 3H; ArH), 5.05 (s br.,
1H; C4H3N), 4.75 (m, 1 H; CH2), 4.42 (m, 1H; CH2), 4.23 (m, 1 H; CH2),
3.14 (m, 3H; CH2�C4H5N), 2.43 (m, 3H; CH2�C4H5N), 2.1 ± 1.9 (m, 8H;
CH2), 1.85 (m, 1H; CH2), 1.76 (m, 2H; CH2), 1.70 ± 1.50 (m, 6H; CH2), 1.11
(t, J� 7.3 Hz, 3H; CH3), 1.03 (t, J� 7.3 Hz, 3 H; CH3), 0.86 (t, J� 7.3 Hz,
3H; CH3), 1.8 ± 1.50 (m, 15H; CH3); 5 : C44H60N4NiRu: calcd C 65.67, H 7.51,
N 6.96; found C 65.45, H 7.22, N 6.71.


Synthesis of 6 : [CoCl2 ´ THF1.5] (1.31 g, 5.52 mmol) was added in one
portion to a solution of 1 (4.96 g, 5.52 mmol) in benzene (100 mL). The
reaction mixture, which immediately turned green, was stirred overnight at
room temperature. The undissolved solid was filtered off and the solution
was evaporated to dryness. The solid residue was triturated with n-hexane
to give a green solid which was collected and dried in vacuo (3.13 g, 73%).
Crystals suitable for X-ray diffraction were grown in DME. They contain
benzene of crystallization and [Li(dme)3]� instead of [Li(thf)2]� as
countercations. 6 : C88H128CoLi2N8Ni2O4: calcd C 68.09, H 8.31, N 7.21;
found C 67.73, H 7.91, N 7.27; meff� 1.80 mB at 293 K.


Photochemical decomposition of 6 : A green solution of 6 (2.0 g, 1.29 mmol)
in benzene (300 mL) was exposed to sunlight for several hours until a
metallic mirror was formed. The red solution was filtered and analyzed by
NMR spectroscopy. The 1H NMR showed that a mixture of [Et8N4Li2-


Ni(thf)4] (1)[6] and [Et8N4Ni(D)] (7)[3a] was formed. 1H NMR (C6D6,
400 MHz, 298 K): d� 6.61 (d, J� 5.2 Hz, 2H; C4H2N, 7), 6.57 (d, J� 2.8 Hz,
2H; C4H2N, 7), 6.35 (d, J� 2.8 Hz, 2H; C4H2N, 7), 6.17 (s, 8H; C4H2N, 1),
6.13 (d, J� 5.2 Hz, 2 H; C4H2N, 7), 3.54 (q, J� 7.2 Hz, 2H; CH2, 7), 3.23 (m,
16H; THF, overlapping with m, 8 H; CH2, 1), 2.80 (q, J� 7.2 Hz, 2H; CH2,
7), 2.53 (q, J� 7.2 Hz, 2H; CH2, 7), 2.28 (q, J� 7.32 Hz, 8H; CH2, 1
overlapping with m, 2 H; CH2, 7), 1.81 (m, 4H; CH2, 7), 1.62 (dq, Jgem�
14.4 Hz, Jvic� 7.2 Hz, 2H; CH2, 7), 1.46 (t, J� 7.2 Hz, 3H; CH3, 7), 1.42 (t,
J� 7.2 Hz, 3 H; CH3, 7), 1.25 (m, 16 H; THF, overlapping with m, 12 H; CH3,
1 and m, 2 H; CH2, 7), 1.02 (m, 18H; CH3, 1� 7), 0.70 (t, J� 7.2 Hz, 6H;
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CH3, 7), 0.65 (t, J� 7.2 Hz, 3H; CH3, 7),0.42 (t, J� 7.2 Hz, 3H; CH3, 7). The
solution was then concentrated until a crystalline solid precipitated. The
product was collected and dried in vacuo (0.32 g, 42%). The 1H NMR
showed that this product was the oxidized form of meso-octaethylpor-
phyrinogen containing a mono-cyclopropane unit, 7.[3a] 1H NMR (C6D6,
400 MHz, 298 K): d� 6.61 (d, J� 5.2 Hz, 2 H; C4H2N), 6.57 (d, J� 2.8 Hz,
2H; C4H2N), 6.35 (d, J� 2.8 Hz, 2H; C4H2N), 5.13 (d, J� 5.2 Hz, 2H;
C4H2N), 3.54 (q, J� 7.2 Hz, 2 H; CH2), 2.80 (q, J� 7.2 Hz, 2 H; CH2), 2.53
(q, J� 7.2 Hz, 2H; CH2), 2.27 (dq, Jgem� 14.4 Hz, Jvic� 7.2 Hz, 2H; CH2),
1.81 (m, 4H; CH2), 1.62 (dq, Jgem� 14.4 Hz, Jvic� 7.2 Hz, 2 H; CH2), 1.46 (t,
J� 7.2 Hz, 3H; CH3), 1.42 (t, J� 7.2 Hz, 3H; CH3), 1.20 (q, J� 7.2 Hz, 2H;
CH2), 1.02 (t, J� 7.2 Hz, 6 H; CH3), 0.70 (t, J� 7.2 Hz, 6H; CH3), 0.65 (t,
J� 7.2 Hz, 3H; CH3), 0.42 (t, J� 7.2 Hz, 3H; CH3).


Synthesis of 8 : [NiCl2 ´ DME] (3.67 g, 16.7 mmol) was added in one portion
to a solution of 1 (15 g, 16.7 mmol) in THF (400 mL). The reaction mixture,
which immediately turned violet, was stirred overnight at room temper-
ature. The solvent was evaporated and benzene (500 mL) was added. The
undissolved LiCl was filtered off and the solution was evaporated to
dryness. The solid residue was triturated with n-hexane to give a micro-
crystalline blue-violet solid, which was collected and dried in vacuo (9.11 g,
79%). Crystals suitable for X-ray diffraction were grown in a mixture of
DME/dioxane. They contain DME and dioxane of crystallization, along
with [Li(dme)3]� as countercation. 8 : C80H112ClLiN8Ni4O2: calcd C 64.27, H
7.55, N, 7.49; found C 64.33, H 7.52, N 7.57; meff� 2.85 mB at 293 K per nickel.


Thermal decomposition of 8, synthesis of 9� 10 : A blue-violet solution of 8
(1.52 g, 1.10 mmol) in benzene (100 mL) was refluxed overnight. The
reaction mixture turned red and a metallic mirror was formed. The solution
was filtered and analyzed by NMR spectroscopy. The 1H NMR of the
solution showed that an equimolar mixture of [(Et6N4)Ni] (9), and the two
dihydro-2,12 and -2,13 isomers [Et8H2N4)Ni] 10a and 10b[7] were formed.
1H NMR (C6D6, 400 MHz, 298 K): d� 7.08 (d, J� 4.0 Hz, 4 H; C4H2N, 9),
6.35 (d, J� 3.2 Hz, 2H; C4H2N, 10 a), 6.31 (d, 4H; J� 4.0 Hz, C4H2N, 9
overlapping with s, 2H; C4H2N, 10b), 6.23 (s, 2 H; C4H2N, 10b), 6.16 (d, J�
3.2 Hz, 2 H; C4H2N, 10a), 5.33 (t, J� 2.4 Hz, 2 H; C4H3N, 10a), 5.31 (t, J�
2.0 Hz, 2H; C4H3N, 10b), 3.83 (dq, Jgem� 13.8 Hz, Jvic� 7.2 Hz, 4H; CH2),
3.54 (dq, Jgem� 13.6 Hz, Jvic� 7.2 Hz, 2H; CH2), 3.43 (m, 6 H; CH2, 9� 10),
3.24 (dq, Jgem� 13.6 Hz, Jvic� 7.2 Hz, 2 H; CH2), 3.04 (dq, Jgem� 13.2 Hz,
Jvic� 7.6 Hz 2 H; CH2), 2.80-2.70 (m, 4 H; CH2 overlapping with d, J�
2.0 Hz, 4 H; C4H3N, d, J� 2.0 Hz, 2 H; C4H3N, d, J� 2.0 Hz, 2 H; C4H3N),
2.60 (q, J� 7.8 Hz, 4 H; CH2, 9), 2.44 (dq, Jgem� 13.6 Hz, Jvic� 7.2 Hz, 2H;
CH2), 2.1-2.0 (m, 8H; CH2), 1.97 (m, 8H; CH2, 9� 10), 1.67 (dq, Jgem�
14.4 Hz, Jvic� 7.2 Hz, 2H; CH2), 1.57 (dq, Jgem� 14.4 Hz, Jvic� 7.2 Hz, 2H;
CH2), 1.22 (t, J� 7.2 Hz, 6 H; CH3), 1.19 (t, J� 7.6 Hz, 6 H; CH3), 1.1-0.90
(m, 36 H; CH3, 9� 10), 0.86 (t, J� 7.2 Hz, 6 H; CH3), 0.81 (t, J� 7.2 Hz, 6H;
CH3), 0.73 (t, J� 7.2 Hz, 6 H; CH3).


Reaction of 8 with CO : A blue-violet solution of 8 (2.3 g, 1.66 mmol) in
benzene (200 mL) was maintained under an atmosphere of CO overnight.
The reaction mixture turned red and a solid precipited. Analysis by 1H
NMR spectroscopy of the solution showed only the [Et8N4Ni(D)], (7),[1b,3]


while [Ni(CO)4] was detected by IR spectroscopy ((C6H6, nmax [cmÿ1])
2040(s)). The suspension was filtered and the solid residue was treated with
benzene to dissolve the product cooprecipited with LiCl. The solution was
then evaporated to dryness and the solid residue was triturated with n-
hexane (50 mL) to give a red powder which was collected and dried in
vacuo (1.6 g, 81%).1H NMR (C6D6, 400 MHz, 298 K): d� 6.61 (d, J�
5.2 Hz, 2H; C4H2N), 6.57 (d, J� 2.8 Hz, 2H; C4H2N), 6.35 (d, J� 2.8 Hz,
2H; C4H2N), 5.13 (d, J� 5.2 Hz, 2H; C4H2N), 3.54 (q, J� 7.2 Hz, 2 H; CH2),
2.80 (q, J� 7.2 Hz, 2 H; CH2), 2.53 (q, J� 7.2 Hz, 2H; CH2), 2.27 (dq, Jgem�
14.4 Hz, Jvic� 7.2 Hz, 2 H; CH2), 1.81 (m, 4H; CH2), 1.62 (dq, Jgem� 14.4 Hz,
Jvic� 7.2 Hz, 2H; CH2), 1.46 (t, J� 7.2 Hz, 3 H; CH3), 1.42 (t, J� 7.2 Hz, 3H;
CH3), 1.20 (q, J� 7.2 Hz, 2H; CH2), 1.02 (t, J� 7.2 Hz, 6H; CH3), 0.70 (t,
J� 7.2 Hz, 6H; CH3), 0.65 (t, J� 7.2 Hz, 3 H; CH3), 0.42 (t, J� 7.2 Hz, 3H;
CH3).


X-ray crystallography for complexes 2, 3, 5, 6, and 8 : Crystals of 2, 3, 5, 6,
and 8 were mounted in glass capillaries and sealed under nitrogen.
Diffraction data for complex 2, 3, and 5 were collected on a Rigaku AFC6S
four-circle diffractometer at 296 K (2) and 143 K (3, 5) and reduced with
teXsan for Windows release 1.0.1.[21] Data for complex 6 were collected on a
KUMA CCD at 143 K and reduced with KM4RED release 1.5.2.[22] Data
for complex 8 were collected on a mar345 Image Plate Detector at 143 K
and reduced with marHKL release 1.9.1.[23] No absorption correction was


applied to any data set. Structure solution for compounds 2, 3, 5, and 8 was
performed with ab-initio direct methods,[24] whereas for compound 6 the
heavy atom Patterson methods[25] were applied. All structures were refined
by using the full-matrix least-squares on F2 with all non-H atoms
anisotropically refined, except 5 for which a low ratio obs/par allowed us
to refine the two metals and the nitrogens in an anisotropic manner.
Hydrogen atoms were placed in calculated positions using the riding model
with Uiso� a* Ueq(X) (where a is 1.5 for methyl hydrogen atoms and 1.2 for
others, while X is the parent atom), in some cases for methyl hydrogen
atoms and for hydrogen atoms belonging to solvent molecules a common
isotropic displacement parameter (Uiso� 0.08 �2 ) was used. In the last
stage of refinement the weighting adopted scheme [1/(s2(F2


o) � (aP)2 �
bP, where P� (F2


o� 2F2
c)/3] gave the following result for a and b,


respectively (0.0605, 81.7582, 2 ; 0.0512, 9.0460, 3 ; 0.0439, 16.8658, 5 ;
0.0888, 15.0068, 6 ; 0.1515, 4.5857, 8). Due to the presence of disorder some
restraints/constrains were applied to two structures. In complex 6, the
benzene ring was fitted to a regular hexagon. In complex 8, geometrical and
rigid body restraints were applied to two ethyl chains. Structure solution,
refinement, molecular graphics, and geometrical calculation were carried
out on all structures with the SHELXTL software package, release 5.1.[26]


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-116222 for
2, CCDC-116223 for 3, CCDC-116224 for 5, CCDC-116225 for 6, CCDC-
116226 for 8. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(� 44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Dynamic Aspects of Cyclodextrin Host ± Guest Inclusion as Studied
by an EPR Spin-Probe Technique


Marco Lucarini,*[a] Barbara Luppi,[a] Gian Franco Pedulli,[a] and Brian P. Roberts[b]


Abstract: EPR spectroscopy was used
to study the inclusion of the nitroxides
PhCH2N(O.)tBu (1 a), CH3N(O.)tBu
(2 a) and PhCH2N(O.)CH3 (3 a) by a-,
b- and g-cyclodextrins (CDs) and by
chemically modified b-CDs in aqueous
and in aqueous-methanolic solutions at
294 ± 356 K. The nitrogen and b-proton
hyperfine splittings for free and included
nitroxides differed significantly, espe-
cially for 1 a. Equilibrium measurements
of the concentrations of free and in-
cluded radicals afforded binding con-
stants for the nitroxides. Selective line


broadening was also evident in the EPR
spectra, and this was attributed to mod-
ulation of the spectroscopic parameters
by exchange between free and included
nitroxides. Computer simulation of
these spectra enabled the rate constants
for association and dissociation to be
determined. These nitroxides are partic-
ularly suitable probes for the study of


inclusion by cyclodextrins (and probably
by other complexing agents), because
free and complexed nitroxides have
spectroscopic parameters that differ sig-
nificantly more than those of all other
radicals used previously for this purpose.
Free and bound nitroxides are readily
differentiated by EPR spectroscopy,
equilibrium constants for association
are easily determined and the dynamics
of the inclusion process can be studied as
function of temperature, concentration,
solvent and other experimental param-
eters.


Keywords: cyclodextrins ´ EPR
spectroscopy ´ host ± guest chemistry
´ molecular dynamics ´ radicals


Introduction


Cyclodextrins (CDs) and chemically modified cyclodextrins
can recognise a variety of aliphatic and aromatic organic
molecules in aqueous solution, giving rise in most cases to 1:1
inclusion complexes.[1] The CDs can be regarded as practical
enzyme models and have found many applications in phar-
maceutical science and separation technology.[2±3] One of the
most useful tools for the study of CD complexes is NMR
spectroscopy, although the spectra obtained from most
systems represent concentration-weighted averages since
exchange between the free and the complexed guest molecule
is usually fast on the NMR timescale. With radicals as guest
molecules, it should be possible to detect different signals
from the complexed and uncomplexed species because of the
much shorter timescale of EPR spectroscopy. There are a few
reports of radical inclusion by CDs, all related to very


persistent radicals such as sterically protected nitroxides,[4]


nitroarene radical anions,[5] N-alkylphenothiazine radical
cations,[6] semidiones[7] and sterically hindered phenoxyl
radicals.[8] They showed that the paramagnetic substrate is
inclued in the CD on the basis of the recognition of a
particular functional group by the cyclodextrin cavity. Com-
petitive complexation of a radical probe and a diamagnetic
compound was used in experiments to determine the associ-
ation constant between the CD and the diamagnetic guest.
For example, the enantioselective inclusion of (�)- and (ÿ)-
fenchone was studied by means of the competitive displace-
ment of a nitroxide biradical.[9] Diastereoisomeric inclusion
complexes formed between b-CD and a prochiral radical
guest were distinguished by ENDOR spectroscopy.[10] Al-
though in most cases the binding constants with the CD were
determined, more detailed studies on the dynamics of the
inclusion process could not be made because of the similar
spectroscopic parameters of the radical in the two sites.


Two of us recently described the characterisation by EPR
spectroscopy of CD inclusion complexes of short-lived
radicals in aqueous solution.[11] A carboxyalkyl radical and
two para-substituted phenoxyl radicals were studied, along
with the longer lived benzyl tert-butyl nitroxide[12] 1 a. Upon
complexation, the latter radical showed a marked decrease in
the hyperfine coupling constants of the nitrogen nucleus and
the b-protons, and this indicates that significant conforma-
tional changes accompany the inclusion of the nitroxide. The
strong dependence on temperature of the EPR linewidths of
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1 a indicates that the lifetime of the radical in the associated
and free forms is comparable to the EPR timescale. This
suggested that the rates of complex formation and dissocia-
tion might be measurable by EPR line-shape analysis, which
would provide valuable mechanistic information beyond that
available from equilibrium measurements alone. Despite the
large number of equilibrium binding constants for CD
complexes reported in the literature, there are only few
determinations of the rates of association and dissociation;
these data were obtained by stopped-flow, temperature-jump,
ultrasonic absorption and voltammetric techniques. [13]


Here we report the use of the dialkyl nitroxides 1 a ± 3 a as
probes for studying the effects of structure and the medium on
the dynamics of the CD host ± guest interaction, and we show
that kinetic data for the association/dissociation processes can
be obtained by studying the line broadening of the exper-
imental EPR spectra.


Results


The EPR spectrum at 298 K of benzyl tert-butyl nitroxide 1 a,
produced by reaction of the magnesium salt of monoper-
oxyphthalic acid (5.0� 10ÿ4m) with benzyl tert-butyl amine


(5.0� 10ÿ4m) in water, is shown in Figure 1 a. The spectrum
was straightforwardly interpreted on the basis of the coupling
of the unpaired electron with the nitrogen nucleus and with
the two equivalent benzylic protons; the spectroscopic


Figure 1. EPR spectra of nitroxide 1a in water (a), in the presence of 1.3�
10ÿ3m b-CD (b) and 1.3� 10ÿ2m b-CD (c) at 298 K. Empty (*) and full
symbols (*) refer to the free and included radicals, respectively.


parameters are reported in Table 1. The additional signals
observed in the presence of 1.3� 10ÿ3m b-CD (Figure 1 b)
were assigned to the cyclodextrin-included radical 1 b in
equilibrium with the free nitroxide [Eq. (1)]. In a control
experiment, the use of methyl-a-d-glucopyranoside in place
of the CD did not lead to any observable change in the EPR
spectrum of the free nitroxide.


Since, under our conditions, the parent amine might
compete with the nitroxide radical for inclusion by b-CD, a
series of experiments were performed with different initial
concentrations of amine and the salt of the peroxy acid. For
concentrations of the amine and oxidising agent up to 1�
10ÿ3m, the ratio of free to included radicals remained
constant; this suggests that the affinity of the amine and the
peroxyphthalate for b-CD is much lower than that of the
nitroxide.[14]


When the concentration of b-CD was increased to 1.3�
10ÿ2m, the spectrum of the complexed radical 1 b became
dominant (Figure 1 c), and the spectroscopic parameters for
the included nitroxide could be measured. The aN value of 1 a
decreases only slightly on inclusion in the less polar environ-
ment of the b-CD host cavity, while the a(2 Hb) value, which is
sensitive to conformational changes, decreases considerably
on inclusion and gives rise to significant differences in the
resonance fields for the MI(2Hb)�� 1 lines of the included


Abstract in Italian: L'inclusione dei nitrossidi PhCH2N(O.)-
tBu (1a), CH3N(O.)tBu (2a) e PhCH2N(O.)CH3 (3a) da
parte di ciclodestrine naturali (CDs) e modificate chimicamen-
te � stata studiata mediante la spettroscopia di risonanza di spin
elettronico (EPR) sia in acqua sia in miscele acqua metanolo a
294 ± 356 K. Le costanti di accoppiamento iperfine all'azoto e a
i protoni in posizione b, particolarmente per il radicale 1a,
differiscono in modo significativo nella specie inclusa e in
quella libera. Misure all'equilibrio delle concentrazioni del
radicale nitrossido in soluzione e di quello incluso all'interno
della cavità della ciclodestrina hanno permesso di determinare
la costante di affinità dei vari nitrossidi. Si � anche osservato
che gli spettri EPR mostrano allargamenti selettivi di alcune
righe spettrali dovuti alla modulazione dei parametri spettro-
scopici in seguito allo scambio tra la specie libera e quella
inclusa. PoichØ questo processo avviene in tempi paragonabili
a quelli che caratterizzano le transizioni EPR � stato possibile,
tramite simulazioni al calcolatore, determinare le costanti di
velocità di associazione tra nitrossido e CD e di dissociazione
del complesso. I nitrossidi esaminati si sono rivelati partico-
larmente utili per studiare la dinamica del processo di
inclusione con ciclodestrine (e probabilmente con altre sistemi
in grado di alloggiare una specie ospite).
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and free species. Because of this favourable feature, the
determination of the association constants K1 was straightfor-
ward. When the CD was present in large excess with respect to
the radical species, the concentration of which was in the
range (2 ± 6)� 10ÿ5m in all experiments, the equilibrium
constant for radical inclusion was obtained from Equation (2),
where [CD]0 denotes the initial concentration of cyclodextrin,
and xCD and xwater are the molar fractions of the included and
free radical species, respectively, which were determined by
simulating the EPR spectra.


K1�
xCD


xwater�CD�0
(2)


Good agreement with the experimental spectra was ob-
tained at room temperature, while the EPR spectra recorded
in the presence of b-CD at higher temperatures could not be
correctly simulated. Above about 316 K, the spectrum of 1 a
showed marked selective line broadening, which was espe-
cially evident on the lines corresponding to MI(2 Hb)�� 1
(see Figure 2 a ± d). Such linewidth effects[15] are indicative of
rapid exchange between the nitroxide included in b-CD 1 b
and the corresponding unbound species 1 a, which modulates
the nitrogen and proton hyperfine splittings and, to a smaller
extent, the Zeeman interaction. The rate constants k1 and kÿ1


for association and dissociation, respectively, were deter-
mined as a function of temperature by simulating the
exchange-broadened EPR spectra with well-established pro-
cedures[15] based on the density matrix theory[16] and by
assuming a two-jump model as illustrated in Equation (1).
Fitting to the experimental spectra was carried out with a
Monte Carlo minimisation procedure.[17]


Figure 2 shows the excellent agreement between simulated
and experimental spectra recorded at different temperatures
in the presence of 3.25� 10ÿ3m b-CD. The rate constant of
association of the nitroxide with the CD and of dissociation of


Figure 2. EPR spectra of nitroxide 1a recorded in water in the presence of
3.25�10ÿ3m b-CD at different temperatures. The dotted lines show
the corresponding simulations. a) k1� 1.0�109mÿ1 sÿ1, kÿ1� 1.6�106 sÿ1;
b) k1� 1.5�109mÿ1 sÿ1, kÿ1� 2.9�106 sÿ1; c) k1� 2.0�109mÿ1 sÿ1, kÿ1


� 5.1�106 sÿ1; d) k1� 2.3�109mÿ1 sÿ1, kÿ1� 8.7�106 sÿ1. As an example,
spectrum (b) was simulated by assuming the presence of the free species
(37 %) in the bulk aqueous phase (g factor 2.0056, linewidth 0.029 mT,
a(9H) 0.018 mT, a(N) 1.659 mT, a(2 H) 1.031 mT), and the included radical
(63 %) (g factor 2.0058, linewidth 0.031 mT, a(9H) 0.018 mT, a(N)
1.584 mT, a(2H) 0.802 mT).


the complex are collected in Table 2, while the results of such
experiments are summarised graphically in the Eyring plot
shown in Figure 3, in which ln(k/T) was plotted against 1/T to
derive the activation parameters DH= and DS= (Table 2).


The effect of changing the size of the CD on the inclusion
process was also investigated with 1 a as radical probe. There
was no detectable association of 1 a with a-CD at a concen-
tration of up to 10ÿ3m, while at higher a-CD concentrations
(>2� 10ÿ2m) new lines arising from the complexed radical
were observed. The spectra of free and bound species were
sufficiently different to allow the determination of the
spectroscopic parameters of the included radical. With these
parameters, simulation of the experimental spectrum ob-
tained at 294 K yielded the rate constants k1� 1.1� 108mÿ1 sÿ1


and kÿ1� 7.7� 106 sÿ1 for the exchange process. With a g-CD
concentration of 10ÿ2m, an EPR spectrum showing signals due
to both free and included nitroxide was obtained, and
simulation of this provided the rate and equilibrium constants
for complexation reported in Tables 2 and 3, respectively.


The effect on inclusion of modifying the entrance face of b-
cyclodextrin was investigated with two derivatives, heptakis-


Table 1. EPR spectral parameters for free and included dialkyl nitroxides.


Radical Solvent CD T [K] aN


[mT][a]


a(2Hb)
[mT]


aH(other)
[mT]


1a H2O 298 1.669 1.057
H2O a-CD 298 1.668 1.056


1.656 0.944
H2O b-CD 298 1.666 1.056


1.574 0.788
H2O g-CD 294 1.671 1.063


1.597 0.802
H2O DM-b-CD 298 1.664 1.058


1.560 0.780
H2O/MeOH (70/30) DM-b-CD 299 1.651 1.005


1.562 0.793
H2O/MeOH (50/50) DM-b-CD 301 1.625 0.943


1.551 0.808
H2O TM-b-CD 294 1.668 1.054


1.570 0.827
2a H2O 294 1.680 ± 1.433 (CH3)


H2O DM-b-CD 294 1.683 ± 1.432 (CH3)
1.625 ± 1.325 (CH3)


3a H2O 294 1.737 1.044 1.448 (CH3)
H2O DM-b-CD 294 1.737 1.044 1.448 (CH3)


1.666[b] 0.912[b] 1.344[b] (CH3)


[a] In the presence of cyclodextrin; the values given in bold type refer to the
included radical. [b] Values obtained by computer simulation.
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Figure 3. Plots of ln(k/T) versus 1/T for the association (empty symbols)
and dissociation (full symbols) rate constants for inclusion of radical 1 a by
b-CD (*, *) and by DM-b-CD (!, !) in water. Squares refer to rate
constants measured for 1 a in the presence of DM-b-CD in methanol/water
(30/70).


(2,6-O-dimethyl)-CD (DM-b-CD) and heptakis-(2,3,6-O-tri-
methyl)-CD (TM-b-CD). The former has a molecular con-
formation which, although it retains many of the features of
the parent b-CD, contains an extended internal toroidal
region in which larger hydrophobic guest molecules can be
accommodated. The experimental data (see Figure 3 and
Table 3) show that the association constants of 1 a with DM-b-
CD and with unmodified b-CD are similar, while that with
TM-b-CD is much lower since no inclusion of the probe was
observed for host concentrations up to 10ÿ2m. However, in the
presence of 0.1m TM-b-CD, a second spectrum, assigned to
the included radical, was detectable alongside that of free 1 a.
In addition to the changes in the binding constant, the
hyperfine splitting from the two benzylic protons of the


included radical are substantially different from the value
observed with unmodified b-CD (see Table 1).


Despite the large number of investigations on cyclodextrin-
complex formation in binary aqueous/organic solvent mix-
tures,[18] to the best of our knowledge, the effects of the
addition of a co-solvent on the rates of association/dissocia-
tion have not yet been studied in detail. We determined the
rates of these processes in different water/methanol mixtures
with DM-b-CD as host, since this derivative is much more
soluble in organic solvents than the unmodified CD. With
increasing the molar fraction of methanol in the methanol/
water mixture, a decrease in the hyperfine splittings from both
nitrogen and the protons in the free nitroxide was observed
with a consequent decrease in the separation of the signals of
the free and included species. For this reason, solvent mixtures
containing more than 50 vol% of methanol could not be
studied. From the experimental data reported in Tables 2 and
3, it is evident that the binding constant for 1 a with DM-b-CD
decreases when water is replaced by a water/methanol
mixture.


We also explored the possibility of using other nitroxides,
such as tert-butyl methyl nitroxide (2 a) and benzyl methyl
nitroxide (3 a), to measure the rate of exchange between free
and included radicals. Because of the shorter lifetimes of these
radicals compared with 1 a, large amounts of the amine
precursor and oxidising agent (>1� 10ÿ3m) were required to
obtain sufficiently high steady-state radical concentrations in
static samples. Since, under these conditions, it is likely that
the amine will compete with the radical for inclusion in the
CD, the nitroxides were generated by a flow-mixing techni-
que, in which the aqueous solution passes through the
microwave cavity immediately after mixing of the reagents.
By using a flow rate of about 0.1 mL minÿ1, spectra with good
signal-to-noise ratios could be obtained with only 10ÿ3m


Table 2. Rate constants[a] at 294 K and activation parameters[b] for the inclusion of nitroxides 1 a ± 3a by cyclodextrins.


Radical Solvent CD k1 [mÿ1 sÿ1] kÿ1 [sÿ1] DH 6�1 [kcal molÿ1] DS 6�1 [cal molÿ1 Kÿ1] DH 6�ÿ1 [kcal molÿ1] DS 6�ÿ1 [calmolÿ1 Kÿ1]


1a H2O a-CD 1.1� 108 7.7� 106


H2O b-CD 6.8� 108 5.3� 105 3.55 ÿ 6.0 8.38 ÿ 3.8
H2O g-CD 3.8� 108 7.6� 106


H2O DM-b-CD 6.5� 108 6.1� 105 4.55 ÿ 2.7 8.98 ÿ 1.5
H2O/MeOH (70/30) DM-b-CD 6.6� 108 1.9� 106 4.57 ÿ 2.6 9.51 2.6
H2O/MeOH (50/50) DM-b-CD 5.8� 108 4.9� 106


H2O TM-b-CD 1.2� 108 5.7� 106


2a H2O DM-b-CD 2.8� 108 3.3� 106


3a H2O DM-b-CD 2.5� 109 3.7� 107


[a] Estimated uncertainty� 10 %. [b] Estimated uncertainties: DH=, �0.5 kcal molÿ1 ; DS=, �2 calmolÿ1 Kÿ1.


Table 3. Thermodynamic parameters for the inclusion of nitroxides 1 a ± 3 a by cyclodextrins.


Radical Solvent CD K1 [mÿ1] [a] (T� 294 K) DG0
294


[a] [kcal molÿ1] DH0 [a] [kcal molÿ1] DS0 [a] [calmolÿ1 Kÿ1]


1a H2O a-CD 14.3 ÿ 1.55
H2O b-CD 1281 ÿ 4.18 ÿ 4.83 ÿ 2.2
H2O g-CD 50.7 ÿ 2.29
H2O DM-b-CD 1079 ÿ 4.08 ÿ 4.43 ÿ 1.2
H2O/MeOH (70/30) DM-b-CD 342.8 ÿ 3.41 ÿ 4.94 ÿ 5.2
H2O/MeOH (50/50) DM-b-CD 121.0 ÿ 2.80
H2O TM-b-CD 21.5 ÿ 1.79


2a H2O DM-b-CD 84.8 ÿ 2.59
3a H2O DM-b-CD 70.0 ÿ 2.48


[a] Values derived from the measured rate constants, except for 3 a (see text).
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solutions of the amine and of the peroxy acid salt. The EPR
spectrum of radical 2 a in water at room temperature was
readily analysed in terms of the coupling constants listed in
Table 1, and the spectrum was unaffected by the presence of
methyl-a-d-glucopyranoside (6.0� 10ÿ2m). In contrast, when
DM-b-CD (8.2� 10ÿ3m) was added to the solution, additional
signals assigned to the cyclodextrin-included radical 2 b were
observed. The values of aN and aH(Me) decreased only slightly
upon inclusion in the less polar environment of the DM-b-CD
cavity; nevertheless, significant differences in the line posi-
tions of the two species were clearly evident (see Supporting
Information) and allowed the concentration ratio [2 a]/[2 b] to
be determined. The spectra also exhibited selective line
broadening, and good simulations were obtained by assuming
that this arises from exchange between free and included
nitroxide.


A strong EPR spectrum of benzyl methyl nitroxide (3 a)
was obtained from the corresponding amine in water at 293 K,
and the measured hyperfine splitting constants are given in
Table 1. In the presence of DM-b-CD, significant variations
were observed in aH(Me) and aH(CH2) upon inclusion,
although it was not possible to detect separate signals from
the free and bound nitroxide. In particular, aH(Me) and
aH(CH2) decreased by 0.104 and 0.132 mT, respectively, on
changing the solvent from water to an aqueous solution of
DM-b-CD (9.16� 10ÿ2m). In addition, the slight decrease in
aN indicated a reduction in the polarity of the spin-probe
environment, consistent with the inclusion of 3 a in the
hydrophobic cavity of the cyclodextrin. In contrast, essentially
no change in the coupling constants was observed when the
CD was replaced by a corresponding concentration of methyl-
a-d-glucopyranoside. Under the above conditions, the exper-
imental EPR spectrum represents the concentration-weighted
average of the spectra of the nitroxide in water and included
in the CD; the binding constant of 3 a with DM-b-CD can be
estimated by means of Equations (2) and (3). In Equation (3),
aCD


H and awater
H are the methyl or CH2 proton splittings for


included and free nitroxide, respectively.


haHi� [aCD
H ÿ awater


H ]xCD� awater
H (3)


By using the value of aCD
H measured at high CD concen-


trations, for which the coupling constants tend to reach a
plateau (Figure 4), K1 was estimated to be 70.0mÿ1 at 294 K.
At this temperature, the EPR spectrum of 3 a (Figure 5 a) in
the presence of DM-b-CD (7� 10ÿ3m) exhibited selective line
broadening, and computer simulation gave the rate constants
for exchange as k1� 2.5� 109mÿ1 sÿ1 and kÿ1� 3.7� 107 sÿ1.


Discussion


The EPR data are consistent with the formation of 1:1
inclusion complexes between the cyclodextrins and the nitro-
xides 1 a ± 3 a. For tert-butyl diphenylmethyl nitroxide (4 a),
Kotake and Jansen[4i] found evidence that this radical is only
partially included by b-CD either from the tert-butyl or from
the phenyl side of the molecule. We believe that this
behaviour is related to the presence of the two aromatic rings


Figure 4. Plot of the mean proton hyperfine splitting constants for 1a
versus the concentration of DM-b-CD in water. Solid lines correspond to
the values predicted by Equations (2) and (3).


Figure 5. a) EPR spectrum of radical 3a in water at 294 K in the presence
of DM-b-CD (7.0� 10ÿ3m). b) Computer simulation of spectrum (a)
obtained by using the spectroscopic parameters reported in Table 1, k1�
2.5x109mÿ1 sÿ1 and kÿ1� 3.7x107 sÿ1.


in 4 a, the bulk of which precludes its full inclusion in the CD
cavity. In contrast, the smaller radicals 1 a ± 3 a can be
completely included in the b-CD cavity. The significant
reductions in aN relative to the values in water that accompany
complexation of 1 a ± 3 a by b- or g-CD indicate that the NÿO
groups of these nitroxides are quite deeply included in the
host cavities, consistent with the relatively large internal
diameters of b- and g-CDs (ca. 6.6 and ca. 8.4 �, respective-
ly).[1] However, with a-CD (internal diameter ca. 5.2 �), the
similar values of aN for free and included 1 a indicate that the
NÿO group of the complexed radical is exposed to bulk water.


Information on the preferred conformations adopted by
radical 1 a in the various environments can in principle be
obtained from the magnitude of a(Hb). The value of the
hyperfine splitting constant to b-protons in alkyl nitroxides
depends on the spin population in the 2pp orbital of nitrogen
1p


N and on the dihedral angle W between the symmetry axis of
this orbital and the N-C-Hb plane [Eq. (4)].[19]


a(Hb)�1p
N(AN�BNhcos2Wi) (4)
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The constant AN is small and is usually neglected, while
1p


NBN can be obtained from the splitting of the methyl protons
in 3 a, where hcos2Wi� 0.5 for symmetry reasons. Thus, for
radical 1 a in water at 298 K when a(Hb) is 10.57 G,
arccoshcos2Wi1/2 is calculated to be 52.88, which can be
compared with the value of 458 if rotation about the NÿCb


bond were unhindered. For the a-, b- and g-CD inclusion
complexes the corresponding calculated values are 55.0, 57.5
and 57.58, respectively, assuming that 1p


N decreases linearly
with the decrease of aN that accompanies inclusion. These
values indicate that the minimum energy conformation of 1 a
is close to that shown in Figure 6, although the tBu-N-Cb-Ph
dihedral angle is somewhat greater than 908 and thus relieves


repulsion between the bulky
phenyl and tert-butyl groups.
(The instantaneously nonequiv-
alent b-protons would be ren-
dered magnetically equivalent
on the EPR timescale by rapid
twofold rotation about the
NÿCb bond.)


It appears that inclusion into
the CD cavities leads to an
increased tendency for the phe-


nyl group to eclipse the 2pp orbital of nitrogen, probably
because the nitroxide is thereby rendered more compact, even
though steric repulsion between the phenyl and tert-butyl
groups is increased. Of course, predictions based on Equa-
tion (4) are only semi-quantitative, and the conformations
indicated are averages over the populated torsional states.


Inspection of the binding constants K1 given in Table 3
shows that b-CD has a higher affinity for 1 a than either a- or
g-CD, and this indicates that the latter hosts have cavities too
small and too large, respectively, to bind 1 a effectively.
Consideration of the rate constants for the inclusion process
(Table 2) shows that the difference in the binding constants
for b-CD and g-CD appears to result mainly from an increase
in the rate of dissociation for the g-CD complex, since the
rates of association are comparable for the two CDs. With a-
CD, both a smaller association rate constant and a larger
dissociation rate constant contribute to the smaller affinity for
1 a, consistent with a relatively weak interaction between
radical and the small a-CD cavity.


The activation parameters for formation and dissociation of
the inclusion complexes of 1 a with b-CD and with DM-b-CD
in water show some interesting features. At room temper-
ature, the enthalpic contributions (DH 6�


1 , DH 6�
ÿ1) to the Gibbs


energy term DG= are larger than the entropic contributions.
The significant enthalpies of activation for the association
process (3.55 and 4.55 kcal molÿ1 for b-CD and DM-b-CD,
respectively) indicate that the corresponding rate constants
are still far from the diffusion-controlled limit. The various
factors governing the magnitude of the entropy of activation
are more difficult to visualise, since DS 6�1 and DS 6�ÿ1 are related
to the change in randomness on passing from reactants or
complex, respectively, to the transition state.[20] In general, the
following four terms should contribute to the activation
entropy: 1) the freezing of motional degrees of freedom for
the guest molecule, 2) the desolvation around the guest


molecule and the reorganisation of solvent water, 3) the
release of water molecules from the CD cavity[21] and 4) any
conformational changes of the CD torus. While the first term
will be negative, the others are expected to contribute
positively to the activation entropy. For association of 1 a,
the experimental activation entropy (DS 6�1 ) is only slightly
negative, and this suggests that the positive and negative
contributions nearly cancel each other. The entropy of
activation for the dissociation process DS 6�ÿ1 is also negative
but of smaller magnitude than DS 6�1 , so that the enthalpy term
DH 6�


ÿ1 provides the dominant contribution to the free energy
of activation for the dissociation process.


The addition of MeOH as co-solvent caused almost no
change in the association rate constant for inclusion of 1 a by
DM-b-CD. In marked contrast, the dissociation rate constant
increased appreciably from 6.1� 105mÿ1 sÿ1 in water to 4.9�
106mÿ1 sÿ1 in water/MeOH (50/50) at 294 K. The decrease in
binding constant with increasing methanol concentration is
hence almost wholely a result of an increase in the rate
constant for dissociation. Inspection of the activation param-
eters for the dissociation process in water/MeOH (70/30)
reveals that the increase in this rate constant is attributable to
an increase in the entropy of activation, which more than
compensates for the larger enthalpy of activation. This
enthalpy/entropy compensation behaviour in the formation
of CD complexes has been reported frequently in the
literature.[22]


It is interesting to compare the relative stabilities of the
three complexes 1 b ± 3 b formed between DM-b-CD and the
nitroxides 1 a ± 3 a. The binding constants for 2 a and 3 a are
quite similar and lower than that of 1 a. Since the hydrophobic
interaction is believed to play an important role in controlling
the stabilities of CD complexes,[1] we interpret these results in
terms of the relative hydrophobicities of the radical species.
The nitroxide 1 a bears two strongly hydrophobic substituents
and should have a stronger affinity for the CD than either 2 a
or 3 a, in which the benzyl group or the tert-butyl group of 1 a
has been replaced with a less hydrophobic methyl group.
Differences in the rate constants that depend on the nature of
the guest molecule are also clearly evident. The data of
Table 2 suggest that steric hindrance due to the tert-butyl
group has a marked effect on the association and dissociation
rate constants. In particular, the rate constants for the
inclusion of 1 a or 2 a, which both possess a bulky N-tert-butyl
group capable of interacting sterically with the rim of the CD,
are appreciably smaller than the rate constant for the
inclusion of benzyl methyl nitroxide 3 a.


Conclusion


We have demonstrated that natural and modified cyclodextrin
hosts form inclusion complexes with the nitroxide radicals
1 a ± 3 a. In particular, benzyl tert-butyl nitroxide 1 a exhibits
high binding constants for complex formation with b-CD and
with modified b-CDs and shows a marked difference in the
hyperfine splitting constants for the free and bound forms.
This enabled the rate constants for the association and
dissociation processes to be measured for the first time by


Figure 6. Minimum energy
conformation of 1a
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EPR spectroscopy with a radical probe. In our view, this
method for investigating the dynamics of CD host ± guest
interactions has considerable potential, and experiments are
underway to extend this technique to the study of other types
of host ± guest complexes.


Experimental Section


Commercially available cyclodextrins (Sigma or Aldrich) were used
throughout; b-CD was recrystallised from distilled water and dried under
vacuum at 80 8C; the a- and g-CDs and the modified CDs were used as
received. The amines (Aldrich) were also used as received. Freshly distilled
water and methanol (Aldrich HPLC grade) were used as solvents.


EPR spectra were recorded on a Bruker ESP300 spectrometer equipped
with an NMR gaussmeter for field calibration and a Hewlett Packard
5350B microwave frequency counter for the determination of the g factors,
which were referenced to that of the perylene radical cation in concen-
trated H2SO4 (g� 2.00258). The sample temperature was controlled with a
standard variable-temperature accessory and was monitored before and
after each run with a copper/constantan thermocouple. The instrument
settings were as follows: microwave power 5.0 mW, modulation amplitude
0.05 mT, modulation frequency 100 kHz, scan time 180 s. Digitised EPR
spectra were transferred to a personal computer for analysis, and digital
simulations were carried out with a program developed in our laboratory
and based on a Monte Carlo procedure.[17] The input data for the program
are the number of nonequivalent nuclei, the hyperfine splitting constants of
the free and included radical at each temperature, the intrinsic linewidth in
the absence of exchange (a Gaussian lineshape resulting from the
unresolved splittings from the tert-butyl protons was employed) and the
rate constants for the exchange process.


Radical 1 a was generated by mixing a solution of the corresponding amine
(5.0� 10ÿ4m) with a solution of the magnesium salt of monoperoxyphthalic
acid (Aldrich, technical grade, 5.0� 10ÿ4m). To achieve a sufficiently high
radical concentration, the mixed solution was sometimes heated at 60 8C for
1 ± 2 min. Aliquots from a concentrated CD stock solution were added to
the solution of nitroxide to yield the required concentrations. Samples were
then transferred in capillary tubes (1 mm i.d.), and EPR spectra were
recorded. Radicals 2a and 3a were generated by continuous-flow experi-
ments in a mixing chamber which allowed the simultaneous mixing of two
reagent streams (amine 1.0� 10ÿ3m, magnesium monoperoxyphthalate
1.0� 10ÿ3m) before passing through a flattened cell in the cavity of the EPR
spectrometer. Since the oxidation processes were quite slow at room
temperature, optimum nitroxide concentrations were obtained by main-
taining the flow rate at about 0.1 ± 0.2 mL minÿ1 with a syringe-pump
apparatus (model SP200i, Henry Fein Word Precision Instrument).


Acknowledgements


Financial support from MURST, CNR (Rome), and University of Bologna
Progetto d'Ateneo 1997 ± 1999: Processi a basso impatto ambientale is
gratefully acknowledged by M.L and G.F.P.


[1] K. A. Connors, Chem. Rev. 1997, 97, 1325.
[2] W. Saenger, Angew. Chem. 1980, 92, 343; Angew. Chem. Int. Ed. Engl.


1980, 19, 344.


[3] V. Schurig, H. P. Nowotny, Angew. Chem. 1990, 102, 969; Angew.
Chem. Int. Ed. Engl. 1990, 29, 939.


[4] a) J. Martinie, J. Michon, A. Rassat, J. Am. Chem. Soc. 1975, 97, 1818;
b) N. M. Atherton, S. J. Strach, J. Chem. Soc. Faraday Trans. 1 1975, 71,
357; c) Y. Motozato, T. Nishihara, C. Hirayama, Y. Furuya, Y. Kosugi,
Can. J. Chem. 1982, 60, 1959; d) M. Okazaki, K. Kuwata, J. Phys.
Chem. 1984, 88, 3163; e) M. Okazaki, K. Kuwata, J. Phys. Chem. 1984,
88, 4181; f) A. Jeunet, B. Nickel, A. Rassat, Nouv. J. Chim. 1986, 10,
123; g) M. P. Eastman, B. Freiha, C. C. Hsu, K. C. Lum, C.
Allen Chang, J. Phys. Chem. 1987, 91, 1953; h) M. P. Eastman, B.
Freiha, C. C. Hsu, C. Allen Chang, J. Phys. Chem. 1988, 92, 1682; i) Y.
Kotake, E. G. Janzen, J. Am. Chem. Soc 1988, 110, 3699; j) Y. Kotake,
E. G. Janzen, Chem. Phys. Lett. 1988, 150, 199; k) Y. Kotake, E. G.
Janzen, J. Am. Chem. Soc 1989, 111, 7319; l) A. Petr, L. Dunsch, D.
Koradecki, W. Kutner, J. Electroanal. Chem. 1991, 300, 129; m) Y.
Kotake, E. G. Janzen, J. Am. Chem. Soc 1992, 114, 2872.


[5] M. Ata, Y. Suzuki, Y. Kubozono, M. Aoyagi, Y. Gondo, Chem. Phys.
Lett. 1989, 157, 19.


[6] D. K. Lee, Y. S. Kang, L. Kevan, J. Phys. Chem. B 1997, 101, 519.
[7] Y. Kubozono, M. Ata, M. Aoyagi, Y. Gondo, Chem. Phys. Lett. 1987,


137, 467.
[8] a) M. Jager, H. B. Stegmann, Angew. Chem. 1996, 108, 1943; Angew.


Chem. Int. Ed. Engl. 1996, 35, 1815; b) M. Jager, P. Schuler, H. B.
Stegmann, A. Rockenbauer, Magn. Reson. Chem. 1998, 36, 205.


[9] J. Michon, A. Rassat, J. Am. Chem. Soc. 1979, 101, 995.
[10] E. G. Janzen, Y. Kotake, J. Am. Chem. Soc. 1988, 110, 7912.
[11] M. Lucarini, B. P. Roberts, Chem. Commun. 1996, 1577.
[12] P. H. Kasai, D. McLeod, J. Phys. Chem. 1978, 82, 619.
[13] For examples, see a) F. Cramer, W. Saenger, H. Ch. Spatz, J. Am.


Chem. Soc. 1967, 89, 14; b) N. Yoshida, M. Fujimoto, Chem. Lett. ,
1980, 231; c) N. Yoshida, M. Fujimoto, Bull. Chem. Soc. Jpn. 1982, 55,
1039; d) A. Hersey, B. H. Robinson, J. Chem. Soc. Faraday Trans. 1
1984, 80, 2039. e) R. J. Clarke, J. H. Coates, S. F. Lincoln, Carbohydr.
Res. 1984, 127, 181; f) N. Yoshida, A. Seiyama, M. Fujimoto, J.
Inclusion Phenom. 1984, 2, 573; g) N. Yoshida, A. Seiyama, M.
Fujimoto, J. Phys. Chem. 1990, 94, 4246. N. Yoshida, J. Chem. Soc.
Perkin Trans. 2 1995, 2249.


[14] Preliminary data on the inclusion of benzyl tert-butyl amine by CDs
indicate that the association constant for the amine is about four times
lower than that of the corresponding nitroxide 1 a. M. Lucarini, E.
Mezzina, G. F. Pedulli, unpublished results.


[15] M. Guerra, G. F. Pedulli, M. Tiecco, G. Martelli, J. Chem. Soc. Perkin
Trans. 2 1974, 562.


[16] a) J. H. Freed, G. K. Fraenkel, J. Chem. Phys. 1963, 39, 326; b) A.
Hudson, G. R. Luckhurst, Chem. Rev. 1969, 69, 191.


[17] B. Kirste, J. Magn. Reson. 1987, 73, 213.
[18] For examples, see a) R. Breslow, S. Halfon, Proc. Nat. Acad. Sci.


U.S.A. 1992, 89, 6916. b) R. Fornasier, M. Parmagnani, U. Tonellato, J.
Inclusion Phenom. Mol. Recognit. Chem. 1991, 11, 225. c) A. F. Daniel
de Namor, R. Trabolussi, D. F. V. Levis, J. Chem. Soc. Chem.
Commun. 1990, 751. d) N. Kobayashi, T. Osa, Carbohydr. Res. 1989,
192, 147. e) O. S. Tee, C. Mazza, R. Lozano-Hemmer, J. Giorgi, J. Org.
Chem. 1994, 59, 7602.


[19] C. Heller, H. M. McConnell, J. Chem. Phys. 1960, 32, 1535.
[20] W. P. Jenkens, Catalysis in Chemistry and Enzymology, McGraw-Hill,


New York, 1969, p. 393.
[21] It is well known that water molecules are readily included by


cyclodextrins.[1]


[22] Y. Inoue, T. Wada, Advances in Supramolecular Chemistry, JAI Press,
1997, pp. 55 ± 96.


Received: December 2, 1998 [F1471]








Enantioselective Carbometalation of Cinnamyl Derivatives:
New Access to Chiral Disubstituted CyclopropanesÐ
Configurational Stability of Benzylic Organozinc Halides


Stephanie Norsikian,[b] Ilan Marek,*[a] Sophie Klein,[b] Jean F. Poisson,[b] and
Jean F. Normant*[b]


Abstract: A stoichiometric or catalytic
amount of (ÿ)-sparteine can serve as a
promoter for the enantioselective car-
bolithiation of cinnamyl derivatives by
primary and secondary organolithium
compounds. The enantiofacial choice of
the addition reaction is dependent on
the stereochemistry of the initial double
bond. The resulting benzylic organo-
lithium compounds can be derivatized
to a linear phenylated chain that bears
two contiguous stereogenic centers with


given configurations. The use of the
dimethyl acetal of the (E)-cinnamyl
alcohol allows the highest enantioselec-
tive carbolithiation and by simply warm-
ing the reaction mixture to room tem-
perature, the resulting benzylic organo-


lithium intermediate undergoes a 1,3-
elimination to give the chiral disubsti-
tuted cyclopropane in high enantiomeric
excess (90 ± 95 % ee). Another signifi-
cant finding is the observation that the
Li ± Zn transmetalation in a benzylic
species occurs with inversion of config-
uration, and the corresponding acyclic
benzylic zinc halides have observable
configurational stability at ÿ30 8C.


Keywords: asymmetric catalysis ´
carbolithiation ´ cyclopropane ´
organolithium compounds ´
(ÿ)-sparteine


Introduction


The formation of carbon ± carbon bonds by means of organo-
metallic reagents, which began after discoveries made by
Barbier and Grignard, has commonly been achieved by their
reactions with polar carbon electrophiles. In the search for
new types of selective formation of carbon ± carbon bonds by
the use of organometallic reagents, and following the pioneer-
ing Ziegler addition of some anionic initiators to nonpolarized
carbon ± carbon bonds,[1] the controlled carbometalation re-
action has emerged as a new tool. Carbometalation reactions
are reactions which result in the addition of the carbon ± metal
bond of an organometallic reagent across a carbon ± carbon
double bond to produce a new organometallic compound in
which the newly formed carbon ± metal bond can be used for
further synthetic transformations. An outstanding number of
organometallic additions to C�C bonds have already been
reported and reviewed.[2, 3]


If an efficient method was available to render such a
process asymmetric, it would acquire a tremendous utility as a
method to create asymmetric vicinal carbon atoms, partic-
ularly if acyclic substrates are employed. However, until now,
reports of such enantioselective carbometalation reactions are
scarce,[4] in spite of the increasing worldwide interest. This is
because of the difficulties associated with the enantiofacial
differentiation of an unactivated alkene. The most important
results in this field come from the asymmetric ethylmagne-
siation reactions[5] developed mainly by Hoveyda et al. and by
the asymmetric carboalumination reaction developed by
Negishi et al.[6] In both cases, the enantioselectivities arise
from chiral zirconium derivatives.[6, 7] Moreover, the enantio-
selective allylmetalation of a cyclopropene ketal with a chiral
bisoxazoline ligand was also reported by Nakamura et al.[8]


Some years ago, we were interested in the carbometalation of
unstrained and unactivated olefins by the synthesis of
geminate organobimetallic derivatives.[9] Our attention was
attracted to a report by Kuwajima et al.[10] on the diastereo-
selective carbolithiation reaction of cinnamyl alcohol. Indeed,
one very interesting result arose from this work: the
carbolithiation of these substrates proceeded in hexane only
in the presence of TMEDA to give the carbometalated product
(Scheme 1).[11] .


This observation led us to consider the enantioselective
carbolithiation reaction of cinnamyl derivatives since it would
only be necessary to switch from an achiral diamine
(TMEDA) to a chiral one. But what kind of chiral diamine
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 nBuLi / hexane


Scheme 1. Carbolithiation of cinnamyl alcohol.


should be the most appropriate as a chiral ligand for
alkyllithium?. Fortunately, Hoppe et al. have shown that the
complexation of one equivalent of sBuLi with one equivalent
of (ÿ)-sparteine leads to a chiral organometallic which
induces enantioselective deprotonation of achiral alkyl car-
bamates.[12] The lupine alkaloid (ÿ)-sparteine is readily
available and is obtained through the extraction of
certain papilionaceous plants.[13] This diamine is also
admirably suited for the enantioselective deprotonation
of N-Boc pyrrolidines[14] and can also be utilized in
the thermodynamically controlled equilibration of configura-
tionally labile epimeric organolithium derivatives.[12, 14] There-
fore, we decided to study the effect of the complexation
of alkyllithium with (ÿ)-sparteine in carbometalation reac-
tions, rather than in the metalation reactions previously
described.


Results and Discussion


The addition of (E)-cinnamyl alcohol (1) to a solution of
nBuLi in various solvents in the presence of (ÿ)-sparteine
(1 equiv) led to a red solution which was then hydrolyzed to
give the corresponding alcohol (Scheme 2) in the yields and ee
values shown in Table 1.


Scheme 2. Enantioselective carbolithiation of cinnamyl alcohol.


As expected, (ÿ)-sparteine has a most pronounced effect in
the absence of donor solvents, such as diethyl ether or THF
(Table 1, entries 1 and 2). Indeed, in hexane (entry 3) or even
better in cumene (entry 4),[15] higher ee values are obtained
for the carbolithiation reaction. The purity of the chiral
alcohol 12 was determined by the 31P NMR analysis of derived
diastereomeric phosphorus products.[16] The absolute config-
uration of the chiral center was determined to be S, through
comparison with data[17] reported for the corresponding acid
(Scheme 2).


Thus, this simple method (carbolithiation of cinnamyl
substrates by complexation of one equivalent of (ÿ)-sparteine
with alkyllithium) produced the first enantioselective intro-
duction of an n-butyl group across a double bond by means of
a simple alkyllithium compound.[18]


In order to examine the scope of this reaction, we decided
to extend this carbolithiation reaction to other alkyllithium
compounds and to other cinnamyl substrates (Scheme 3,
Table 2).


Commercially available (in hydrocarbon solvent) primary
alkyllithium compounds (Table 2, entries 1 and 2) as well as a
secondary alkyllithium compound (Table 2, entry 3) led to
good ee values, whereas the addition of a tertiary alkyllithium
compound (Table 2, entry 4) gave the racemic compound in a
low yield. These results correlated well with the extent of the
complexation of the alkyllithium compounds with (ÿ)-spar-
teine: the complexation is strongest with the sterically less
demanding organolithium derivatives and weakest with steri-
cally congested environments, such as tBuLi.[19] However,
when the same reaction was applied to nBuLi in the presence
of LiBr, and independent of the nature of the solvent (hexane,
cumene, diethyl ether, or THF), no carbolithiation reaction


Abstract in Hebrew: .


Abstract in French: Une quantitØ stoechiomØtrique, ou cata-
lytique, de (ÿ)-spartØine permet d�effectuer la carbolithiation
ØnantiosØlective de dØrivØs cinnamiques par les organolithiens
primaires et secondaires. Le choix facial dØpend de la stØrØo-
chimie ((E),(Z)) de la double liaison. Les organolithiens
benzyliques ainsi formØs peuvent eÃtre utilisØs en synth�se pour
accØder à des chaînes linØaires phØnylØes portant 2 centres
stØrØog�nes contigus, de configuration bien dØfinie. L�emploi
d�un acØtal dØrivØ de l�alcool cinnamique (E) permet d�attein-
ndre la meilleure ØnantiosØlection, et par rØchauffement du
milieu rØactionnel à tempØrature ambiante, le lithien intermØ-
diaire provoque une Ølimination 1,3 pour engendrer un
cyclopropane disubstituØ avec un ee ØlevØ (90 ± 95 %). Un
autre aspect important de ce travail concerne la transmØtalla-
tion de ces lithiens benzyliques en zinciques correspondants
avec inversion de configuration. Ces zinciques benzyliques ont
une bonne stabilitØ configurationnelle à ÿ30 8C


Table 1. Effect of the solvent on the enantioselectivity.


Entry Solvent Yield [%][a] ee [%][b]


1 THF 61 0
2 Et2O 67 20
3 hexane 81 78
4 cumene 82 83


[a] Based on pure isolated material. [b] Determined by 31P NMR spectro-
scopy, see ref. [16].
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was observed! This result im-
plicates a mixed aggregate of
lithium halide and sparteine
which deactivates the carboli-
thiation reaction.[20] It was then
necessary to add sufficient spar-
teine to combine with all the
lithium salts present in solution.
Indeed, the carbolithiation re-
action of cinnamyl alcohol with
three equivalents of nBuLi and
then three equivalents of LiBr
occurred in the presence of four
equivalents of (ÿ)-sparteine
(one equivalent of diamine for
each lithium bromide and one
equivalent for the alkyllithi-
um). This mixture gave the
carbometalated product with
56 % ee (Table 2, entry 5). Sev-
eral other attempts were made
to try to selectively complex the
lithium salt with a nonchiral
diamine, whereby the alkyllithi-
um would be complexed by the
(ÿ)-sparteine; however, it did
not succeed.[21] Finally, in order
to minimize the amount of
chiral ligand required for the


alkyllithium, which was prepared in diethyl ether from BuBr
and Li, we took advantage of the insolubility of the lithium
salt in cumene. After the formation of the alkyllithium
compound in Et2O, dry cumene was added to the reaction
mixture and Et2O was removed under vacuum. Under these
conditions, the carbometalation reaction required only one
equivalent of (ÿ)-sparteine to give the alkylated product in a
moderate yield and with good enantioselectivity (Table 2,
entry 6). Accordingly, EtLi/LiBr (from EtBr�Li) as well as
heptyllithium/LiBr (from bromo-1-heptane� two equivalents
of tBuLi) were added to the olefin to produce the products
with good enantioselectivity (Table 2, entries 7 and 8, respec-
tively). In contrast, whatever the experimental conditions
used, the introduction of MeLi or PhLi groups failed in this
reaction (Table 2, entries 9 and 10). Therefore, from these
results we can deduce that the enantioselective carbometala-
tion with a primary or a secondary alkyllithium compound
occurs with good enantioselectivity, whereas the introduction
of a tertiary group led to a racemic product; Me and Ph groups
failed to react.


This reaction is not restricted to the cinnamyl alcohol as the
substrate and several other cinnamyl derivatives were also
carbometalated with good enantioselectivity. The presence of
a free alcohol is not compulsory for the reaction to proceed
and similar enantioselectivity (80 % ee) was obtained with the
tert-butyl ether derivative 2 (Table 2, entry 1 versus entry 11).
The absolute configuration (S) was determined after depro-
tection of the tert-butyl ether to the alcohol 12,[22] and
comparison with an authentic sample. Cinnamyldimethyl-
amine (3) also led to the carbometalated product with
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Scheme 3. Enantioselective carbolithiation of cinnamyl derivatives.


Table 2. Generalization of the carbolithiation reaction.


Entry Sub-
strate


RLi Product Solvent Yield [%][a] ee [%][b]


1 1 nBuLi 12 cumene 85 83
2 1 nHexLi 14 cumene 76 87
3 1 sBuLi 15 cumene 65 72
4 1 tBuLi 16 cumene 40 0
5 1 nBuLi/LiBr[c] 12 cumene 60 56
6 1 nBuLi/LiBr[d] 12 cumene 65 66
7 1 EtLi/LiBr[d] 17 cumene 68 85
8 1 HeptLi/LiBr[d] 18 cumene 50 63
9 1 MeLi ± ±[g] ± ±


10 1 PhLi ± ±[g] ± ±
11 2 nBuLi 19 hexane 82 80
12 3 nBuLi 20 hexane 71 82[f]


13 4 nBuLi 21 Et2O 62 66
14 5 nBuLi 22 hexane 64 84
15 6 nBuLi 23 cumene 72 70
16 7 nBuLi 24 cumene 75 70
17 8 nBuLi 25 cumene 77[e] 95
18 8 nHexLi 26 cumene 70[e] 94
19 8 sBuLi 27 cumene 80[e] 90
20 8 HeptLi/LiBr[d] 28 cumene 50[e] 90
21 9 nBuLi 29 hexane 83 85
22 9 nHexLi 30 hexane 86 84
23 9 nPrLi/LiCl[d] 31 hexane 92 76
24 10 EtLi/LiCl[d] 32 hexane 73 86
25 11 nBuLi 33 cumene 81 70


[a] Based on pure isolated product. [b] Determined by 31P NMR spectro-
scopy, see ref. [16]. [c] This reaction was carried out in the presence of four
equivalents of (ÿ)-sparteine. [d] The organolithium compound was
prepared in Et2O and the addition was carried out in cumene, see text.
[e] After deprotection of the acetal (yield of the deprotection >95%).
[f] The enantioselectivity was determined by chiral HPLC on Chirasel OD.
[g] THF, Et2O, cumene, and hexane were tested without success.
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82 % ee[23] (Table 2, entry 12), whereas the enantioselective
carbolithiation of the secondary amine 4 afforded a lower ee
(66 %)[24] (Table 2, entry 13). In this case, the reaction did not
occur in the nonpolar solvent, as previously described; Et2O
was necessary to achieve this carbolithiation, and, as we have
already seen (Table 1, entry 2),
the carbolithiation in diethyl
ether occurred with low enan-
tioselectivity. This major draw-
back can be circumvented by
the use of benzylmethylcinna-
mylamine (5) (Table 2, entry 14),
followed by hydrogenolysis of
the benzyl moiety of the addi-
tion product. The secondary
amine was now obtained in
84 % ee. The absolute configu-
ration was determined by
chemical correlation with an authentic sample prepared by
tosylation of the alcohol 12 and displacement with dimethyl-
amine.


Carbolithiation of 4-phenyl-3-buten-1-ol (6, homoallylic
cinnamyl alcohol, Table 2 entry 15) and of 5-phenyl-4-penten-
1-ol (7, Table 2, entry 16) also led to the carbometalated
products with 70 % ee.[25]


In the constant search to increase the enantioselectivity, we
found that the dimethyl acetal 8 of the (E)-cinnamyl alcohol
was the best substrate. Indeed, addition of nBuLi to this
substrate, in the presence of one equivalent of (ÿ)-sparteine,
led, after hydrolysis and deprotection of the acetal moiety, to
the alkylated product in 95 % ee! (Table 2, entry 17).[26] The
use of this acetal allows the reaction to be performed at
ÿ50 8C instead of 0 8C, as described for the carbolithiation of
the cinnamyl alcohol (Table 2, entry 1). The same trend was
observed for the carbolithiation with HexLi (94 % ee), sBuLi
(90 % ee), or an alkyllithium in the presence of lithium salts,
such as HeptLi/LiBr (90 % ee) as shown in Table 2 (en-
tries 18 ± 20, respectively).


During this study, we realized that the presence of an allylic
heteroatom, even in the b- or g-position from the C�C
unsaturation, was not very crucial for impeding a polymer-
ization process, and we became aware of a report that styrene
undergoes efficient addition reactions with a range of organo-
lithium reagents without polymerization.[27] As we have been
able to perform such a reaction on the 5-phenyl-4-penten-1-ol
(7, Table 2, entry 16) without a trace of polymerization
(whereas a nonfavorable seven-membered metalacycle be-
tween the alcoholate and the benzylic organolithium com-
pound should be formed before hydrolysis), we investigated
the enantioselective carbolithiation of b-substituted, non-
functionalized styrenes.[28] Addition of nBuLi to b-methyl-
styrene (9) in the presence of one equivalent of sparteine, led
in 4 h atÿ15 8C, to the corresponding carbometalated product
in 85 % ee (Table 2, entry 21) and without polymerization.
Additions of nHexLi (Table 2, entry 22) and nPrLi/LiCl
(Table 2, entry 23) also gave the products with good enantio-
selectivities (84 and 76 % ee, respectively[29]). Optical purities
as well as the absolute configurations of 29 and 30 were
determined by comparison with authentic samples.[30] More-


over, these three carbometalated products (Table 2, en-
tries 21 ± 23) were also derivatized into the corresponding
known acids[31] and then into the alcohols[32] (Scheme 4) in
order to corroborate their optical purities by means of NMR
spectroscopy.[16]


Several other substrates were also carbometalated, such as
b-butylstyrene (10) with EtLi/LiCl (entry 24) or, more
interestingly, the trans-stilbene (11) with nBuLi (entry 25)
with good enantioselectivities. In the latter example, we were
able to perform a desymmetrization of the starting material
into a chiral adduct (we were not able to prepare this product
by the carbolithiation of 10 with PhLi since the latter failed to
react (Table 2, entry 10). The corresponding optical purities as
well as the absolute configurations were deduced by chemical
correlation after oxidation[33] of the two phenyl rings into the
corresponding acids[34] (Scheme 4). An elegant intramolecular
carbometalation of cinnamyl substrates mediated by (ÿ)-
sparteine was published recently;[12, 35] this increases the scope
of the reaction.


The stereochemistry of the olefin is crucial to the enantio-
selectivity of the carbolithiation. While the asymmetric
carbolithiation of (E)-cinnamyl alcohol gave the (S)-alkylated
product (Scheme 2), the reaction of the (Z)-1 isomer, under
the same experimental conditions, led to 12'', the enantiomer
of 12 (with a (R) configuration), with 70 % ee (Scheme 5).
Moreover, when the allylic alcohol is not substituted, as in the
case of 2-propen-1-ol (40), the carbolithiation reaction led to
the racemic alcohol (Scheme 5).


Scheme 5. Enantioselective carbolithiation of the (Z)-cinnamyl alcohol.


Thus, in order to obtain an enantioselective carbometala-
tion reaction on a cinnamyl substrate, it is necessary to start
with an ethylenic C�C bond of given geometry. The stereo-
chemical selectivity is of tremendous utility since sparteine is
commercially available in only one enantiomeric form;
however, two enantiomeric carbometalated products are
available, at will, according to the stereochemistry of the
starting material.[36] Additionally, because the carbolithiation
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Scheme 4. Correlation of the carbometalated products.
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of the (Z)-b-alkylstyrenes is slower than that of their (E)
isomers,[37] we carried out a study of the kinetic resolution
during the carbolithiation of b-ethylstyrene (41). Indeed, the
addition of nBuLi to this substrate with an (E)/(Z) ratio of
90:10, gave the carbometalated derivative 42 in 87 % yield and
78 % ee ; and the (Z)-41 was still present in the crude reaction
mixture (7%) (Scheme 6). The absolute configuration, (S), as
well as the ee of 42 were determined after derivatization into
the known alcohol 43.


Ph Ph BuPh Ph


Et


HOOC Bu


Et


BuHO


nBuLi / hexane
1 equiv  sparteine


hexane
42


87%
78% ee


+


(E)-41
90%


(Z)-41
10%


+


7%


NaIO4, 2%RuCl3


CCl4, CH3CN, H2O
20°C, 2d


BH3 :THF


20°C, 6h 43


85%
80%


Scheme 6. Kinetic resolution in the carbometalation of b-ethylstyrene.


The enantioselective and straightforward synthesis of 42
and 43 is an interesting entry to the elaboration of the West
fragment of a potent tripeptide immunomodulator.[38]


Since these cinnamyl derivatives were shown to be un-
reactive towards the addition of alkyllithium in hydrocarbon
solvents without an external diamine, the potential for
catalysis was obvious. The results, summarized in Table 3,
show that addition of these derivatives to alkyllithium
compounds and catalytic amounts of (ÿ)-sparteine also leads
to good enantiomeric excesses (70 ± 92 % ee). Even with 1 %
of chiral diamine, the chiral adduct is obtained in 85 % ee
(entry 4). Moreover, the product itself is not an enantiose-
lective catalyst[39] since the hydrolysis of the reaction mixture
after only 30 % conversion led to the same ee value.


In the first part of this work, we hydrolyzed the newly
formed benzylic organolithium compounds formed in these
reactions in order to study the enantioselectivity of the
carbolithiation step. However, since we had synthesized these
benzylic organolithium compounds, we decided to study the
stereochemical outcome of
their reactions with several
electrophiles and to create two
chiral centers in a one-pot op-
eration and in an acyclic sys-
tem. Kuwajima et al.[10] have
recently reported the reactivity
of such benzylic organolithium
compounds, in a racemic sub-
strate, with electrophiles. When
applied to our enantioselective
approach on cinnamyl alcohol,
the reactions proceeded in a
highly diastereoselective man-
ner (Scheme 7).


All compounds had the same
1H and 13C NMR spectra as the
products prepared with TME-
DA[10] instead of (ÿ)-sparteine;


therefore, the reaction affords the syn product. The lithium
alkoxide functionality in 12 Li, obtained after the carbolithia-
tion step, is able to fix the configuration at the benzyl
position;[40] the anti intermediate is expected to be more stable
(thermodynamic equilibration[41]) as a result of the steric
hindrance of the phenyl and alkyl groups. The reaction of the
benzylic organolithium thus formed with different electro-
philes was determined to occur with inversion of configura-
tion.[10, 42] In all cases examined, the products were obtained in
a diastereomeric ratio (dr) of >98:2 prior to purification and
with the enantioselectivity of the carbolithiation step. When
the starting material was the (Z)-1 cinnamyl alcohol (see
Scheme 5), the carbolithiation step led to the benzylic
organolithium 12''Li, the opposite enantiomer of 12 Li
(Scheme 7). After reaction with diphenyl disulfide, the
enantiomeric adduct 45'' was obtained with a diastereoselec-
tivity of >98/2 and an enantioselectivity of 70 %. Thus, two
chiral centers were created in a one-pot operation in a
diastereospecific and enantioselective manner on an acyclic
system.


We then studied the reaction of the benzylic organolithium
with an intramolecular electrophile, namely the acetal moiety
8 described in Table 2. When the chelating moiety was a
dimethyl methoxy methyl ether, the benzylic organolithium
species formed was not stabilized, and it became thermally
labile.[43] Indeed, when the reaction mixture was simply


Table 3. Catalytic enantioselective carbolithiation reaction.


Entry Substrate RLi Product Sparteine
(equiv)


Yield [%][a] ee [%][b]


1 1 nBuLi 12 0.05 55 84
2 3 nBuLi 20 0.05 70 82
3 8 nBuLi 25 0.1 67[c] 92
4 8 nBuLi 25 0.01 50[c] 85
5 8 nHexLi 26 0.1 65[c] 92
6 8 sBuLi 27 0.1 77[c] 92
7 9 nBuLi 29 0.1 50 70


[a] Based on pure isolated product. [b] Determined by 31P NMR spectro-
scopy, see ref. [16]. [c] After deprotection of the acetal (yield of the
deprotection >95 %).
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Scheme 7. Creation of two chiral centers.
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warmed to room temperature the benzylic organolithium
intermediate led to the pure chiral trans-disubstituted cyclo-
propane,[44] by means of an internal nucleophilic substitution
(Scheme 8 and Table 4).


Ph R
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R


O
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-50°C
to 20°C *


ee >90%
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-50°C


ee>90%


8


Scheme 8. Enantioselective cyclopropanation.


The alkyl and phenyl groups in these cyclopropanes are anti
to each other and may result from a W-shaped transition
state.[45] In this transformation, the initially formed stereo-
genic center CÿR is invariant, when established during the
carbolithiation reaction step, whereas the benzylic carbon
atom is free to epimerize[10] and to promote the formation of
the thermodynamically more stable trans-cyclopropane. Ac-
cording to this, the optical purities of the trans-cyclopropanes
thus obtained[46] are considered to be the same as those of the
linear acetals described in Table 2.


In order to prove this enantioselection and the absolute
configuration, the cyclopropane 47 was derivatized into a
known alcohol (Scheme 9).
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Scheme 9. Correlation of the disubstituted cyclopropane.


The (1R)-phenyl-(2R)-butyl cyclopropane (47) was first
oxidized[33] into the corresponding acid 50 in 81 % yield. The
esterification followed by the reduction of the resulting ester
led to the known (2R)-butyl-(1R)-cyclopropyl methanol


(51),[47] and the purity of the chiral disubstituted cyclopropa-
nol (93% ee) was determined by NMR spectroscopy by the
use of chiral derivatizing agents.[16] The same sequence was
performed on the cyclopropane 47, generated in the presence
of a catalytic amount of (ÿ)-sparteine, and the same
enantiomeric excess was obtained for 51. Then, by the use
of the same strategy as previously described on the dimethyl
cinnamyl acetal 8, several chiral purely trans-disubstituted
cyclopropanes were readily obtained in a one-pot operation
mediated by a catalytic amount of (ÿ)-sparteine.


Stereochemical outcome of the benzylic organolithium com-
pound formed by the carbolithiation of cinnamyl amines 3 and
52 : During the course of our study on the reactivity of benzylic
organolithium compounds with electrophiles (we performed
these experiments with TMEDA instead of (ÿ)-sparteine in
hexane, since we were only interested in the diastereoselec-
tivity of the reaction), we found that the stereochemical
outcome was unexpectedly dependent on the nature of the
heteroatom. When (E)-cinnamyl dimethylamine (3) was
treated with 1.5 equivalents of butyllithium at 0 8C in hexane
in the presence of 1.5 equivalent of TMEDA, we obtained the
corresponding benzylic organolithium which was then trap-
ped by several electrophiles (Scheme 10). The same stereo-
chemical outcome was obtained when the carbolithiation
reaction was performed in other solvent systems (Scheme 10).
Thus, the stereochemical outcome of the reaction of a benzylic
organolithium is totally different when the chelating group
is a lithium alcoholate (Scheme 3) or an amino group
(Scheme 10).
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Scheme 10. Stereochemical outcome of the benzylic organolithium com-
pound in the cinnamyl dialkylamine series.


Evidence for the stereochemical assignments of the prod-
ucts 53 and 54 was obtained by comparison with authentic
samples, prepared independently.[48] In the case of 54, the two
benzylic protons are well distinguished by 1H NMR spectro-
scopy (ABX system) so that the diastereoselectivity can be
easily determined. The high diastereoselectivity observed in
this reaction may again be accounted for by a thermodynamic
control of the organolithium intermediate, as shown by the
formation of the same product starting from the (Z)-cinnamyl


Table 4. Enantioselective cyclopropanation.


Entry[a] RLi Cyclo-
propane


(ÿ)-Sparteine
[equiv][b]


Solvent Yield
[%][c]


ee
[%]


1 nBuLi 47 1 cumene 60 95
2 nBuLi 47 0.1 hexane 61 93
3 sBuLi[d] 48 0.1 hexane 66 92
4 HexLi 49 0.1 hexane 59 92


[a] After the carbometalation reaction, the mixture was rapidly warmed to
room temperature. [b] Based on the cinnamyl substrate. [c] Based on pure
isolated product and calculated from the cinnamyl substrate. [d] As a
mixture of two diastereomers as a result of the use of sBuLi.
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amine (Z)-52. Thus, a tertiary amino group (NEt2 or NMe2) at
the appropriate position blocks the configuration of the
benzyllithium, after thermodynamic equilibration,[41] through
coordination which allows a diastereoselective introduction of
electrophiles with retention of configuration. The same trend
was recently reported on a secondary amine, and PM 3
semiempirical calculations as well as 1H NMR measurements
explained the different stereoselectivities between the lithium
reagents derived from the cinnamyl alcohol and cinnamyl
amines in their reactions with electrophiles.[42]


Configurational stability of benzylic organozinc halides :
We have previously seen that the reaction of several


electrophiles with the benzylic organolithium 12 Li (which
contains an alcoholate moiety, see Scheme 7) gave the
alkylated product with an inversion of the configuration and
with very good diastereoselectivity (98:2). Taking this obser-
vation into account, we were interested to study a new
electrophile in this reaction which would provide the means to
investigate the configurational stability of benzylic organo-
metallic compounds. Indeed, if we consider that a zinc salt can
be an electrophile in this reaction, the thermodynamic
benzylic organolithium ALi (Scheme 11) should also react
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Scheme 11. Stereochemical outcome of the transmetalation of a benzylic
organolithium to the corresponding organozinc halide.


with ZnX2 with inversion of the configuration to give a new
benzylic organozinc halide AZnBr ; however, this entity
would be a contrathermodynamic moiety (phenyl syn to
alkyl, see Scheme 11). Knowing the high covalent character of
organozinc halides,[49] and their configurational stability,[50] we
thus had an opportunity to study such configurational stability
in the benzylic series.[53]


The transmetalation of the benzylic organolithium inter-
mediate ALi (12 Li or 20 Li, Scheme 11) with a solution of
zinc bromide in Et2O at ÿ60 8C, followed by slow warming to
ÿ30 8C, and quenching the resulting benzylic organozinc
bromide with DCl or MeOD led to the syn adducts. In both
cases the overall process occurred with an overall complete
inversion of the stereochemistry[51] for the two chemical steps
(transmetalation and reaction with the electrophile). How can
we explained these results? There are two possible hypoth-
eses (Scheme 12).
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Scheme 12. Configurational stability of the benzylic organic halide.


The first hypothesis is that the transmetalation occurred
with inversion of the configuration so that quenching with
DCl with retention would lead to the syn product (Scheme 12,
path A). The second hypothesis is the opposite process:
transmetalation with retention of configuration and reaction
with DCl with inversion which would lead to the same syn
product (Scheme 12, path B). In order to discriminate be-
tween these two hypotheses, we investigated the configura-
tional stability of the intermediate benzylic organozinc halide
at various time intervals: according to path A, the syn adduct
should be sensitive to the experimental conditions (such as
solvents, temperature, nature of the ZnÿX derivatives),
whereas the anti adduct from path B is the thermodynamic
product, and should be insensitive to these experimental
parameters. The results are summarized in Table 5, and in
Schemes 13 and 14.


Starting from the tertiary amine 3,the transmetalation from
Li to ZnX occurred with inversion of configuration to lead to
the less stable syn isomer 20 ZnX (compare entry 1 with
entries 2 and 3 in Table 5) and the configurational stability of
this organozinc bromide derivative was dependent on the
temperature (compare entries 2 and 3 with entries 4 and 5).
Therefore, the benzylic organozinc bromide slowly epimer-


Table 5. Configurational stability of the benzylic organozinc halide after various
time intervals.


Entry Substrate Zinc
additive[a]


T [8C] Time before
quenching
with DCl[b]


Product syn :anti[c]


1 3 none 20 30 min 54 8:92
2 3 ZnBr2 ÿ 30 30 min 54 98:2
3 3 ZnBr2 ÿ 30 4 h 54 98:2
4 3 ZnBr2 ÿ 30 to 0 15 min 54 70:30
5 3 ZnBr2 0 1 h 54 50:50
6 3 ZnBr2 50 2 h 54 2:98
7 3 ZnCl2 ÿ 30 to 0 15 min 54 70:30
8 3 BuZnBr ÿ 30 to 0 30 min 54 30:70
9 3 Et2Zn 0 1 h 54 20:80


10 3 Et2Zn ÿ 50 30 min 54 20:80
11 1 ZnBr2 ÿ 30 4 h 44 98:2
12 1 ZnBr2 50 1 h 44 2:98


[a] The zinc derivative was slowly introduced at ÿ60 8C in Et2O. [b] DCl was
added at ÿ60 8C. [c] A value of 98/2 indicates that only one stereoisomer was
detected by 1H NMR spectroscopy (400 MHz) with �80 ± 95% deuteration.
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Scheme 14. Enantioselective carbometalation of cinnamyl alcohol and
reactivity of the corresponding zinc derivatives.


ized to produce the more stable anti diastereoisomer. This
epimerization is remarkably slow so that the varying ratios of
products can be observed as a function of time. When the
reaction mixture was heated at 50 8C for 2 h (entry 6), the
thermodynamic product was obtained quantitatively. There-
fore, because both diastereoisomers are available on warming
the reaction mixture, path A of Scheme 12 is operative; the
transmetalation occurred with inversion of configuration to
give a benzylic organozinc halide configurationally stable up
to a temperature of ÿ30 8C,[52] and the latter reacts with DCl
with retention of configuration (Scheme 13).


Although the electronegativity of the chlorine atom in
ZnCl2 should allow a more tight cyclic transition state in favor
of the syn isomer, the diastereomeric ratio was unchanged
(entry 4 versus entry 7). Meanwhile, if the lithium atom is


replaced by an alkylzinc moiety (entry 8) or a zincate
(entries 9 and 10), the diastereomeric ratio was in favor of
the thermodynamic product. This points to the great differ-
ence between an organozinc halide and a bisorganozinc[50b] or
zincate reagent as regards their configurational stability.


When the chelating group was an alcoholate moiety
(alcoholate 12 Li), the same stereochemical outcome was
observed: the transmetalation into the benzylic organozinc
halide occurred with inversion of the configuration to lead to
the contrathermodynamic product (syn adduct) at low
temperatures and the electrophile reacts with retention of
configuration to give 44 with d.r.> 98/2 (entry 11). However,
if this benzylic organozinc bromide intermediate is heated at
50 8C for 2 h, a complete epimerization occurred to give the
trans organometallic derivative, and, after reaction with the
same electrophile, the opposite diastereomer was obtained
(entry 12).[53]


In the latter case (see Scheme 14), the reaction was
performed in the presence of (ÿ)-sparteine, instead of
TMEDA (as in Scheme 13) and both diastereomers of 44
were obtained by means of this strategy; however, both with
84 % ee.


Conclusions


The carbolithiation reaction of styryl derivatives by various
primary and secondary alkyllithium compounds with a
stoichiometric or catalytic amount of (ÿ)-sparteine led to
the alkylated product with very good enantioselectivities
(�95 % ee). The addition is dependent on the stereochemistry
of the initial double bond, and the resulting benzylic organo-
lithium compounds can be derivatized to the linear pheny-
lated chain which bears two contiguous stereogenic centers
with given configurations (d.r.� 98:2). When the starting
material is the dimethyl acetal, a new access to several
disubstituted pure trans-cyclopropanes is available with very
good enantioselectivities (�95 % ee) in the presence of a
catalytic amount of (ÿ)-sparteine. Finally, the observation
that the Li ± Zn transmetalation in a benzylic species occurs
with inversion of configuration led us to study the configura-
tional stability of benzylic organozinc halides; we were able to
demonstrate that they have a remarkable configurational
stability up to ÿ30 8C.


Experimental Section


General : Experiments involving organometallic compounds were carried
out under a positive pressure of dry nitrogen. All glassware was oven-dried
at 150 8C overnight and assembled quickly while still hot under a stream of
nitrogen. Liquid nitrogen was used as a cryogenic fluid at all given
temperatures, unless otherwise stated, referred to internal ones. Diethyl
ether and THF were distilled from sodium benzophenone ketyl. ZnBr2 was
melted under a stream of nitrogen and handled as a 1m solution in diethyl
ether. (ÿ)-Sparteine was purchased from Aldrich and used as received.
Organolithium reagents were titrated with 2-butanol (1m in toluene) with
1,10-phenantroline as the indicator. NMR spectra were recorded on either
a Brucker AC 400 or a AC 200 spectrometer in CDCl3. Chemical shifts are
reported in part per million (ppm) relative to tetramethylsilane (TMS) as
the internal standard (0.1 %) in the 1H NMR spectra. If a trimethylsilyl
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moiety was present within the molecule, then CHCl3 was used as the
reference. In 13C NMR spectra, CDCl3 (d� 77.2) was used as the reference.


Procedure for the derivatization of alcohols for the determination of the
enantiomeric excesses :[16] Into a dried NMR tube were introduced the
chiral diamine ((1R,2R)-(�)-N,N'-dimethyl-1,2-diphenyl-1,2-ethanedi-
amine (0.15 mmol, 38.4 mg) or (1S,2S)-(ÿ)-N,N'-dimethyl-1,2-bis[3-(tri-
fluoromethyl)phenyl]-1,2-ethanediamine (0.15 mmol, 59.6 mg) or (1R,2R)-
(ÿ)-N,N'-dimethylcyclohexane diamine (0.15 mmol, 22.7 mg)) and CDCl3


(1 mL). The tube was shaken until completed dissolution. N,N-Diethylani-
line (0.75 mmol, 130 mL) was added with a microsyringe, followed by slow
addition of PCl3 (0.15 mmol, 12.8 mL) also with a microsyringe. The NMR
tube was shaken and an exothermic reaction took place. The alcohol to be
analyzed (0.15 mmol) was then added into the NMR tube. For the special
cases of (S)-2-benzyl-hexyl-methylamine (21) and (S)-3-benzyl-1-heptanol
(23) and 4-benzyloctan-1-ol (24), selenium or sulfur were added, respec-
tively. The NMR tube was shaken and the 31P spectrum was recorded.


General procedure for the carbolithiation with RLi in hexane and in the
presence of a stoichiometric amount of (ÿ)-sparteine :


Carbolithiation of cinnamyl alcohol, homologues, and cinnamyl amines:
General procedure A : A solution of the cinnamyl derivative (x mmol) in
dry solvent (see Table 2) (x� 1 mL) was added dropwise over a period of
0.5 h at ÿ10 8C to a solution of RLi (3x mmol) in hexane in the presence
of (ÿ)-sparteine (x mmol) in dry solvent (see Table 2) (x� 2 mL). The
red reaction mixture was stirred at 0 8C for 1 h. After cooling to 0 8, the
reaction mixture was poured into 1n HCl (for the alcohols) or NH3/NH4Cl
(for the amines). The aqueous layer was extracted with diethyl ether (2�
10 mL) and the combined organic phases were dried over MgSO4. The
solvent was evaporated and the residue was then chromatographed on
silica gel.


Carbolithiation of cinnamyl acetal: General procedure B : To a solution of
RLi/hexane (2.2 equiv) in dry solvent (5 mL) was added (ÿ)-sparteine
(0.46 mL, 2 mmol) at ÿ78 8C. The mixture was allowed to warm to 0 8C for
a few minutes. The solution was then cooled to ÿ50 8C and a solution of 8
(0.41 g, 2 mmol) in dry solvent (3 mL) was added dropwise over a period of
0.5 h. The orange reaction mixture was stirred at ÿ50 8C for 5 ± 6 h,
quenched with MeOH (1 mL) at ÿ80 8C, and then with HCl (1n, 5 mL) at
0 8C. The aqueous layer was extracted with diethyl ether (3� 15 mL), the
combined organic phases were washed with saturated solution of NaHCO3,
and then dried over K2CO3. The solvents were removed under reduced
pressure and the product was purified by column chromatography (silica
gel, cyclohexane/ethyl acetate: 95/5) to afford the carbometalated product.


Carbolithiation of b-alkylated styrenes: General procedure C : To a
solution of RLi/hexane (2.2 equiv) in dry hexane (5 mL) was added (ÿ)-
sparteine (0.46 mL, 2 mmol) at ÿ50 8C. The mixture was allowed to warm
to 0 8C for a few minutes and then cooled to ÿ20 8C. A solution of b-
alkylated styrene (2 mmol) in dry hexane (3 mL) was added dropwise over
a period of 0.5 h. The orange reaction mixture was stirred atÿ20 8C for 4 h.
The mixture was quenched with HCl (1n, 5 mL) at ÿ20 8C. The aqueous
layer was extracted with diethyl ether (3� 15 mL), the combined organic
phases were washed with brine, and then dried over MgSO4. The solvents
were removed under reduced pressure and the product was purified by
column chromatography (silica gel, pentane) to afford the carbometalated
product.


Carbolithiation of trans-stilbene (11): General procedure D : A solution of
nBuLi (1.6m/hexane, 2.2 equiv) was added at ÿ10 8C to a solution of trans-
stilbene (11, 0.45 g, 2.5 mmol) and (ÿ)-sparteine (0.57 mL, 2.5 mmol) in dry
cumene. The orange reaction mixture was then stirred at 0 8C for 8 h. The
mixture was quenched with HCl (1n, 5 mL) at ÿ20 8C. The aqueous layer
was extracted with diethyl ether (3� 15 mL), the combined organic phases
were washed with brine, and then dried over MgSO4. The solvents were
removed under reduced pressure and the product was purified by column
chromatography (silica gel, cyclohexane) to afford the carbometalated
product in 81 % yield.


Carbolithiation with RLi in Et2O and in the presence of a stoichiometric
amount of (ÿ)-sparteine: General Procedure E :


Carbolithiation of cinnamyl alcohol: General procedure : RLi (9 mmol)
was prepared in Et2O, then Et2O was removed under vacuum and dry
cumene was added. After the addition of (ÿ)-sparteine (3 mmol), a
solution of cinnamyl derivatives (3 mmol) in dry cumene (5 mL) was added


dropwise over a period of 0.5 h at 0 8C. The remainder of the procedure is
analogous to that of procedure A.


Carbolithiation of cinnamyl acetal 8: General procedure : RLi (6 mmol)
was prepared in Et2O, then Et2O was removed under vacuum and dry
cumene (5 mL) was added. (ÿ)-Sparteine (0.46 mL, 2 mmol) was added at
ÿ78 8C and the mixture was allowed to warm to 0 8C for a few minutes. The
solution was then cooled to ÿ50 8C and a solution of 8 (2 mmol, 0.41 g) in
dry cumene (3 mL) was added dropwise over a period of 0.5 h. The
remainder of the procedure is analogous to that of procedure B.


Carbolithiation of b-alkylated styrene: General procedure : RLi (6.6 mmol)
was prepared in Et2O, then Et2O was removed under vacuum and dry
hexane (5 mL) was added. (ÿ)-Sparteine (0.46 mL, 2 mmol) was added at
ÿ50 8C and the mixture was allowed to warm to 0 8C for a few minutes. The
solution was then cooled to ÿ20 8C and a solution of b-alkylated styrene
(2 mmol) in dry hexane (3 mL) was added dropwise over a period of 0.5 h.
The remainder of the procedure is analogous to that of procedure C.


Carbolithiation reaction with a catalytic amount of (ÿ)-sparteine: General
procedure :


Carbolithiation of cinnamyl alcohol : A solution of cinnamyl alcohol
(2 mmol) in dry cumene (3 mL) was added dropwise over a period of 0.5 h
at ÿ10 8C to a solution of RLi/hexane (6 mmol) in the presence of (ÿ)-
sparteine (0.046 mL) in dry cumene (5 mL). The red reaction mixture was
stirred at 0 8C for 1 h. The remainder of the procedure is analogous to that
of procedure A.


Carbolithiation of cinnamyl acetal 8 : To a solution of RLi/hexane (3 equiv)
in dry hexane (10 mL) was added (ÿ)-sparteine (0.1 mL when the reaction
was performed with 10% mol and 10 mL when the reaction was performed
with 1% mol) atÿ78 8C. The mixture was allowed to warm to 0 8C for a few
minutes and then cooled toÿ50 8C. A solution of 8 (0.93 g, 4.5 mmol) in dry
hexane (5 mL) was added dropwise over a period of 1 h. The orange
reaction mixture was stirred at ÿ50 8C for 7 ± 8 h. The mixture was
quenched with MeOH (1 mL) at ÿ80 8C and then with HCl (1n, 10 mL) at
0 8C. The aqueous layer was extracted with diethyl ether (3� 20 mL), the
combined organic phases were washed with a saturated solution of
NaHCO3, and then dried over K2CO3. The solvents were removed under
reduced pressure and the product was purified by column chromatography
(silica gel, cyclohexane/AcOEt 95:5) to afford the carbometalated product.


Carbolithiation of b-methylstyrene (9): (ÿ)-Sparteine (0.46 mL, 2 mmol)
was added to a solution of nBuLi (2.8 mL, 1.6n/hexane, 2.2 equiv) in dry
hexane (5 mL) at ÿ50 8C. The mixture was allowed to warm to 0 8C for a
few minutes and then cooled to ÿ20 8C. A solution of b-methylstyrene
(2 mmol) in dry hexane (3 mL) was added dropwise over a period of 0.5 h.
The orange reaction mixture was stirred at 0 8C for 8 h then for 12 h at room
temperature. The mixture was quenched with HCl (1n, 5 mL) at ÿ20 8C.
The aqueous layer was extracted with diethyl ether (3� 15 mL), the
combined organic phases were washed with brine, and then dried over
MgSO4. The solvents were removed under reduced pressure and the
product was purified by column chromatography (silica gel, pentane) to
afford the carbometalated product.


(2S)- and (2R)-2-Benzyl-1-hexanol (12): The reaction was performed on 1
(0.523 g, 4 mmol) according to Procedure A (eluent: cyclohexane/ethyl-
acetate: 80/20).


(S)-12 : Yield: 85 % (0.632 g); [a]25
D �ÿ4.1 (c� 0.02, CH2Cl2); 31P NMR


(90 MHz, CDCl3): d� 136.83 (s, 91.5%), 137.50 (s, 8.5 %), 83 % ee.


(R)-12 : Yield: 63% (0.484 g); [a]20
D � 3.5 (c� 0.01, CH2Cl2); 31P NMR


(36.22 MHz, CDCl3): d� 139.25 (s, 85%), 139.86 (s, 15%), ee� 70%;
1H NMR (200 MHz, CDCl3): d� 0.90 (t, J� 7.1 Hz), 1.15 ± 1.40 (m, 6H),
1.70 (m, 1 H), 2.65 (d, J� 7.1 Hz, 2 H), 3.50 (d, J� 5.1 Hz, 2H), 7.10 ± 7.35
(m, 5H); 13C NMR (100 MHz, CDCl3): d� 13.92, 22.83, 28.98, 30.15, 37.35,
41.33, 64.34, 125.57, 128.02, 129.03, 140.73.


(2S)-2-Benzyl-1-octanol (14): The reaction was performed on 1 (0.201 g,
1.5 mmol) according to Procedure A (eluent: cyclohexane/ethyl acetate:
80/20). Yield: 76 % (0.25 g); [a]25


D �ÿ5.29 (c� 0.02, CHCl3); 1H NMR
(400 MHz, CDCl3): d� 0.87 (t, J� 6.7 Hz, 3H), 1.2 ± 1.4 (m, 8H), 1.8 (m,
1H), 2.63 (d, J� 7.1 Hz, 2H), 3.52 (d, J� 4.7 Hz, 2H), 7.1 ± 7.35 (m, 5H);
13C NMR (50 MHz, CDCl3): d� 14.09, 15.28, 22.66, 29.60, 30.84, 31.84,
37.71, 41.61, 65.87, 125.86, 128.3, 129.18; 31P NMR (162 MHz, (1R,2R)-(�)-
N,N'-dimethyl-1,2-diphenyl-1,2-ethanediamine, CDCl3): d� 137.81 (s,
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93.5 %), 138.58 (s, 6.5 %); 87 % ee ; anal. calcd for C15H24O: C 81.76, H
10.98; found C 81.70, H 10.99.


(2S,3RS)-2-Benzyl-3-methyl-1-pentanol (15): The reaction was performed
on 1 (0.523 g, 4 mmol) according to Procedure A (eluent: cyclohexane/
ethyl acetate 80:20). Yield: 65 % (0.5 g); 1H NMR ( 400 MHz, CDCl3): d�
0.98 (m, 6H), 1.25 (s, 1 H), 1.28 (m, 2H), 1.55 (m, 2H), 1.8 (m, 1H), 2.42 (dd,
J� 9.7, 13.7 Hz, 1 H), 2.66 (d, J� 8 Hz, 2H), 2.7 (dd, J� 13.7 Hz, 1 H), 3.5
(m, 2 H), 7.2 ± 7.3 (m, 5 H); 13C NMR (100 MHz, CDCl3): d� 12.18, 12.32,
15.80, 15.39, 26.98, 26.81, 33.70, 34.64, 34.97, 35.38, 47.40, 63.01, 63.58,
125.92, 128.47, 129.13, 139; 31P NMR (160 MHz, CDCl3): d� diaster-
eoisomer 1: 138.97 (s, 14 %), 137.55 (s, 86%); 72 % ee ; diastereoisomer 2 :
138.47 (s, 14%), 136.98 (s, 86%); 70% ee.


(2S)-2-Benzyl-3,3-dimethyl-1-butanol (16): The reaction was performed on
1 (0.523 g, 4 mmol) according to Procedure A (eluent: cyclohexane/ethyl
acetate 80:20). Yield: 40% (0.3 g); 1H NMR (200 MHz, CDCl3): d� 1.05 (s,
9H), 1.55 (m, 1 H), 2.5 (dd, J� 10.7, 13.7 Hz, 1H), 2.9 (dd, J� 3.4, 13.7 Hz),
3.64 (m, 2H), 7.10 ± 7.45 (m, 5H); 13C NMR (50 MHz, CDCl3): d� 28.42, 38,
34, 53, 62.60, 125.47, 127, 128.42, 129, 142.28. 31P NMR (160 MHz, CDCl3):
d� 136.76 (s, 50 %), 135.48 (s, 50 %); 0 % ee.


(2S)-2-Benzyl-1-butanol (17): The reaction was performed on 1 (0.4 g,
3 mmol) according to procedure E (eluent: cyclohexane/ethyl acetate
70:30). Yield: 68 % (0.335 g); [a]25


D � 4 (c� 0.08, CH2Cl2); 1H NMR
(400 MHz, CDCl3): d� 0.93 (t, J� 7.5 Hz, 3 H), 1,37 (m, 2H), 1.7 (m,
1H), 1.85 (m, 1H), 2.62 (m, 2H), 3.50 (d, J� 5.4 Hz, 2H), 7.2 ± 7.3 (m, 5H);
13C NMR (100 MHz, CDCl3): d� 11.73, 23.69, 37.68, 44.53, 64.79, 126.25,
128.70, 129.61, 141.32; 31P NMR (36.22 MHz, CDCl3): d� 136.96 (s, 92%),
137.84 (s, 7 %); 85 % ee ; anal. calcd for C11H16O: C 80.43, H 9.83; found C
80.57, H 9.67.


(2S)-2-Benzyl-1-nonanol (18): The reaction was performed on 1 (0.4 g,
3 mmol) according to procedure E (eluent: cyclohexane/ethyl acetate
70:30). Yield: 50% (0.351 g); [a]25


D �ÿ3.2 (c� 0.01, CH2Cl2).1H NMR
(200 MHz, CDCl3): d� 0.83 (t, J� 6.1 Hz, 3H), 1.1 ± 1.35 (m, 12 H), 1.75 (m,
1H), 2.6 (d, J� 7.1 Hz, 2H) 3.5 (d, J� 5.1 Hz, 2H), 7.1 ± 7.35 (m, 5H);
13C NMR (50 MHz, CDCl3): d� 14.11, 22.67, 26.95, 29.28, 29.88, 30.73,
31.86, 37.64, 42.55, 64.83, 125.82, 129.16, 129.55, 140.83; 31P NMR
(162 MHz, (1R,2R)-(�)-N,N'-dimethyl-1,2-diphenyl-1,2-ethanediamine,
CDCl3): d� 137.52 (s, 81.5%), 138.32 (s, 18.5 %); 63% ee.


(2S)-2-Benzyl-1-tert-butoxyhexane (19): The reaction was performed on 2
(0.125 g, 1.1 mmol) according to Procedure A (eluent: cyclohexane/ethyl
acetate 98:2). Yield: 82 % (0.185 g); [a]25


D �ÿ0.4 (c� 0.01, CH2Cl2);
1H NMR (400 MHz, CDCl3): d� 0.7% (t, J� 6.9 Hz, 3H), 1.07 (s, 9H),
1.18 ± 1.24 (m, 6H), 1.70 (m, 1H), 2.44 (dd, J� 6.8, 13.5 Hz, 1H), 2.63 (dd,
J� 6.8, 13.5 Hz, 2H), 3.09 (m, 2H), 7.07 ± 7.18 (m, 5H); 13C NMR
(100 MHz, CDCl3), 14,53, 23.44, 28.01, 29.62, 31.17, 38.33, 41.19, 63.71,
125.94, 128.42, 129.75, 141,85; anal. calcd for C17H28O: C 82.19 H, 11.37;
found C 82.68 H, 11.65.


N,N-Dimethyl-(2S)-2-benzyl-1-hexanamine (20): The reaction was per-
formed on 3 (0.322 g, 2 mmol) according to Procedure A (eluent: cyclo-
hexane/diethyl ether 1:1 containing a few drops of 32% aqueous NH3).
Yield: 71% (0.306 g); [a]25


D �ÿ11.96 (c� 0.02, CH2Cl2).1H NMR
(400 MHz, CDCl3): d� 0.88 (m, 3H), 1.28 (m, 6H), 1.81 (m,1 H), 2.10
(dd, J� 7.6, 12.9 Hz, 2H), 2.20 (s, 6 H), 2.50 (dd, J� 7.5, 13.6 Hz, 1 H), 2.70
(dd, J� 5.9, 13.6 Hz, 1 H), 7.20 ± 7.30 (m, 5 H); 13C NMR (50 MHz, CDCl3):
d� 14.38, 23.30, 29.16, 31.73, 38.13, 38.79, 46.15, 64.28, 125.80, 128.26,
129.60, 141.41; anal. calcd for C15H25N: C 82.13, H 11.49; N, 6.38; found C
81.93, H 11.36; N, 6.25; HPLC analysis (UV monitoring (n� 254 nm),
Chiracel OD column; flow rate: 0.1 mL minÿ1; eluent: hexane; 82% ee.


(2S)-N-Methyl-2-benzyl-hexanamine (21): The reaction was performed on
4 (0.294 g, 2 mmol) according to Procedure A (eluent: CH2Cl2/methanol
90:10 containing a few drops of 32 % aqueous NH3). Yield: 66% (0.258 g);
[a]25


D �ÿ4.38 (c� 0.01, CH2Cl2).1H NMR (200 MHz, CDCl3): d� 0.87 (m,
3H), 1.30 (m, 6H), 1.50 (m,1 H), 1.8 (m, 1H), 2.39 (s, 3 H), 2.47 (d, J�
6.0 Hz, 2H), 2.60 (d, J� 6.0 Hz, 2 H), 7.10 ± 7.30 (m, 5H); 13C NMR
(50 MHz, CDCl3): d� 13.99, 22.89, 26.87, 31.57, 36.48, 38.90, 39.88, 55.17,
125.64, 128.43, 129.05, 1409.8; 31P NMR (36.22 MHz, CDCl3): d� 83.32 (s,
83%), 83.53 (s, 17%); 66% ee ; anal. calcd for C14H23N: C 81.88, H 11.30; N,
6.82; found C 81.24, H 11.65; N, 6.78.


N-Benzyl-N-methyl-(2S)-2-benzyl-1-hexanamine (22): The reaction was
performed on 5 (0.5 g, 2.1 mmol) according to Procedure A (eluent:
cyclohexane/diethyl ether 1:1 containing a few drops of 32 % NH3). Yield:


64% (0.62 g); [a]25
D �ÿ6.2 (c� 0.01, CH2Cl2); 1H NMR (400 MHz, CDCl3):


d� 0.87 (m, 3 H), 1.2 ± 1.27 (m, 6H) 1.9 (m, 1 H), 2.16 (s, 3H), 2.24 (m, 2H),
2.5 (dd, J� 7.2, 13.5 Hz,1 H), 2.78 (dd, J� 5.6, 13.6 Hz, 1H), 3.46 (m, 2H),
7.16 ± 7.34 (m, 10 H); 13C NMR (50 MHz, CDCl3): d� 14.08, 23.02, 28.72,
31.36, 37.86, 38.53, 42.59, 61.63, 62.66, 125.45, 126.69, 127.96, 128.04, 128.84,
129.27, 139.63, 141.29; anal. calcd for C21H29N: C 85.36, H 9.9; N,4.74;
found: C 85.72, H 10.15, N 5.03


3-Butyl-4-phenyl-1-butanol (23): The reaction was performed on 4-phenyl-
3-butene-1-ol (6, 0.592 g 4 mmol) according to Procedure A (eluent:
cyclohexane/ethylacetate 80:20). Yield: 72% (0.6 g); 1H NMR (200 MHz,
CDCl3): d� 0.89 (m, 3H), 1.3 (m, 6H), 1.5 (q, J� 6.8 Hz, 2H), 1.6 (m, 1H),
1.75 (m, 1H),.2.48 (dd, J� 7.2, 13.5 Hz, 1H) 2.58 (dd, J� 6.8, 13.5 Hz, 1H),
3.6 (m, 2 H), 7.1 ± 7.3 (m, 5H); 13C NMR (100 MHz, CDCl3): d� 14.11,
22.98, 26.91, 28.7, 33.13, 36.42, 40.65, 60.95, 125.72, 128.17, 129.17, 141.25; 31P
NMR (36.22 MHz, CDCl3, (1R,2R)-(ÿ)-N,N'-dimethylcyclohexane di-
amine, S8): d� 88.33 (s, 15 %), 83.35 (s, 85%); 70 % ee.


4-Butyl-5-phenyl-1-pentanol (24): The reaction was performed on 5-phe-
nyl-4-en-1-pentanol (7, 0.65 g 4 mmol) according to Procedure A (eluent:
cyclohexane/ethyl acetate 80:20). Yield: 75% (0.6 g); [a]25


D � 2.5 (c� 0.01,
CHCl3); 1H NMR (400 MHz, CDCl3): d� 0.91 (t, J� 6.7, 3H), 1.25 ± 1.45
(m, 6H), 1.5 ± 1.7 (m, 4H), 2.55 (dd, J� 7.2, 13.5 Hz, 1 H), 2.61 (dd, J� 6.9,
13.5, 1 H), 3.6 (t, J� 6.6 Hz, 2 H), 7.15 ± 7.35 (m, 5 H); 13C NMR (100 MHz,
CDCl3): d� 14.25, 23.14, 28.87, 29.13, 29.90, 32.94, 39.58, 40.61, 63.42,
125.75, 128.25, 129.28, 141.64; 31P NMR (162 MHz, CDCl3, (1R,2R)-(�)-
N,N'-dimethyl-1,2-diphenyl-1,2-ethanediamine, Se): d� 83.38 (s, 15%),
83.40 (s, 85%); 70 % ee.


(2S)-[2-Benzyl-1-(1-methoxy-1-methylethoxy)]hexane (25): The reaction
was performed on 8 (0.41 g 2 mmol) according to Procedure B. Yield: 77%
(0.4 g); 1H NMR (400 MHz, CDCl3): d� 0.89 (t, J� 7.3 Hz, 3H), 1.4 ± 1.2
(m, 12 H), 1.86 (m, 1 H), 2.56 (dd, J� 7.1, 13.5 Hz, 1 H), 2.74 (dd, J� 7.1,
13.6 Hz, 1H), 3.2 (s, 3H), 7.3 ± 7.5 (m, 5H); 13C NMR (50 MHz, CDCl3):
d� 14.08, 22.97, 24.46, 29.17, 30.81, 38.01, 40.44, 48.42, 62.60, 99.25, 125.61,
128.06, 129.23, 141.19; anal. calcd for C17H28O2: C 77.22, H 10.67; found C
77.15, H 10.78.


(2S)-[2-Benzyl-1-(1-methoxy-1-methylethoxy)]octane (26): The reaction
was performed on 8 (0.41 g, 2 mmol) according to Procedure B. Yield: 70%
(0.41 g); 1H NMR (400 MHz, CDCl3): d� 0.89 (t, J� 7.3 Hz, 3H), 1.4 ± 1.2
(m, 12 H), 1.86 (m, 1 H), 2.56 (dd, J� 7.1, 13.5 Hz, 1 H), 2.74 (dd, J� 7.1,
13.6 Hz, 1H), 3.2 (s, 3H), 7.3 ± 7.5 (m, 5H); 13C NMR (50 MHz, CDCl3):
d� 14.08, 22.97, 24.46, 29.17, 30.81, 38.01, 40.44, 48.42, 62.60, 99.25, 125.61,
128.06, 129.23, 141.19; anal. calcd for C17H28O2: C 77.22, H 10.67; found C
77.15, H 10.78.


(2S)-[2-Benzyl-1-(1-methoxy-1-methylethoxy)-3-methyl]pentane (27): The
reaction was performed on 8 (0.41 g, 2 mmol) according to Procedure B.
Yield: 80% (0.422 g); 1H NMR (200 MHz, CDCl3): d� 0.8 ± 0.95 (m, 6H),
1.0 ± 1.6 (m, 9H), 1.85 (m, 1H), 2.4 ± 2.8 (m, 2H), 3.1 (s, 3H), 3.14 (s, 3H),
3.2 ± 3.5 (m, 2H), 7.1 ± 7.35 (m, 10 H); 13C NMR (50 MHz, CDCl3): d�
13.09, 13.23, 16.34, 25.37, 27.59, 27.72, 34.82, 35.53, 36.44, 45.67, 46.08, 61.35,
61.76, 100.75, 126.49, 129.06, 130.03; anal. calcd for C17H28O2: C 77.22, H
10.67; found C 77.09, H 10.76.


(2S)-[2-Benzyl-1-(1-methoxy-1-methylethoxy)]nonane (28): The reaction
was performed on 8 (0.41 g, 2 mmol) according to procedure E (eluent:
cyclohexane/ethyl acetate 95:5). Yield: 50 % (0.306 g); 1H NMR (400 MHz,
CDCl3): d� 0.9 (t, J� 6.9 Hz, 3H), 1.2 ± 1.4 (m, 18H), 1.86 (m, 1H), 2.56
(dd, J� 7, 13.4 Hz, 1H), 2.74 (dd, J� 7.0, 13.5 Hz, 1H), 3.2 (s, 3 H), 3.29 (m,
2H), 7.15 ± 7.4 (m, 5H); 13C NMR (100 MHz, CDCl3): d� 14.24, 22.79,
24.59, 29.41, 29.83, 30.01, 31.25, 31.98, 38.16, 40.58, 48.54, 62.71, 99.84,
125.74, 128.16, 139.36, 141.31; anal. calcd for C20H34O2: C 78.38, H 11.18;
found C 78.21, H 11.26.


(2S)-2-Benzylhexane (29): The reaction was performed on 9 (0.26 mL,
2 mmol) according to Procedure C. Yield: 83 % (0.292 g); [a]25


D �ÿ7.72
(c� 0.05, Et2O); 1H NMR (400 MHz, CDCl3): d� 0.91 (d, J� 6.6 Hz, 3H),
0.96 (t, J� 6.64 Hz, 3H), 1.2 ± 1.5 (m, 6H), 1.78 (m, 1 H), 2.42 (dd, J� 8.24,
13.32 Hz, 1H), 2.71 (dd, J� 6, 13.32 Hz, 1H), 7.2 ± 7.4 (m, 5H); 13C NMR
(100 MHz, CDCl3): d� 12.67, 17.92, 21.48, 27.89, 33.53, 34.98, 42.25, 124.06,
126.56, 127.69, 140.18.


(2S)-2-Benzyloctane (30): The reaction was performed on 9 (0.26 mL,
2 mmol) according to Procedure C. Yield: 86 % (0.351 g); [a]25


D �ÿ10.08
(c� 0.05, Et2O); 1H NMR (400 MHz, CDCl3): d� 0.75 (d, J� 6.6 Hz, 3H),
0.8 (t, J� 6.6 Hz, 3H), 1.05 ± 1.35 (m, 10H), 1.65 (m, 1 H), 2.26 (dd, J� 8.2,
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13.3 Hz, 1H), 2.52 (dd, J� 6,0, 13.3 Hz, 1H), 7.05 ± 7.25 (m, 5H); 13C NMR
(100 MHz, CDCl3): d� 14.57, 19.84, 23.14, 27.54, 30.03, 32.38, 35.47, 37.21,
44.17, 125.98, 128.47, 129.62, 142.12.


(2S)-2-Benzylpentane (31): The reaction was performed on 9 (0.26 mL,
2 mmol) according to procedure E. Yield: 92% (0.298 g); [a]25


D �ÿ4.96
(0.05, Et2O); 1H NMR (200 MHz, CDCl3): d� 0.9 (m, 6H), 1.1 ± 1.4 (m,
4H), 1.75 (m, 1H), 2.35 (dd, J� 8.1, 13.3 Hz, 1 H), 2.65 (dd, J� 6.0, 13.3 Hz,
1H), 7.1 ± 7.4 (m, 5 H); 13C NMR (50 MHz, CDCl3): d� 14.45, 19.51, 20.37,
34.93, 39.22, 43.91, 125.71, 128.19, 129.31, 141.77.


(3R)-3-Benzylheptane (32): The reaction was performed on 10 (0.32 g,
2 mmol) according to procedure E. Yield:73 % (0.277 g); [a]25


D �� 7.09
(c� 0.05, Et2O).


(2S)-2-Benzyl-1-nonanol (18): The reaction was performed on 1 (0.4 g,
3 mmol) according to procedure E (eluent: cyclohexane/ethyl acetate
70:30). Yield: 50% (0.351 g); [a]25


D �ÿ3.2 (c� 0.01, CH2Cl2); 1H NMR
(200 MHz, CDCl3): d� 0.83 (t, J� 6.1 Hz, 3H), 1.1 ± 1.35 (m, 12 H), 1.75 (m,
1H), 2.6 (d, J� 7.1 Hz, 2H), 3.5 (d, J� 5.1 Hz, 2H), 7.1 ± 7.35 (m, 5H);
13C NMR (50 MHz, CDCl3): d� 14.11, 22.67, 26.95, 29.28, 29.88, 30.73,
31.86, 37.64, 42.55, 64.83, 125.82, 129.16, 129.55, 140.83; 31P NMR
(162 MHz, (1R,2R)-(�)-N,N'-dimethyl-1,2-diphenyl-1,2-ethanediamine,
CDCl3): d� 137.52 (s, 81.5%), 138.32 (s, 18.5 %); 63% ee.


(2S)-1,2-Biphenylhexane (33): The reaction was performed on 11 (0.45 g,
2.5 mmol) according to procedure D. Yield: 81% (0.482 g); [a]25


D ��35.7
(c� 0.03, Et2O); 1H NMR (400 MHz, CDCl3): d� 0.8 (t, J� 7.4 Hz, 3H),
1.05 ± 1.5 (m, 4 H), 1.65 (m, 2H), 2.8 (m, 1H), 2.85 (dd, J� 2.8, 8.1 Hz, 2H),
7.0 ± 7.3 (m, 10 H); 13C NMR (50 MHz, CDCl3): d� 14.42, 23.14, 30.17,
35.68, 44.30, 48.45, 126.10, 128.17, 128.41, 128.57, 129.56, 141.27, 145.74; anal.
calcd for C12H22: C 90.70, H 9.30; found C 90.70, H 9.33.


(2S)-3-Benzylheptane (42): The reaction was performed on 41 (0.264 mg,
2 mmol) ((E)/(Z) 90/10) according to procedure C. Yield: 87% (0.33 g);
[a]25


D �ÿ6.39 (c� 0.05, Et2O); 1H NMR (200 MHz, CDCl3): d� 0.9 (m,
6H), 1.15 ± 1.3 (m, 8H), 1.59 (m, 1H), 2.55 (d, J� 7 Hz, 1H), 7.1 ± 7.4 (m,
5H); 13C NMR (100 MHz, CDCl3): d� 10.97, 14.34, 23.27, 25.61, 29.07,
32.55, 40.35, 41.31, 125.70, 128.25, 129.38, 142.03.


2-Methyl-1-hexanol : A solution of 2-propen-1-ol (40, 0.230 g, 4 mmol) in
dry cumene (3 mL) was added dropwise over a period of 0.5 h at ÿ10 8C to
a solution of nBuLi/hexane (7.5 mL, 12 mmol) in the presence of (ÿ)-
sparteine (0.92 mL, 4 mmol) in dry cumene (5 mL). The reaction mixture
was stirred at 0 8C for 1 h. After cooling, the reaction mixture was poured
into a solution of HCl (1n). The aqueous layer was extracted with diethyl
ether (2� 10 mL) and the combined organic phases were dried over
MgSO4. After evaporation of the solvent the residue was chromatographed
(silica gel, pentane/ethyl acetate 80:20). Yield: 64% (0.300 g); 0% ee ;
1H NMR (200 MHz, CDCl3): d� 0.88 (m,6 H); 1.38 (m, 7H); 3.33 (m, 2H);
5.14 (s, 1H).


Deprotection of dimethylacetal: General procedure F : Dimethylacetal
(25 ± 28) was dissolved in MeOH (5 mL) and aqueous HCl solution (4n,
0.5 mL) was added. The resulting mixture was refluxed for 1 h, cooled to
room temperature, and then quenched by the addition of a saturated
NaHCO3 solution. The aqueous layer was extracted with diethyl ether. The
combined organic phases were dried over K2CO3 and evaporated under
reduced pressure. Purification by flash chromatography (SiO2, cyclohex-
ane/AcOEt 75/25) afforded the alcohol as a colorless oil (>95% yield).


(2S)-2-Benzylhexanoic acid ((S)-13): Chromium(vi) oxide (1.11 g,
11.1 mmol) in sulfuric acid (6.75 mL, 4m) was added to a solution of (S)-
2 (0.576 g, 3 mmol) in acetone (5 mL) in an ice cooled bath. After 1 h of
stirring, sodium sulfite was added, and the product was extracted with
diethyl ether. The extract was dried over anhydrous sodium sulfate. After
evaporation of the solvent, the residue was purified on silica gel (eluent:
cyclohexane/ethyl acetate 60:40). Yield: 64% (0.433 g); [a]25


D � 18.2 (c�
0.07, benzene); 1H NMR (400 MHz, CDCl3): d� 0.80 (m, 3H), 1.20 ± 1.70
(m, 6 H), 2.60 (m, 1H), 2.75 (dd, J� 9.50, 14 Hz,1 H), 2.95 (dd, J� 9.5,
14 Hz, 1 H), 7.10 ± 7.25 (m, 5H), 9.5 (s, 1H); 13C (50 MHz, CDCl3): d�
13.02, 22.69, 22.50, 31.61, 38.25, 47.55, 126.57, 128.56, 129.03, 139.32, 181.94.


Derivatization of n-benzylalkanes into acids: General procedure : To a
solution of n-benzylalkane (x mmol) in CCl4 (4x mL), CH3CN (4x mL),
and H2O (8.2 x mL) was added sodium metaperiodate (14.5 x equiv). To
this biphasic solution was added ruthenium trichloride hydrate (2.2 % mol)
and the mixture was stirred vigorously for three days at room temperature.
The resulting mixture was then diluted with CH2Cl2 (20 mL). The


precipitate was filtered through a hyflo plug and washed with CH2Cl2.
The aqueous phase was then extracted with CH2Cl2 (2� 10 mL) and the
combined organic phases were washed with a saturated solution of
NaHCO3 (3� 10 mL).The aqueous extracts were combined, and a solution
of HCl (35 %) was added until the pH reached 1. The mixture was extracted
with CH2Cl2 (3� 20 mL). The organic layers were dried over MgSO4,
filtered, and concentrated under reduced pressure to provide the crude acid
which was filtered over SiO2 with Et2O as the eluent.


(3S)-3-Methylheptanoic acid (34): The reaction was performed on 29
(0.27 g, 1.5 mmol). Yield: 71 % (0.154 g); [a]25


D �ÿ2.34 (c� 0.10, CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.87 (t, J� 6.3 Hz, 3 H), 0.94 (d, J�
6.5 Hz, 3 H), 1.1 ± 1.4 (m, 6 H), 1.9 (m, 1 H), 2.1 (dd, J� 8.03, 14.82 Hz,
1H), 2.33 (dd, J� 5.9, 14.81 Hz, 1H); 13C NMR (50 MHz, CDCl3): d�
13.99, 19.63, 22.72, 29.05, 30.07, 36.30, 41.63, 180.17.


(3S)-3-Methylnonanoic acid (35): The reaction was performed on 30
(0.39 g, 1.9 mmol). Yield: 60% (0.196 g); [a]25


D �ÿ2.83 (c� 0.5, CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.88 (t, J� 6.6 Hz, 3 H), 0.96 (d, J�
6.6 Hz, 3 H), 1.1 ± 1.4 (m, 10 H), 1.95 (m, 1 H), 2.16 (dd, J� 8, 14.74 Hz,
1H), 2.33 (dd, J� 5.84, 14.7 Hz, 1H); 13C NMR (50 MHz, CDCl3): d�
13.99, 19.60, 22.56, 26.77, 29.30, 30.07, 31.76, 36.59, 41.58, 180.00.


(3S)-3-Methylhexanoic acid (36): The reaction was performed on 31
(0.284 g, 1.75 mmol). Yield: 80% (0.182 g); [a]25


D �ÿ1.73 (c� 0.02,
CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.85 (t, J� 6.7 Hz, 3 H), 0.92
(d, J� 6.6 Hz, 3 H), 1.1 ± 1.4 (m, 4 H), 1.9 (m, 1 H), 2.05 (dd, J� 8.1, 14.7 Hz,
1H), 2.3 (dd, J� 5.8, 14.7 Hz, 1H); 13C NMR (50 MHz, CDCl3): d� 14.08,
19.61, 19.97, 29.87, 38.89, 41.64, 179.99.


(3S)-3-Ethylheptanoic acid : The reaction was performed on 42 (0.264 g,
1.4 mmol). Yield: 90% (0.277 g); [a]25


D �ÿ1.15 (c� 0.02, CHCl3).1H NMR
(400 MHz, CDCl3): d� 0.89 (m, 6H), 1.2 ± 1.45 (m, 8 H), 1.8 (m, 1 H), 2.29
(dd, J� 1.4, 6.8 Hz, 2H); 13C NMR (100 MHz, CDCl3): d� 10.81, 14.14,
22.97, 26.29, 28.82, 33.05, 36.30, 38.73, 180.51.


Butylsuccinic acid : To a solution of (S)-1,2-diphenylhexane (33, 0.35 g,
1.47 mmol) in CCl4 (12 mL), CH3CN (12 mL), and H2O (25 mL) was added
sodium metaperiodate (9.12 g, 29 equiv). To this biphasic solution was
added ruthenium trichloride hydrate (15 mg, 4.5%) and the mixture was
stirred vigorously for three days at room temperature. The resulting
mixture was then diluted with CH2Cl2 (20 mL). The precipitate was filtered
through a hyflo plug and washed with CH2Cl2. The aqueous phase was then
extracted with CH2Cl2 (2� 10 mL) and the combined organic phases were
washed with a saturated solution of NaHCO3 (3� 10 mL). The aqueous
extracts were combined, a HCl (35 %) solution was added until the pH
reached 1, and the mixture was extracted with CH2Cl2 (3� 20 mL). The
organic layers were dried over MgSO4, filtered, and concentrated under
reduced pressure to provide the crude acid which was recrystallized in
water. Yield: 50% (0.128 g); [a]25


D �ÿ17.22 (c� 0.01, EtOH); 1H NMR
(400 MHz, CDCl3): d� 0.73 (t, J� 6.8 Hz, 3 H), 1.17 (m, 4 H), 1.46 (m, 2H),
2.5 (m, 2H), 2.7 (m 1 H); 13C NMR (100 MHz, CDCl3): d� 13.39, 22.11,
28.60, 31.26, 35.97, 41.56, 176.92, 180.47; 31P NMR (162 MHz, (1S,2S)-(�)-
N,N'-dimethyl-1,2-diphenyl-1,2-ethanediamine, CDCl3): d� 136.54 (s,
85%), 137.09 (s, 85%), 137.25 (s, 15%), 137.51 (s, 15 %); 70% ee.


General procedure for the reduction of the acid with BH3 ´ THF: To a
solution of acid (x mmol) in THF (5 x mL) was added a solution of BH3 ´
THF (1m, THF, 1 equiv) at 0 8C and the mixture was allowed to warm to
room temperature and stirred for 6 h. The mixture was then quenched with
an aqueous solution of HCl (1n) at 0 8C. The aqueous layer was extracted
with diethyl ether (3� 10 mL), the organic extracts were washed with a
saturated solution of NaHCO3 (5 mL), dried over K2CO3, filtered, and
concentrated under reduced pressure. The resulting residue was purified by
column chromatography (SiO2, pentane/diethyl ether 80:20) to afford the
expected alcohol as a colorless oil.


(3S)-3-Methylheptan-1-ol (37): The reaction was performed on 34 (0.15 g,
1.04 mmol). Yield: 70% (0.095 g); [a]25


D �ÿ1.82 (c� 0.06, CHCl3);
1H NMR (400 MHz, CDCl3): d� 0.9 (m, 6 H), 1.1 ± 1.65 (m, 9 H), 3.7 (m,
2H); 13C NMR (50 MHz, CDCl3): d� 14.05, 19.61, 22.93, 29.16, 29.49,
36.79, 39.38, 61.15; 31P NMR (162 MHz, (1S,2S)-(�)-N,N'-dimethyl-1,2-
diphenyl-1,2-ethanediamine, CDCl3): d� 139.29 (s, 7.5%), 139.51 (s,
92.5 %); 85% ee.


(3S)-3-Methylnonan-1-ol (38): The reaction was performed on 35 (0.166 g,
0.96 mmol). Yield: 74% (0.113 g); [a]25


D �ÿ3.02 (c� 0.05, CHCl3);
1H NMR (400 MHz, CDCl3): d� 0.9 (m, 6 H), 1.1 ± 1.65 (m, 13 H), 3.7 (m,
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2H); 13C NMR (50 MHz, CDCl3): d� 14.29, 19.81, 22.87, 27.11, 29.67, 29.80,
32.11, 37.34, 40.13, 61.34; 31P NMR (162 MHz, (1S,2S)-(�)-N,N'-dimethyl-
1,2-diphenyl-1,2-ethanediamine, CDCl3): d� 139.11 (s, 8 %), 139.32 (s,
92%); 84% ee.


(3S)-3-Methylhexan-1-ol (39): The reaction was performed on 36 (0.15 g,
1.2 mmol). Yield: 70% (0.098 g); [a]25


D �ÿ1.1 (c� 0.04, CHCl3); 1H NMR
(200 MHz, CDCl3): d� 0.80 (m, 6H), 1.05 ± 1.6 (m, 7H), 2.0 (m, 1H), 3.58
(m, 2 H); 13C NMR (100 MHz, CDCl3): d� 14.68, 19.93, 20.39, 29.59, 39.80,
40.27, 61.44; 31P NMR (162 MHz, (1S,2S)-(�)-N,N'-dimethyl-1,2-diphenyl-
1,2-ethanediamine, CDCl3): d� 139.07 (s, 12 %), 139.32 (s, 88%); 76% ee.


(3S)-3-Ethylheptan-1-ol (43): The reaction was performed on (S)-3-ethyl-
heptanoic acid (0.19 g, 1.2 mmol). Yield: 70% (0.122 g); [a]25


D �ÿ0.32 (c�
0.05, CHCl3); 1H NMR (400 MHz, CDCl3): d� 0.89 (m, 6 H), 1.2 ± 1.6 (m,
11H), 2.25 (m, 1 H), 3.64 (t, J� 14 Hz, 2 H); 13C NMR (50 MHz, CDCl3):
d� 10.89, 14.32, 23.30, 26.17, 29.03, 33.09, 35.81, 36.64, 61.31.


Enantioselective cyclopropanation: General procedure : To a solution of
RLi/hexane (3.3 equiv) in dry solvent (10 mL) was added (ÿ)-sparteine
(0.7 mL when the reaction was performed with one equivalent and 70 mL
when the reaction was performed with 10 % mol) at ÿ78 8C and the
mixture was allowed to warm to 0 8C for a few minutes. The solution was
then cooled to ÿ50 8C and a solution of 8 (0.62 g, 3 mmol) in dry solvent
(5 mL) was added dropwise over a period of 0.5 h. After 7 h at ÿ50 8C, the
orange reaction mixture was rapidly warmed to room temperature and
stirred for 12 h. The mixture was then poured into an aqueous HCl (2n)
solution and the aqueous layer was extracted with diethyl ether (3�
10 mL). The combined organic phases were washed with brine and dried
over MgSO4. The solvents were removed under reduce pressure and the
product was purified by column chromatography (silica gel, cyclohexane)
to afford the expected cyclopropane as a colorless oil.


(1R,2R)-1-Butyl-2-phenylcyclopropane (47): Yield: 60% (0.313 g) when
the reaction was performed with a stoichiometric amount of (ÿ)-sparteine
in cumene and 61% (0.32 g) when the reaction was performed with a
catalytic amount of (ÿ)-sparteine in hexane; [a]25


D �ÿ85.5 (c� 0.03,
CHCl3) with ee� 93%; 1H NMR (400 MHz, CDCl3): d� 0.8 (m, 1 H), 0.9
(m, 4H), 1.1 (m, 1H), 1.4 (m, 6 H), 1.6 (m, 1H), 7.0 ± 7.3 (m, 5 H); 13C NMR
(100 MHz, CDCl3): d� 14.2, 16.3, 22.6, 23.3, 24.0, 31.7, 34.1, 125.2, 125.7,
128.3, 144.3; anal. calcd for C13H18: C 89.59, H 10.41; found C 89.12, H
10.58.


(1R,2R)-1-(1-Methylpropyl)-2-phenylcyclopropane (48): Yield: 66%
(0.345 g); 1H NMR (400 MHz, CDCl3): d� 0.8 (m, 1H), 0.85 ± 0.95 (m,
7H), 0.97 ± 1.0 (m, 6H), 1.05 (m, 6 H), 1.43 (m, 2 H), 1.58 (m, 2 H), 1.68 (m,
1H), 1.72 (m, 1H), 7.05 ± 7.3 (m, 10 H); 13C NMR (100 MHz, CDCl3): d�
11.71, 11.97, 19.28, 19.37, 21.77, 23.26, 29.65, 30.04, 30.44, 40.23, 40.37, 125.08,
125.56, 125.72, 128.19, 144.08, 144.23; anal. calcd for C13H18: C 89.59, H
10.41; found C 89.42, H 10.48.


(1R,2R)-1-Hexyl-2-phenylcyclopropane (49): Yield: 59% (0.34 g); [a]25
D �


ÿ71.1 (c� 0.03, CHCl3); 1H NMR (400 MHz, CDCl3): d� 0.77 (m, 1H),
0.93 (m, 4H), 1.05 (m, 1 H), 1.2 ± 1.5 (m, 10H), 1.6 (m, 1H), 7.05 ± 7.3 (m,
5H); 13C NMR (100 MHz, CDCl3): d� 14.12, 16.20, 22.67, 23.24, 23.92,
29.16, 29.89, 31.89, 34.46, 125.08, 125.55, 128.19, 144.15; anal. calcd for
C15H22: C 89.04, H 10.96; found C 88.88, H 11.01.


[(1R,2R)-1-(2-Butylcyclopropyl)]methanoic acid (50): To a solution of the
cyclopropane 47 (1.8 mmol, 0.225 g) in CCl4 (7 mL), CH3CN (7 mL), and
H2O (14.5 mL) was added sodium metaperiodate (5.6 g, 14.5 equiv). To this
biphasic solution was added ruthenium trichloride hydrate (8 mg,
2.2% mol). The mixture was stirred vigorously for three days at room
temperature and then diluted with CH2Cl2 (20 mL). The precipitate was
filtered through a hyflo plug and washed with CH2Cl2. The aqueous phase
was then extracted with CH2Cl2 (2� 10 mL) and the combined organic
phases were washed with a saturated solution of NaHCO3 (3� 10 mL). The
aqueous extracts were combined and a HCl (35 %) solution was added until
the pH reached 1. The mixture was extracted with CH2Cl2 (3� 20 mL) and
the organic layers were dried over MgSO4, filtered, and concentrated under
reduced pressure to provide the crude acid which was filtered over SiO2


with Et2O as the eluent. Yield: 81% (0.168 g); [a]25
D �ÿ76.7 (c� 0.04,


CHCl3); 1H NMR (400 MHz, CDCl3): d� 0.8 (m, 1H), 0.9 (m, 4H), 1.1 ± 1.5
(m, 8 H); 13C NMR (50 MHz, CDCl3): d� 14.2, 16.43, 20.16, 22.38, 24.1,
31.27, 32.76, 161.36; 93% ee ; anal. calcd for C8H14O2: C 67.57, H 9.92; found
C 67.65, H 10.01.


Methyl (1R,2R)-2-butylcyclopropanecarboxylate : To a solution of cyclo-
propane 50 (1.1 mmol) in methanol (10 mL) was added a few drops of a
H2SO4 (95 %) solution. The mixture was stirred for two days at room
temperature. A saturated solution of NaHCO3 was then added and the
aqueous layer was extracted with diethyl ether (2� 10 mL). The organic
extracts were dried over K2CO3, filtered, and concentrated under reduced
pressure. The resulting residue was purified by column chromatography
(SiO2, pentane/diethyl ether 95:5). Yield: 73 % (0.134 g); [a]25


D �ÿ70 (c�
0.08, CHCl3); 1H NMR (400 MHz, CDCl3): d� 0.71 (m, 1H), 0.9 (m, 4H),
0.9 (t, J� 7 Hz, 3H), 1.15 (m, 1H), 1.25 ± 1.5 (m, 8 H), 3.67 (s, 3H); 13C NMR
(100 MHz, CDCl3): d� 14.05, 15.61, 20.02, 22.41, 23.05, 31.33, 32.80, 51.60,
175.07; 93 % ee ; anal. calcd for C9H16O2: C 69.19, H 10.32; found C 69.05, H
10.36.


(1R,2R)-2-butylcyclopropanemethanol (51): To a solution of methyl
[(1R,2R)-1-(2-butylcyclopropyl)]methanoate (0.85 mmol) in dry diethyl
ether (10 mL) was added at 0 8C a solution of DiBAlH (1m in hexane,
2.2 equiv) and the mixture was allowed to warm to room temperature and
stirred for 1 h. The mixture was then quenched with MeOH (1 mL) at 0 8C
and an aqueous HCl (1n) solution. The aqueous layer was extracted with
diethyl ether (2� 10 mL). The organic extracts were dried over MgSO4,
filtered, and concentrated under reduced pressure. The resulting residue
was purified by column chromatography (SiO2, pentane/diethyl ether
70:30). Yield: 89% (0.097 g); [a]25


D �ÿ26.1 (c� 0.02, CHCl3); 1H NMR
(400 MHz, CDCl3): d� 0.5 ± 0.3 (m, 2 H), 0.6 (m, 1H), 0.8 ± 1.0 (m, 4H),
1.2 ± 1.5 (m, 6H), 2.8 (m, 1H), 3.43 (s, 2H); 13C NMR (100 MHz, CDCl3):
d� 9.82, 14.02, 17.07, 21.07, 22.38, 31.73, 33.18, 67.13; 31P NMR (162 MHz,
(1R,2R)-(�)-N,N'-dimethyl-1,2-diphenyl-1,2-ethanediamine, CDCl3): d�
139.98 (s, 96.5 %), 140.41 (s, 3.5 %); 93% ee ; anal. calcd for C8H16O: C
74.94, H 12.58; found C 74.88, H 12.65.


Reaction of 12Li and 12''Li with electrophiles :


Synthesis of (2R,3S)-2-butyl-3-phenyl-3-phenylthio-1-propanol (45) and
(2S,3R)-2-butyl-3-phenyl-3-phenylthio-1-propanol (45''): A solution of (E)-
1 or (Z)-1 (0.523 g, 4 mmol) in dry cumene (3 mL) was added dropwise
over a period of 0.5 h at 0 8C to a solution of nBuLi/hexane (7.5 mL,
12 mmol) in the presence of (ÿ)-sparteine (0.92 mL, 4 mmol) in dry
cumene (5 mL). The red reaction mixture was stirred at 0 8C for another
0.5 h, allowed to warm to room temperature, and then stirred for 1 h. After
cooling to ÿ60 8C, dry tetrahydrofuran (15 mL) was added, followed by
diphenyl disulfide (5.23 g, 24 mmol). The reaction was completed by
stirring for 1 h at room temperature. The reaction mixture was poured into
a saturated solution of NaHCO3. The aqueous layer was extracted with
diethyl ether (2� 10 mL) and the combined organic phases were washed
with HCl (1n) and dried over MgSO4. After evaporation of the solvent, the
residue was chromatographed (silica gel, CH2Cl2).


45 (2R,3S): Yield: 61 % (0.732 g); [a]25
D �ÿ156.4 (c� 0.100, CH2Cl2); 31P


NMR (36.22 MHz, CDCl3): d� 136.36 (s, 88%), 136.83 (s, 12%); 76 % ee,
(the enantiomeric purity of the chiral diamine was 92 %, thus eecorr� 83%).


45'' (2S,3R): Yield: 60% (0.720 g); [a]25
D � 131 (c� 0.11), CH2Cl2); 31P NMR


(90 MHz, CDCl3): d� 136.49 (s, 17.5%), 136.96 (s, 82.5 %); 65 % ee (the
enantiomeric purity of the chiral diamine was 92 %, thus eecorr� 70%);
1H NMR (200 MHz CDCl3) 0.87 (t, J� 6.6 Hz, 3H), 1.10 ± 1.55 (m, 6H),
1.70 (m, 1 H), 2.03 (m, 1 H), 3.53 (dd, J� 4.2, 11.1 Hz, 1H), 3.73 (dd, J� 6.0,
10.9 Hz, 1H), 4.40 (d, J� 6.7 Hz, 1 H), 7.12 ± 7.37 (m, 10H); 13C NMR
(50 MHz, CDCl3): d� 13.98, 22.81, 27.71, 29.45, 46.64, 55.83,62.90, 126.51,
126.92, 128.24, 128.36, 128.62, 131.21, 135.61, 141.25; anal. calcd for
C18H24OS: C 75.95, H 8.05; found C 75.20, H 7.89.


(2R,3S)-2-Butyl-3-phenyl-1-butanol (46): A solution of (E)-1 (0.523 g,
4 mmol) in dry cumene (3 mL) was added dropwise over a period of 0.5 h at
0 8C to a solution of nBuLi/hexane (7.5 mL, 12 mmol) in the presence of
(ÿ)-sparteine (0.92 mL, 4 mmol) in dry cumene (5 mL). The red reaction
mixture was stirred at 0 8C for another 0.5 h, was allowed to warm to room
temperature, and then stirred for 1 h. After cooling to ÿ60 8C, dry
tetrahydrofuran (15 mL) was added, followed by methyl iodide (1.5 mL,
24 mmol). The reaction was completed by stirring for 1 h at room
temperature. The reaction mixture was poured into HCl (1n). The aqueous
layer was extracted with diethyl ether (2� 10 mL) and the combined
organic phases were dried over MgSO4. After evaporation of the solvent,
the residue was chromatographed (silica gel, CH2Cl2). Yield: 63%
(0.520 g); [a]25


D � 8.7 (c� 0.01, CH2Cl2); 31P NMR (36.22 MHz, CDCl3):
d� 137.73 (s, 91 %), 136.79 (s, 9%); 82 % ee ; 1H NMR (400 MHz, CDCl3):
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d� 0.91 (t, J� 6.9 Hz, 3 H), 1.22 ± 1.67 (m, 6 H), 1.30 (d, J� 7.1 Hz, 3H),
1.67 (m, 1H), 2.85 (q, J� 7.3 Hz, 1 H), 3.41 (dd, J� 4.9, 11.0 Hz, 1H), 3.52
(dd, J� 5.2, 11.0, 1 H), 7.20 ± 7.35 (m, 5 H); 13C NMR (50 MHz, CDCl3): d�
14.05, 18.52, 23.10, 27.65, 29.30, 40.35, 47.03, 63.45, 126.04, 127.54, 128.37,
146.38.


(2R)-2-[(S)-phenyl(deuterio)methyl]-1-hexanol (44): A solution of (E)-1
(0.523 g, 4 mmol) in dry cumene (3 mL) was added dropwise over a period
of 0.5 h at 0 8C to a solution of nBuLi/hexane (7.5 mL, 12 mmol) in the
presence of (ÿ)-sparteine (0.92 mL, 4 mmol) in dry cumene (5 mL). The
red reaction mixture was stirred at 0 8C for another 0.5 h, was warmed to
room temperature, and then stirred for 1 h. After cooling to ÿ60 8C, DCl
(prepared from D2O (0.48 mL, 24 mmol) and acetyl chloride (1.7 mL,
24 mmol) in dry diethyl ether (20 mL)) was added dropwise at ÿ60 8C, the
mixture was allowed to warm to room temperature. The reaction was
completed by stirring for 1 h at room temperature. After cooling, the
reaction mixture was poured into HCl (1n). The aqueous layer was
extracted with diethyl ether (2� 10 mL) and the combined organic phases
were dried over MgSO4. After evaporation of the solvents, the residue was
chromatographed (silica gel, cyclohexane/ethyl acetate 80:20). Yield: 87%
(0.675 g); [a]25


D � ÿ 4.13 (c� 0.12 CH2Cl2); d.r.� 95:5; 31P NMR
(36.22 MHz, CDCl3, (1R,2R)-(�)-N,N'-dimethyl-1,2-diphenyl-1,2-ethane-
diamine): d� 136.81 (s, 92%), 137.48 (s, 8%); 84 % ee ; 1H NMR (200 MHz,
CDCl3): d� 0.90 (t, J� 7.1 Hz), 1.15 ± 1.40 (m, 6 H), 1.70 (m, 1 H), 2.65 (m,
1H), 3.50 (d, J� 5.1 Hz, 2 H), 7.10 ± 7.35 (m, 5H).


N,N''-Dimethyl-(2S*)-[(S*)-(methylthio)benzyl]-1-hexanamine (53a);
N,N''-diethyl-(2S*)-[(S*)-(methylthio)benzyl]-1-hexanamine (53 b): To a
solution of (E)-3 or (E)-52 (0.378 g, 2 mmol, R�Et) or (0.322 g, 2 mmol,
R�Me) in dry hexane (20 mL) was added nBuLi (1.82 mL, 1.65m in
hexane, 3 mmol) followed by dry TMEDA (0.45 mL, 3 mmol) at ÿ70 8C.
The cooling bath was removed and the resultant red reaction mixture was
stirred at 0 8C for 3 h. MeSSMe (0.54 mL, 6 mmol) in hexane (10 mL) was
added dropwise at ÿ60 8C and the reaction completed by stirring for 1 h at
room temperature. After cooling, the reaction mixture was poured into
aqueous NH3 (3 mL, 20%). The aqueous layer was extracted with diethyl
ether (2� 10 mL) and the combined organic phases were dried over
K2CO3. After evaporation of the solvent, the residue was chromatographed
(silica gel, cyclohexane/diethyl ether 1:1 containing a few drops of 32%
NH3). Yield: 73 % (0.427 g, R�Et); 1H NMR (200 MHz, CDCl3): d� 0.85
(t, J� 6.0 Hz, 3 H), 0.9 (t, J� 7 Hz, 6H), 1.25 (m, 6 H), 1.85 (s 3 H), 2 (m,
1H), 2.25 (m, 2 H), 2.47 (q, J� 7 Hz, 4 H) 4.09 (d, J� 5.1 Hz, 1H), 7.15 ± 7.40
(m, 5H); 13C NMR (50 MHz, CDCl3): d� 11.27, 13.84, 14.76, 22.78, 28.95,
29.30, 41.88, 46.70, 53.69, 54.92, 126.44, 127.60, 129.15, 140.25. Yield: 68%
(0.360 g, R�Me); 1H NMR (200 MHz, CDCl3 major isomer) 0.85 (m, 3H),
1.25 (m, 6 H), 1.65 (m, 1H), 1.90 (s, 3 H), 2.10 (m, 2 H), 2.25 (s, 6H), 4.13 (d,
J� 4.4 Hz, 1H), 7.20 ± 7.40 (m, 5H); 13C NMR (50 MHz, CDCl3): d� 13.96,
14.91, 22.80, 26.60, 29.41, 41.62, 45.66, 53.50, 61.26, 126.60, 128.01, 129.26,
139.86; anal. calcd for C16H27NS: C 72.39, H 10.25; found C 72.98, H 10.78.


N,N''-Dimethyl-(2R*)-[(S*)-deuterobenzyl]-1-hexanamine : To a solution
of (E)-3 (0.322 g, 2 mmol) in dry hexane (20 mL) was added nBuLi
(1.82 mL, 1.65m in hexane, 3 mmol) followed by dry TMEDA (0.45 mL,
3 mmol) at ÿ70 8C. The cooling bath was removed and the resultant red
reaction mixture was stirred at 0 8C for 3 h. MeOD (0.3 mL, 6 mmol) in
hexane (3 mL) was added dropwise at ÿ60 8C and the reaction completed
by stirring for 1 h at room temperature. After cooling, the reaction mixture
was poured into NH3 (20 %) in water (3 mL). The aqueous layer was
extracted with diethyl ether (2� 10 mL) and the combined organic phases
were dried over K2CO3. After evaporation of the solvent the residue was
chromatographed (silica gel, cyclohexane/diethyl ether 1:1 containing a few
drops of 32 % NH3). Yield: 70% (0.308 g); 1H NMR (400 MHz, CDCl3


major isomer): d� 0.88 (m, 3 H), 1.28 (m, 6H), 1.81 (m,1 H), 2.10 (dd, J�
7.6, 12.9 Hz, 2 H), 2.20 (s, 6 H), 2.51 (d, J� 7.7 Hz, 1 H), 7.20 ± 7.30 (m, 5H);
13C NMR (50 MHz, CDCl3): d� 14.09, 23.05, 26.98, 31.56, 37.69, 38.27,
38.65, 45.91, 64.09, 125.72, 126.03, 129.37, 141.20; anal. calcd for C15H24DN:
C 81.75, H 11.89; found C 82.10, H 11.50.


N,N''-Dimethyl-(2R*)-[(R*)-deuterobenzyl]-1-hexanamine : To a solution
of (E)-3 (0.322 g, 2 mmol) in dry hexane (20 mL) was added nBuLi
(1.82 mL, 1.65m in hexane, 3 mmol) followed by dry TMEDA (0.45 mL,
3 mmol) at ÿ70 8C. The cooling bath was removed and the resultant red
reaction mixture was stirred at 0 8C for 3 h. ZnBr2 (4 mL, 1n in diethyl
ether, 4 mmol) was added dropwise and the reaction mixture was stirred at
the required temperature (see Table 1). DCl [prepared from D2O (0.4 mL,


10 mmol) and acetyl chloride (0.7 mL, 10 mmol) in dry diethyl ether
(10 mL)] was added dropwise at ÿ60 8C and the reaction completed by
stirring overnight at room temperature. After cooling, the reaction mixture
was poured into NH3 (20 %) in water (3 mL).The aqueous layer was
extracted with diethyl ether (2� 10 mL).The organic layer was treated
overnight with an aqueous solution of Na2S, washed with Na2CO3 (10 mL),
and dried over K2CO3. After evaporation of the solvent the residue was
chromatographed (silica gel, cyclohexane/diethyl ether 1:1 which contained
a few drops of 32 % NH3). Yield: 69% (0.305 g); 1H NMR (400 MHz,
CDCl3 major isomer): d� 0.88 (m, 3H), 1.28 (m, 6H), 1.81 (m,1 H), 2.10
(dd, J� 7.6, 12.9 Hz, 2 H), 2.20 (s, 6H), 2.66 (d, J� 5.7 Hz, 1 H), 7.20 ± 7.30
(m, 5 H).
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Biphasic Catalyzed Telomerization of Butadiene and Ammonia:
Kinetics and New Ligands for Regioselective Reactions


Thomas Prinz[b] and Birgit Driessen-Hölscher*[a]


Abstract: The kinetics of the palladium-
catalyzed biphasic telomerization of bu-
tadiene and ammonia by means of in situ
catalysts consisting of phosphane palla-
dium complexes were investigated at
80 8C. The effects of ligand, catalyst,
and ammonia concentrations were stud-
ied. The rate of product formation as
well as the regioselectivity of the reac-
tion was found to depend greatly on
ligand and catalyst concentration. A


model for the reaction mechanism was
deduced from these results, explaining
the regioselectivities obtained. The re-
gioselectivity could be strongly influ-
enced by the ligand. We synthesized new
water-soluble phosphanes with special


p-acceptor/s-donor properties for use in
the telomerization reaction. TPPTS as a
ligand gave the terminal octadienyl-
amine with a regioselectivity of 50 %,
whilst a TPPTS derivative with three
methoxy groups in ortho positions led to
a regioselectivity of 94 %. This corrobo-
rated the importance of ligand proper-
ties in this reaction.


Keywords: biphasic catalysis ´
kinetics ´ palladium ´ phosphanes
´ telomerization


Introduction


Telomerizations have proven to be of great industrial value,[1]


and the products obtained play an important role as inter-
mediate chemicals for the production of fine and bulk
chemicals, depending on the nucleophile used. A large
amount of work has been published on the influence of the
catalysts, ligands and solvents on the activity and the
selectivity of telomerizations.[2] Among these reactions, the
telomerization of ammonia and butadiene (Scheme 1) has
been extensively studied using homogeneously catalyzed
single-phase reactions.[3] In this case, the main products
obtained are the tertiary octadienylamines. The nucleophili-
city increases in the order of ammonia, primary octadienyl-
amine, and secondary octadienylamine so that the reaction
cannot be stopped. A summary of all observed and possible
products is given in Scheme 1.


We have shown that these consecutive reactions can be
avoided by using the two-phase method,[4] which allows the
selective production of the primary amines 1 and 2. The
reaction takes place in an aqueous catalyst phase and the
primary products are extracted in situ by a second organic


phase (e.g. toluene, methylene chloride, butadiene) which is
immiscible with water. In order to optimize and better
understand the regioselectivity and the rate of the product
formation, we investigated the kinetics of this reaction. The
kinetic experiments led to a model of the reaction that also
explains the different regioselectivities. We then investigated
ligand variations to control the regioselectivity of the reaction.
The kinetic results, several new ligands, and a novel palladium
complex will be presented in this paper.


Results and Discussion


At first we determined the influence of diffusion and mass
transport phenomena and found that with the reactor
described in the experimental section (Figure 4), the stirring
velocity must be set to at least 1200 rpm to ensure a thorough
mixing of the two phases (aqueous catalyst phase/liquid
butadiene). To avoid any diffusion problems and to ensure
proper mixing, the stirring velocity was kept at 2500 rpm
throughout all experiments. In order to define a reasonable
starting point for the reaction, all reactants must be present,
the catalyst must be in its active form, and the reaction
temperature must be set. Since the first step of the catalyst
formation is the coordination of TPPTS (TPPTS� 3,3',3''-
phosphinidynetris(benzenesulfonic acid) trisodium salt) to
palladium acetate followed by a reduction of the palladium(ii)
compound to a palladium(0) complex, as shown in Scheme 2,
the catalyst formation was given 15 min to proceed at 80 8C (as
one equivalent of phosphane is consumed in this reaction, all
following plots and discussions are corrected, and the
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amounts of phosphane given
are those present after catalyst
formation).


Studies of the analogous re-
action with palladium acetate
and triphenylphosphane by
Amatore et al.[5] show that the
half-time for catalyst formation
is 106 seconds at 60 8C. There-
fore, all reactants except am-
monia were placed in the reac-
tor, which was then heated to
reaction temperature (80 8C).
After 15 min of stirring at
80 8C, the ammonia was added.
Since ammonia and butadiene
are present in large excess, the
concentrations can be consid-
ered as constant. The same
should be true for the product
concentrations, since the prod-
ucts are extracted into the bu-
tadiene phase immediately, that
is, no consecutive reactions are
possible at the beginning of the
reaction. Since the amount of
ammonia introduced into the
reactor is small enough for the
temperature to return to 80 8C
only 2 min after the addition,
we assume that any concentra-
tion changes are negligible and
define the starting point of the
reaction as 2 min after the ad-
dition of ammonia. Samples of
the reaction mixture were taken


Scheme 2. Reduction of Pd(OAc)2 by PR3 (R�m-sulfonatophenyl).


at regular intervals and the amount of amines 1 and 2 was
analyzed. A typical plot of the obtained amounts of 1 and 2
with respect to time is shown in Figure 1.


Figure 1. Typical reaction plot of the telomerization of butadiene and
ammonia (conditions: 100 mL water; 9.7 g ammonia; 170 g butadiene;
0.5 mmol Pd(OAc)2; 1.12 mmol TPPTS; T� 80 8C).


Abstract in German: Es wurden kinetische Untersuchungen
zur Zweiphasentelomerisation von Butadien und Ammoniak
in Gegenwart wasserlöslicher In-situ-Katalysatoren aus Palla-
diumacetat und Phosphanen bei 80 8C durchgeführt. Die
Einflüsse der Liganden-, Katalysator- und Ammoniakkonzen-
trationen wurden ermittelt. Die Produktbildungsgeschwindig-
keiten und die Regioselektivität der Reaktion hängen entschei-
dend vom Ligand/Palladium-Verhältnis und von der Kataly-
satorkonzentration ab. Aus diesen kinetischen Untersuchungen
wurde ein Modell zur Beschreibung des Reaktionsmechanis-
mus abgeleitet, mit dem die erhaltenen Regioselektivitäten
erklärt werden können. Die Regioselektivität wird entschei-
dend vom Phosphanliganden beeinfluût. Wasserlösliche
Phopshane mit speziell auf diese Telomerisation abgestimmten
p-Akzeptor/s-Donor-Eigenschaften wurden hergestellt, dar-
unter auch zwei neue. Der TPPTS-Ligand führt zur Bildung
des terminalen Octadienylamins mit einer Regioselektivität von
50 %, während ein TPPTS-Derivat mit drei ortho-ständigen
Methoxygruppen zur Bildung des terminalen Octadienylamins
mit einer Regioselektivität von 94 % führt. Diese Ergebnisse
belegen den Einfluû der Ligandeneigenschaften in dieser
Reaktion.


Scheme 1. Main and by-products in the telomerization of butadiene and ammonia.
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Effect of the amount of TPPTS : The results of the variation of
the amount of TPPTS are shown in Figure 2. To simplify the
discussion, the rate of the product formation dn/dt is plotted
against the TPPTS/Pd ratio. For both 1 and 2, the reaction rate


Figure 2. Rate of primary amine formation dn/dt and regioselectivity ratio
of 1:2 plotted versus the TPPTS/Pd ratio (conditions: 100 mL water; 25 g
ammonia; 170 g butadiene; 0.375 mmol Pd(OAc)2; T� 80 8C).


reaches a maximum for TPPTS/Pd ratios of 2 ± 2.4. The
turnover frequency (TOF) plot, which was omitted in Figure 2
for clarity, looks similar since the amount of palladium used is
the same at all data points. The largest value of the TOF was
768 at a TPPTS/Pd ratio of 2.4. The solid line, which shows the
regioselectivity ratio of 1:2, clearly indicates that the regio-
selectivity strongly depends on the catalyst composition. Low
amounts of TPPTS strongly favored the formation of 1,
whereas 2 was produced in large amounts at high amounts of
TPPTS. At a TPPTS/Pd ratio of 6, both 1 and 2 were formed in
almost identical quantities.


Effect of the amount of catalyst : The total catalyst amount
was varied, leaving the TPPTS/Pd ratio constant. The rates of
product formation and the ratio of 1 to 2 are plotted in
Figure 3 versus the amount of catalyst used. At very small
catalyst amounts, the reaction rate increased only moderately


Figure 3. Rate of product formation and regioselectivity versus catalyst
amount (conditions: 100 mL water; 25 g ammonia; 170 g butadiene; Pd/
TPPTS� 1:2; T� 80 8C).


with increasing amounts of catalyst, whereas at catalyst
amounts of 0.25 ± 0.5 mmol, the slope of the curve was much
steeper: in this region, a doubling of the catalyst amount
resulted in a doubling of the reaction rates. At higher catalyst
amounts, the increase of the reaction rates was lower. These
findings were reflected by the TOF, which increased strongly


at medium amounts of catalyst and decreased at high catalyst
amounts. At small amounts of catalyst, the product ratio 1:2
was almost 6. However, the regioselectivity dropped rapidly
and came close to 1 when the catalyst amount was 1 or higher.


Effect of the amount of ammonia : When the amount of
ammonia was varied, a quantitative comparison with the
results described above was not possible, as the experiments
concerning the amount of TPPTS and catalyst rely on the
constancy of the amounts of butadiene and ammonia. Never-
theless, we varied the amount of ammonia to gain a qualitative
impression. The main trends observed are: increasing the
ammonia amount from 0.5 to 2.75 equivalents led to an
increase in the regioselectivity from ca. 1.5 ± 2.1 (1:2 ratio),
whereas the reaction rate increased at first, reached a
maximum at ca. 1 equiv of ammonia and then dropped
again.


Deduction of a model of the reaction mechanism : Various
models explaining the reaction mechanism of telomerizations
have been published, although none of them describe the
observed regioselectivities. Two generally different models
have been discussed, one involving mononuclear palladium
species, the other favoring dinuclear palladium species. Addi-
tionally, a model involving a palladium hydride species has
been published. These models were compared in a review by
Behr.[2]


On the basis of our kinetic studies, we consider a
mechanism involving a mononuclear palladium species to be
active, which also explains the observed regioselectivities. In
Scheme 3 we propose a catalytic cycle, which was developed
in accordance with the cycle postulated by Jolly et al.[6] They
studied telomerizations with other nucleophiles and have
presented experimental proof for this type of catalytic cycle.


Scheme 3. Model of the catalytic cycle for the telomerization of butadiene
and ammonia.


A palladium(00) species first forms complex 16 with buta-
diene and TPPTS, which is transferred to 17 a by protonation.
Ammonia as the nucleophile then attacks 17 a, thus, after
removal of a proton, resulting in the formation of 1 and 2.
During this reaction, the palladium(00) species and the ligand
are released. The palladium(00) species then reacts with TPPTS







FULL PAPER T. Prinz and B. Driessen-Hölscher


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2072 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 72072


and butadiene to start the cycle again. To explain the
regioselectivities it is necessary to study the nucelophilic
attack of ammonia on 17 a. According to Scheme 4 it should
first be decided whether the ammonia enters the molecule by
external or internal attack. According to Trost and Van
Vranken[7] the pKa value of the corresponding acid of a soft
nucleophile, which prefers external attacks, is lower than 25.
Ammonia is thus a soft nucleophile entering 17 a by an
external attack. Since the amount of TPPTS has a drastic
influence on the regioselectivity, it is most probable that 17 a is
part of a complex equilibrium shown in Scheme 5.


Assuming that all four complexes 17 a ± 17 d undergo
reactions with ammonia and that the regioselectivities for
the nucleophilic attack are different for each of these
complexes, the overall regioselectivity should depend on
these equilibria and thus on the TPPTS concentration. To
estimate this influence, we will first discuss the regioselectiv-
ities which one would expect for any of 17 a ± 17 d.


The palladium center in 17 a ± 17 d has a d8 configuration,
which makes it reasonable to assume that the structures are
square planar. In complexes of this type, the electronic
influence of one ligand upon another is very strong if the two
ligands are in the trans position to each other. p-acceptor
ligands like alkenes and phosphanes will reduce the electron
density at the palladium center, and this effect will be passed
on to the ligand in the trans position. Pure s-donor ligands like
ammonia will not diminish the electron density at a ligand
trans to it.


If steric effects are excluded, ammonia should attack 17 a ±
17 d at the carbon center with the lowest electron density. This


step should be faster when the electron density is generally
lower in the allyl group. Following these considerations, 17 c
should react very slowly since no p-acceptor ligands are
present. The C-1 position may be slightly favored for an
attack, since there is less steric hindrance compared to C-3.
Additionally, C-3 should prove to have a somewhat higher
electron density owing to the alkyl chain attached to it. The
olefinic double bond coordinating in 17 b should produce a
considerably lower electron density at C-1. A nucleophilic
attack should therefore be preferred at this position and be
faster than in 17 c. If ammonia in 17 b is replaced by PR3, one


obtains 17 a, a complex with
two p-acceptor ligands, which
should consequently react fast-
er than 17 b. It is reasonable to
assume that the regioselectivity
in this complex depends on the
strength of the p-acceptor prop-
erties of the phosphane: the
higher the p-acceptor ability of
the phosphane, the higher the
probability of an attack at C-3.
If even more phosphane is
present, a second phosphane
replaces the coordinating ole-
finic group and 17 d is obtained.
Compared with 17 b and 17 c,
this complex should be very
reactive since it also contains
two p-acceptor ligands. As with
17 c, an attack at C-1 should be
slightly favored.


The experimental results
clearly reflect these considera-
tions:a) Much more 1 than 2 is
produced at low TPPTS con-
centrations, the predominant
equilibrium species being 17 c
and 17 b, which favor attack at
C-1. Rising TPPTS concentra-


tions diminish the 1:2 ratio, reflecting the fact that differ-
entiation between C-1 and C-3 is much smaller, with the
overall reaction being faster. The decrease in activity, which is
observed when the TPPTS concentration exceeds 2.5 equiv,
cannot be explained with this model, but an excess ligand will
favor the formation of the catalytically inactive
[Pd(TPPTS)3].[8]


b) At low catalyst concentrations, the equilibrium lies on
the side of 17 c and 17 b, which favors the formation of 1. Since
the ammonia concentration as well as the Pd/TPPTS ratio is
constant, the equilibrium is shifted to 17 a and 17 d as well as
[Pd(TPPTS)3] with rising catalyst concentrations, resulting in
a decrease of the 1:2 ratio.


c) Rising ammonia concentrations shift the equilibrium
towards the formation of 17 b and 17 c. Accordingly, the
activity is diminished whereas the selectivity is increased. If
the ammonia concentration is low, the more active 17 a and
17 b complexes are the predominant species, resulting in faster
reactions and a diminished selectivity to 1. If the ammonia


Scheme 4. Internal and external attack of ammonia on complex 17a.


Scheme 5. Equilibria between different palladium complexes on which the nucleophilic attack of ammonia takes
place: a model of how to govern the regioselectivity.







Butadiene±NH3 Telomerization 2069 ± 2076


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2073 $ 17.50+.50/0 2073


concentration is very low, activ-
ity decreases again, since at
such low concentrations the
ammonia concentration is di-
rectly part of the rate law for
nucleophilic attacks on all four
complexes 17 a ± 17 d.


Ligand variations : Several wa-
ter-soluble ligands with differ-
ent s-donor/p-acceptor proper-
ties have been used in this
reaction in order to prove the
model described above on how
to steer the regioselectivity.


The generation of the
active catalyst starting from
[Pd(OAc)2] and a monodentate
phosphane has some disadvan-
tages. One equivalent of the
phosphane is oxidized to phos-
phane oxide and stays in the
catalyst solution. Furthermore,
the properties of ammonia as
ligand without any phosphanes
cannot be tested with palladium
acetate. Therefore, we looked
for a new catalyst preformation
and synthesized a new palladium complex appropriate for our
reaction. The synthesis is depicted in Equation (1).


The new complex 19 was characterized by NMR and IR
spectroscopy and elemental analysis (see Experimental Sec-
tion). Compound 19 has already been proposed in theoretical
investigations.[9] The reaction of the complex with ligand and
butadiene may follow the sequence shown in Scheme 6. Both
methods of catalyst preparation, one starting from palladium
acetate and phosphane and the other starting from the new
allyl complex and phosphane, were compared. The catalytic
results are identical concerning activity and selectivity in the
telomerization.


We synthesized several ligands with different s-donor/p-
acceptor properties and looked for their influence on the
regioselectivity and activity in the telomerization of butadiene
and ammonia. The ligands MOM-TPPTS and BOM-TPPTS
were synthesized and characterized for the first time following
published procedures.[10] In agreement with Tolman�s IR
studies of [Ni(CO)3PR3] complexes,[11] the s-donor properties
of the used ligands should increase in the following order: p-F-


TPPDS, TPPTS, MOM-TPPTS, BOM-TPPTS, TOT-TPPTS,
TOM-TPPTS, THMP, THPP. These phosphanes are shown in
Scheme 7.


On the basis of our model of how to govern the
regioselectivity of the nucleophilic attack, we expected the
ligands with stronger s-donor properties to lead to a higher
selectivity for the terminal amine 1. The electron density at
C-3 of the allyl group should be higher than the electron
density at C-1 so that the nucleophilic attack at C-1 is more
favored. Furthermore, the activity of the palladium phos-
phane complexes should decrease with increasing s-donor
properties of the ligand. The catalytic results for the eight
phosphanes as ligands in the palladium-catalyzed telomeriza-
tion of butadiene and ammonia are summarized in Table 1.


The aryl phosphanes (numbers 1 ± 6) gave the results we
expected. p-F-TPPDS has the strongest p-acceptor properties
and has the highest activity compared with all other tested
ligands (number 1). The selectivity for the terminal amine 1 is
rather low at 54 %. With increasing s-donor properties the
selectivities for 1 increase and the activity decreases. The best
results in obtaining the desired product 1 were reached with
TOT-TPPTS (number 5) and TOM-TPPTS (number 6).
These ligands have the highest s-donor properties and yield
91 and 94 % of product 1; the activities, however, remain low.


The turnover frequency is only
around 46 hÿ1.


The catalytic results of the
hydroxyalkylphosphanes (num-
bers 7 and 8) are different. No
reaction takes place with theScheme 6. Possible generation of the active species starting from 19.


Scheme 7. Phosphane ligands used for the telomerization of butadiene and ammonia.
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ligand tris(hydroxymethyl)phosphane (THMP), even after
15 h (number 7). This ligand is thermally labile and decom-
poses by elimination of formaldehyde, so we ran the reaction
at 60 8C. Even at this temperature and at higher ligand
concentrations, no telomerization occurs. We are surprised
that a recent publication describes the telomerization of
butadiene and water with this ligand.[12]


Tris(3-hydroxypropyl)phosphane (THPP) is an active li-
gand in the telomerization of butadiene and ammonia, but the
selectivity for 1 is lower than expected (number 8). The reason
for this low selectivity of 85 % may depend on the coordina-
tion ability of the ligand, as depicted in Equation (2). One


hydroxy function of the phosphane may coordinate to
palladium and hinder the olefinic group from coordinating.
The two palladium species may be in equilibrium and this may
be the reason for the regioselectivity ratio of 8.7.


These experiments with different ligands show that our
mechanistic model is suitable to explain the regioselectivity
and activity of the palladium-catalyzed telomerization of
butadiene and ammonia. We were able to synthesize water-
soluble phosphanes that gave high amounts of the terminal
amine.


Recycling of the catalyst : As well as the selectivity, the total
turnover number (TON) of a catalyst system is very important
for reactions which are of industrial interest, such as the
telomerization of butadiene and ammonia. We therefore tried
to recycle the catalyst and discuss the results here.


The recycling experiments were done with Pd(OAc)2/
TPPTS in different ratios. The product phase was separated
after each run and the aqueous catalyst phase was directly
introduced into the reactor again. The results are summarized
in Table 2. The results show that catalyst recycling is generally
possible. With four equivalents of TPPTS, there is a small
increase in activity from the first to the third run followed by a
little decrease in the fourth run (numbers 1 ± 4). The catalyst


system with two equivalents of TPPTS shows a drastic
decrease of activity after the first run already. The ratio of
the primary amines 1:2 increases from run to run, favoring the
formation of the terminal amine 1. These results indicate that
the amount of TPPTS in the catalyst phase decreases from run
to run. We took small samples of the catalyst phase after each
run and analyzed them by 31P NMR. The NMR spectra show
that the integrated signal for the TPPTS oxide (d� 35 ppm)
increases compared with the integrated signal for coordinated
TPPTS (d� 24 ± 25 ppm), which decreases from run to run. In
summary, the NMR experiments underline the assumption
that the phosphane TPPTS is converted to the phosphane
oxide during the catalytic reaction.


The selectivity for secondary amines increases continuous-
ly. This phenomenon indicates that the catalyst leaches into
the organic phase where it catalyzes the reaction of primary
amines with butadiene to yield the secondary amines. This
effect may also be explained by the oxidation of TPPTS.


Conclusions


The kinetics of the catalytic biphasic telomerization of
butadiene and ammonia with water-soluble palladium cata-
lysts were investigated at 80 8C. It was shown that the
concentrations of TPPTS, ammonia, and catalyst significantly
influenced the reaction rate as well as the regioselectivity. The
higher the ligand concentration and the catalyst concentra-
tion, the faster the reaction. This is explained by the p-
acceptor properties of the TPPTS ligand, which diminish the
electron density in the allyl group and thus make the latter
more reactive towards nucleophilic attack. The observed
regioselectivities are certainly a result of the combination of
steric and electronic effects, but we believe that the general
trend is that pure s-donors lead to higher electron densities at
the carbon center in the trans position than s-donor ± p-
acceptor ligands like olefins and phosphanes. The last two
diminish the electron density at the carbon center mentioned
above, thus favoring attack at this position. This explanation is
based on a complex equilibrium, every single species being
active in the telomerization. High selectivities towards amine
1 are generally observed with low catalyst concentrations and
low TPPTS amounts. The electronic properties of phosphanes
have an important influence on the activity and regioselec-
tivity in the telomerization.


Table 1. Influence of phosphanes with different electronic properties on
the regioselectivity and activity in the telomerization of butadiene and
ammonia. Conditions: T� 80 8C, t� 0.75 h, n(Pd)� 0.113 mmol,
Pd:phosphane� 1:1, c(ammonia)� 27 weight %, 30 mL aq. NH3, 40 g
butadiene.


No. Phosphane Selectivity Regio-
selectivity


TOF [hÿ1]


1 2 3 ± 5 (1 :2)


1 p-F-TPPDS 54 38 6 1.4 357
2 TPPTS 76 21 3 3 252
3 MOM-TPPTS 70 22 7 3.2 263
4 BOM-TPPTS 87 7 5 13 128
5 TOT-TPPTS 91 5 1 18 46
6 TOM-TPPTS 94 3 1 36 47
7 THMP[a] ± ± ± ± ±
8 THPP[b] 85 9 3 8.7 14


[a] t� 15 h. [b] t� 4 h.


Table 2. Recycling of the catalyst system Pd(OAc)2/TPPTS. Conditions:
T� 80 8C, t� 1 h, c(ammonia)� 27 weight %, 30 mL aq. NH3, 40 g buta-
diene, 0.113 mmol Pd.


No. Run TPPTS/Pd[a] Selectivity TOF [hÿ1] TON
1 2 3 ± 5


1 1 4:1 50 45 3 140 140
2 2 4:1 49 43 5 215 355
3 3 4:1 47 40 8 302 657
4 4 4:1 46 41 7 267 924


5 1 2:1 55 37 7 577 577
6 2 2:1 53 36 10 468 1045
7 3 2:1 53 31 15 421 1466
8 4 2:1 54 28 16 192 1658


[a] Pd/ligand ratio after catalyst preformation.
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Eight different water-soluble phosphanes were compared.
The ligand with the highest p-acceptor properties (p-F-
TPPDS) gave the lowest selectivity to the terminal amine 1
whereas the ligand with the highest s-donor properties
(TOM-TPPTS) led to 1 with a selectivity of 94 %. Lowering
the p-acceptor properties of the ligand decreased the activity
of the catalyst system.


In addition to the ligands known from the literature, we
synthesized two new ligands, mono(orthomethoxy)-TPPTS
and bis(orthomethoxy)-TPPTS, and one new palladium com-
plex [(allyl)Pd(NH3)2](BF4). Finally, we tried to recycle the
catalyst by simple phase separation. The phosphane was
oxidized during recycling; this caused a decrease in activity.
The amount of secondary amine increased from run to run,
probably because the palladium complex leached into the
organic phase. In general, catalyst recycling was possible.


Experimental Section


Materials : All reactions and handling were done under dried argon.
Palladium acetate [Pd(OAc)2] was used without further purification.
Butadiene and ammonia were taken from conventional tanks. Undecane
was used as an internal standard for the gas chromatographic character-
ization of the reaction mixture. TPPTS was used as a 32.4 % aqueous
solution, which was supplied by Bayer AG. THPP was synthesized
following a patented procedure[13] and was purified by column chromatog-
raphy.[14] THMP,[15] p-F-TPPDS,[16] TOM-TPPTS, and TOT-TPPTS[10] were
synthesized following literature procedures. The syntheses of MOM-
TPPTS and BOM-TPPTS are new and are described below.


Synthesis of MOM-TPPTS : A solution of H3BO3 (4.38 g) in concentrated
sulfuric acid (41 mL, deoxygenated) was introduced into a three-necked
flask under argon. ortho-(Methoxyphenyl)diphenylphosphane (5 g) was
added and the whole solution was cooled down to ÿ10 8C. At this
temperature, oleum (73.9 mL, 65 % SO3) was added through a dropping
funnel over 2 h. This solution was stirred at room temperature for 3 days.
Before continuing the synthesis by hydrolysis, a small sample of 5 mL was
taken to test the degree of sulfonation by 31P NMR analysis. When the
reaction time was too short, mono- and disulfonated products were found.
The amount of phosphane oxide was very high when the reaction time was
too long. It was very difficult to separate all the products. The flask was
cooled by ice during the addition of deoxygenated water (50 mL). The
whole reaction mixture was then introduced into a 2 L Schlenk flask. The
mixture was neutralized with a NaOH solution (7.5 mol) and cooled with
ice. The pH value, which must reach 7, was monitored by a pH electrode.
The solution was evaporated and the product extracted with methanol
(250 mL). This solution was filtered over Celite and the methanol
evaporated in vacuo. The residue was dissolved in water (20 mL) and
filtered over a syringe filter, and the water was evacuated. The product was
isolated in a purity of 93% with a yield of 14% after several extractions
with methanol and water. For characterization, the ligand was purified by
subsequent gel MPLC.


Characterization of MOM-TPPTS : 31P NMR (121 MHz, D2O, 25 8C,
H3PO4): d�ÿ14.62; 1H NMR (300 MHz, D2O, 25 8C, TMS): d� 3.6 (s,
3H, OCH3), 6.96 (m, 1H, ortho position to methoxy), 7.02 (m, 1 H, meta
position to methoxy), 7.3 (dd, 2 H, 3J(H,H)� 7.5 Hz, J(P,H)� 7.5 Hz), 7.4
(dd, 3H, 3J(H,H)� 7.5 Hz, J(H,H)� 7.5 Hz), 7.6 (d, 2 H, 3J(H,H)� 7.5 Hz),
7.71 (m, 3H, H in ortho position to the sulfonate group); 13C NMR
(75 MHz, D2O, 25 8C, TMS): d� 164.2 (J(P,C)� 13.7 Hz), 144.6 (J(P,C)�
7.7 Hz), 138.1 (J(P,C)� 17.4 Hz), 137.06; 137.1 (J(P,C)� 9 Hz), 132.25
(J(P,C)� 3.7 Hz), 131.9 (J(P,C)� 24 Hz), 131.2 (J(P,C)� 6.4 Hz), 130.8,
128.2, 125.7 (J(P,C)� 11 Hz), 112.9, 57.7; IR (KBr): nÄ � 3071.9 (CÿH aryl),
2840.9 (OÿCH3 methoxy), 1642.2, 1582.1, and 1475.5 (C�C aryl), 1402 and
1147.7 (SO3Na), 1194.2 (ArCÿOÿC), 853.6, 814.8, and 791.6 cmÿ1 (d CÿH
aryl); elemental analysis calcd for C19H20O13S3Na3 (621.5): C 34.98, H 3.09;
found: C 35.5, H 2.96.


Synthesis of BOM-TPPTS : The synthesis was carried out in the same way
as described for MOM-TPPTS, the (ortho-methoxyphenyl)diphenylphos-
phane being substituted by bis(ortho-methoxyphenyl)phenylphosphane.
The ligand was isolated in a yield of 15% and a purity of 92 %. For
characterization, the ligand was purified by gel MPLC.


Characterization of BOM-TPPTS : 31P NMR (121 MHz, D2O, 25 8C,
H3PO4): d�ÿ24.34; 1H NMR (300 MHz, D2O, 25 8C, TMS): d� 3.63 (s,
6H, 2 OCH3), 7.0 (dd, 2H, ortho position to methoxy, 3J(H,H)� 4.7 Hz,
J(H,P)� 8.7 Hz), 7.03 (dd, 2H, meta position to methoxy, 3J(H,H)� 4.7 Hz,
3J(H,H)� 2.3 Hz ), 7.32 (dd, 1H, 3J(H,H)� 7.5 Hz, J(P,H)� 7.5 Hz), 7.42
(dd, 1 H, 3J(H,H)� 7.5 Hz, 3J(H,H)� 8.5 Hz), 7.63 (d, 1H, 3J(H,H)�
8.5 Hz), 7.73 (m, 3H, H in ortho position to the sulfonate group);
13C NMR (75 MHz, D2O, 25 8C, TMS): d� 161.7 (J(P,C)� 14.2 Hz), 141.9
(J(P,C)� 8.6 Hz), 135.5 (J(P,C)� 16.7 Hz), 134.4, 133.55 (J(P,C)� 8 Hz),
129.6, 129.4 (J(P,C)� 23 Hz), 128.5 (J(P,C)� 6.3 Hz), 128, 125.6, 121.8
(J(P,C)� 10 Hz), 110.25, 55.0; IR (KBr): nÄ � 3075.6 (CÿH aryl), 2841.4
(OÿCH3 methoxy); 1653.1, 1581.2, and 1477.1 (C�C aryl), 1386 and 1140.1
(SO3Na), 1194.7 (ArCÿOÿC), 840.3, 823, and 790.8 cmÿ1 (d CÿH aryl);
elemental analysis calcd for C20H22O14S3Na3 (651.6): C 35.2, H 3.25; found:
C 36.3, H 3.41.


Preparative gel-MPLC for ligand purification : This method offered the
possibility of purifying sulfonated ligands and eliminating inorganic
byproducts (Na2SO4) as well as isolating phosphane oxides from phos-
phane. The procedure was first published by Herrmann et al.[17] We used a
glass column of diameter 2.6 cm and length 60 cm. The stationary phase
was Toyopearl HSK 40 by Tosohaas and the eluent was deoxygenated
water. The chromatography was performed with a Novaprep apparatus
from Septech/Merck in combination with an RI detector.


200 mg of the ligand was dissolved in 2.5 mL water, which was then
introduced into the column. The eluent velocity was kept constant at
3 mL minÿ1. In all cases, the phosphane oxide left the column first followed
by the phosphane. Retention times depended on the packing of the column
and lay within a range of 2 h for all ligands. The fraction that contained the
ligand was introduced into a Schlenk flask and the water was evaporated.


Synthesis of [h3-allyldiaminopalladium(tetrafluoroborate)]: [Bis-(h3-allyl-
iodopalladium)] (1372 mg) was dissolved in aqueous 27 % ammonia
solution (10 mL). This solution was added to a solution of AgBF4


(973.4 mg) in water. The precipitated silver iodide was filtered off over
Celite. The filtrate was evaporated and the residue extracted three times
with 10 mL hot methylene chloride. The combined methylene chloride
phases were cooled to ÿ30 8C and the rest of the product was crystallized
by the addition of 20 mL pentane. The white product was washed three
times with 5 mL pentane and dried in vacuo. The yield was 50.3 %.


Characterization : 1H NMR (300 MHz, D2O, 25 8C, TMS): d� 2.9 (d, 2H,
3J(H,H)� 12.3 Hz), 3.97 (d, 2 H, 3J(H,H)� 7.2 Hz), 5.5 (m, 1 H); 13C NMR
(75 MHz, D2O, 25 8C, TMS): d� 61 and 118; IR (KBr): nÄ � 3383.8 and
3308.9 (NÿH), 1616.9 (d NH), 1386.9 (das CH2), 1301.1 (dsym CH2), 1051.3 (nÄ


CÿCÿC), 523.4 cmÿ1 (d CÿCÿC); elemental analysis calcd for
C3H11N2PdBF4 (268.3): C 13.43, H 4.13, N 10.44; found: C 13.71, H 4.10,
N 10.16.


Experimental setup : All telomerizations for the kinetics were carried out in
a 1000 mL reactor, which was built in the workshop of our institute. A
schematic representation of the autoclave and the complete setup is shown
in Figure 4. The reactions to compare the different ligands were run in a
125 mL reactor with an appropriate stirrer.


Experimental procedure for telomerization : The reactor was first evac-
uated and filled with argon three times. H2O (60 mL) and undecane (ca.
5 mL) were then introduced (the exact amount was determined by a syringe
and with the help of the mass difference of the autoclave). The correct
amounts of palladium acetate and TPPTS were introduced into a Schlenk
vessel, dissolved with H2O (40 mL) and transferred to the reactor.
Butadiene (170 g) and the desired amount of ammonia were condensed
into dosing cartridges. The exact amounts were transferred to the autoclave
by releasing the pressure on the cartridges. The exact amount of butadiene
was determined by mass difference (difference between full and empty
cartridge). The two-phase system (aqueous catalyst phase and liquid
butadiene) in the reactor was stirred at 2500 rpm and was electrically
heated to reaction temperature. The reaction mixture was stirred for 15 min
at reaction temperature to ensure the preformation of the active catalyst
species from the two components (palladium precursor and ligand) before
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Figure 4. Photograph of the apparatus and diagram of the reactor.


ammonia was added. The starting point of the reaction was defined by the
addition of ammonia. After 2 min, the first sample was taken through a
valve connected to a steel capillary with a diameter of 1 mm. This capillary
led into a test tube that was cooled by ice. The volume of the sample was
2 mL. 2 mL of the reaction mixture was flushed through the capillary
before each fresh new sample was taken. 1 mL of toluene was then added to
the sample and mixed thoroughly. The phases were separated, and the
organic phase was dried over a 4 � molecular sieve and analyzed by GC.
Further samples were taken after 5, 10, 15, 20, 25, 30 and 40 min reaction
time. Once the reaction was finished, the unreacted butadiene was burned
with a bunsen burner.


Interpretation of the kinetic experiments : The amount of the primary
amines 1 and 2 were determined for the different reaction times from the
GC chromatograms of the eight samples. All the values are put together in
a diagram from which the upward gradient of the reaction in the starting
phase was determined by a linear regression analysis. This gradient is
equivalent to the reaction velocity in the starting phase. The reaction
parameters and the reaction velocities in the starting phase are summarized
in Table 3.


Analytical methods : The GC chromatograms were recorded on a
Sichromat 1 apparatus (Siemens). The detector was a FID and the
integrator used was a HP-LAS 3359. The conditions were: column: 50 m
Pona-HP-FS; temperature program: 5 min isotherm at 50 8C, 5 8C minÿ1 to
150 8C, 20 8Cminÿ1 to 259 8C; temperature of the evaporator: 200 8C; H2,
1.5 bar; sample volume: 0.3 ± 1.0 mL.
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Table 3. Reaction parameters and corresponding reaction velocities.


n(NH3)
[mol]


n0(Pd)
[mmol]


n0(TPPTS)
[mmol]


dn(1)/dt
[mol hÿ1]


dn(2)/dt
[mol hÿ1]


1.38 0.025 0.085 0.005 0.0008
1.38 0.0379 0.116 0.008 0.0016
1.38 0.1 0.3 0.029 0.011
1.38 0.188 0.615 0.078 0.036
1.38 0.264 0.821 0.119 0.071
1.38 0.375 1.13 0.169 0.111
1.38 0.55 1.5 0.206 0.142
1.38 0.6 1.8 0.228 0.166
1.38 0.7 4.8 0.261 0.179
1.38 0.375 0.473 0.103 0.038
1.38 0.375 0.562 0.103 0.039
1.38 0.374 0.753 0.115 0.057
1.38 0.0374 0.936 0.153 0.086
1.38 0.375 1.31 0.171 0.117
1.38 0.377 1.49 0.12 0.089
1.38 0.376 1.88 0.091 0.081
1.38 0.375 2.63 0.05 0.041
2.72 0.5 1.0 0.119 0.058
0.57 0.5 1.12 0.113 0.076
1.81 0.5 1.1 0.147 0.084
1.14 0.5 1.1 0.162 0.094
1.38 1.0 3.1 0.3 0.224
1.38 1.2 3.6 0.374 0.248








Cyclic Oligoribonucleotides (RNA) by Solid-Phase Synthesis


Ronald Micura*[a]


Abstract: A novel solid-phase synthesis
of small- to medium-sized cyclic RNA
oligonucleotides is presented. A major
advantage of the approach is the lack of
restrictions on the sequence variety with
respect to the four standard bases ad-
enine, cytosine, guanine, and uracil. This
has been demonstrated for cycles con-
taining 2 to 21 nucleotide units. The
approach allows fully automated assem-
bly, and is related to a procedure known
for the preparation of cyclic oligonu-
cleotides in the DNA series (E. Alaz-
zouzi, N. Escaja, A. Grandas, E. Pedro-


so, Angew. Chem. 1997, 109, 1564 ± 1567;
Angew. Chem. Int. Ed. Engl. 1997, 36,
1506 ± 1508). It combines standard phos-
phoramidite chemistry for chain elonga-
tion and standard phosphotriester chem-
istry for ring closure. A key aspect of the
method is use of the novel 2'-O-triiso-
propylsilyloxymethyl (TOM) protected
RNA phosphoramidites (X. Wu, S.


Pitsch, Nucleic Acids Res. 1998, 26,
4315 ± 4323) instead of the classic tert-
butyldimethyl silyl (TBDMS) protected
amidites. Furthermore, the design of the
final cleavage step is selective only for
correctly cyclized oligoribonucleotides.
This results, after deprotection, in HPLC
profiles in which the crude oligonucleo-
tide is represented by the major peak
with typically more than 80 % of the
integrated area. The ring closure itself
proceeds with an average yield of 15 %.


Keywords: circular RNA ´ macro-
cycles ´ oligoribonucleotides ´ solid-
phase synthesis


Introduction


Circular RNA is frequently found in nature. This is reflected
in the large number of circular viroids[1] and in RNA cyclase
ribozyme activity.[2] The biological significance of circularity
often remains unclear and is a matter of intense current
research.[3]


Circular DNA has received attention lately, as it can be
used as efficient templates for DNA and T7-RNA polymer-
ases, a process termed as rolling circle DNA/RNA synthesis.[4]


Furthermore, cyclic oligodeoxynucleotides have been inves-
tigated in the context of antisense and antigene therapeutics
because of their intrinsic resistance towards degradation by
exonucleases.[5] In numerous structural studies it has been
shown that conformational constraints by circularity cause
previously unnoticed structural motifs in nucleic acids.[6]


So far, most techniques for the preparation of cyclic nucleic
acids involve template-directed ligation of a linear precursor
oligonucleotide. This approach is probably the most reason-


able for large cycles (>30 ± 35 nucleotides). Several variations
are found in the literature. The template can be provided as a
separate sequence[7] as well as an internal secondary struc-
ture.[8] The ligation itself proceeds either enzymatically (T4
DNA/RNA ligase)[7a, 8a] or is chemically controlled (BrCN/
imidazole or N-ethyl-N'-(3-dimethylaminopropyl)carbodiimi-
de).[7b, 8b±c] Generation of circular RNA by autocatalytic
splicing has yet to be shown to be an effective synthetic
procedure.


Recently, an efficient solid-phase synthetic approach for
small- to medium-sized cyclic DNA oligonucleotides has been
described;[9] however, efficient procedures for the preparation
of cyclic RNA oligonucleotides with comparable ring sizes
have not yet been reported.[10] This objective is addressed and
successfully achieved with the method described herein. As a
major advantage, the method has no restriction on the
sequence choice despite the fact that it is an operationally
simple process. Therefore, this protocol provides a powerful
tool to study structural and physicochemical properties of
small- to medium-sized cyclic RNA oligonucleotides.


Results and Discussion


The novel approach for the preparation of cyclic oligoribo-
nucleotides combines standard RNA phosphoramidite chem-
istry for chain elongation and standard phosphotriester
chemistry for ring closure. Deprotection of the synthesized
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cyclic RNAs can also be ach-
ieved by typical standard pro-
cedures established in RNA
automated synthesis, although
the ribose 2'-OHs are not pro-
tected with the commonly used
tert-butyl dimethylsilyl group
(TBDMS) but with the recently
introduced triisopropylsilyloxy-
methyl (TOM) protecting
group.[11]


Figure 1 shows the modified
solid-phase supports required.
Their synthesis is straightfor-
ward: (3-chloro-4-hydroxyphe-
nyl)acetic acid 2,4,5-trichloro-
phenyl ester[9] was treated with
a 2'-O-TOM-nucleoside cya-
noethylphosphoramidite in the presence of benzylthiotetra-
zole followed by oxidation with tert-butyl hydroperoxide to
yield the corresponding nucleotide-linker. A polyethylene-
glycol ± polystyrene copolymer, commercially available as
TentaGel S NH2, served as the matrix. After its modification
with 6-aminohexanoic acid,[12] coupling of the nucleotide-
linker in the presence of N,N'-dicyclohexylcarbodiimide
(DCC) and 1-hydroxybenzotriazole (HOBt) to the amino-
derivatized support followed by removal of the cyanoethyl
(CE) group, afforded the anionic nucleotide support 1 with an
average loading of 90 mmol gÿ1.


Assembly of the oligonucleotide chain using 2'-O-TOM
RNA CE-phosphoramidites proceeded with stepwise average
coupling yields of more than 98 %. Final detritylation
provided the 5'-terminal hydroxy group for cyclization with


O


OO


DMTO


O


O


N
H


O


H
N


O
O


HNEt3
+


BASE: AAc, CAc, GAc, U


P
O


O O


Cl


O BASE


OO


DMTO


O


O


N
H


O


H
N


O
O


P
O


- O O


Cl


Si


Si


5'


2


U


1


2'3'


n


n


PS


PS


Figure 1. Modified solid supports, 1 and 2, for the synthesis of cyclic
oligoribonucleotides based on a TentaGel S NH2 matrix; polystyrene (PS).


the 3'-terminal phosphodiester group (Scheme 1). Thereby,
the coupling reagent of choice was 1-mesitylenesulfonyl-3-
nitro-1,2,4-triazole (MSNT). Subsequent removal of the CE-
phosphate protecting groups was performed in order to apply
a selective cleavage step for the correctly cyclized oligoribo-
nucleotides which were then bound exclusively through
phosphotriesters to the resin. These o-chlorophenylphospho-
triesters were readily cleaved by tetramethylguanidinium
pyridine-2-aldoximate, while all noncyclized or crosslinked
oligoribonucleotides remained attached to the solid support
through phosphodiester linkages (Scheme 2).


Deprotection of the nucleobases was performed with
saturated methylamine in ethanol/water at room temperature
for cyclic oligonucleotides with less than 10 nucleotides. For
larger cycles, previous treatment with concentrated ammonia
in water/ethanol at 42 8C resulted in more satisfactory HPLC
profiles of the crude product. TOM-deprotection of the ribose
2'-OHs was carried out with tetrabutylammonium fluoride
(TBAF) followed by desalting over a Sephadex G 10 column.
As a characteristic feature, the HPLC profile of a crude cyclic
oligonucleotide (up to a decamer) showed a major peak of
more than 85 % of the integrated area, and for a larger cycle it


Abstract in German: Die vorliegende Arbeit stellt eine neu-
artige Festphasensynthese für kleine bis mittelgrosse cyclische
RNA-Oligonukleotide vor. Ein Hauptvorteil der Methode,
nämlich ihre absolute Sequenzunahängigkeit im Bezug auf die
vier Standardbasen Adenin, Cytosin, Guanin, und Uracil, wird
mit der Darstellung und Charakterisierung von mehr als 20
Cyclen mit Ringgrössen von 2 bis 21 Nukleotideinheiten belegt.
Die Methode erlaubt den automatisierten Strangaufbau
und orientiert sich an der Darstellung cyclischer DNA (E.
Alazzouzi, N. Escaja, A. Grandas, E. Pedroso, Angew. Chem.
1997, 109, 1564 ± 1567; Angew. Chem. Int. Ed. Engl. 1997, 36,
1506 ± 1508). Sie kombiniert Standardphosphoramiditchemie
für die Strangverlängerung mit Standardphosphotriesterche-
mie für den Ringschluss. Ein entscheidender Aspekt der
Methode ist die Verwendung der erst kürzlich eingeführten
2'-O-Triisopropylsilyloxymethyl (TOM) geschützten RNA-
Phosphoramidite (X. Wu, S. Pitsch, Nucleic Acids Res. 1998,
26, 4315 ± 4323) anstelle der klassischen tert-Butyl dimethylsilyl
(TBDMS) geschützten Amidite. Weiters ist der Abspaltungs-
schritt vom Träger selektiv nur für die korrekt cyclisierten
Oligoribonucleotide. Der Reinheitsgrad der Rohprodukte
beträgt mehr als 80 %, der Ringschluss selbst erfolgt mit einer
durchschnittlichen Ausbeute von 15 %.


O
BASE


OTOMO


DMTO
O


BASE


OTOMO


O
PCEO O
O


O


OTOM


BASE
O
PCEO O
O


O


OTOM


HO
BASE


P- O O


O


Cl


P- O O


O


Cl


O


O


O


P
O


O
OCE


O


O
P


O O
CEO


O O


O


TOMO


BASE


P
O


O
O


BASE


BASE


Cl


O


O


O


P
O


O
O


O


O
P


O O
O


O O


O


HO


BASE


P
O


O
O


BASE


BASE


n


TOM


T


M


H


HO


n


n


a,b c d-h


3'


5'


-


-


-
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was still more than 60 % (Figure 2). Purification of all
sequences was performed on an ion-exchange column. Purity
was checked by capillary electrophoresis or reversed-phase
HPLC and usually exceeded 95 %. Absolute yields of the
purified products were 15 % for the smaller cycles and


Figure 2. Documentation of the preparation of two cyclic oligonucleotides,
cy-rAUAUAUAUAU and cy-rGGGCCAAAU: a) Anion-exchange HPLC
chromatograms of the crude products after deprotection, gradient I.
b) Open tube CE electropherograms after their purification. c) MALDI-
TOF mass spectra (compare with Table 1; No. 16, 17). For details see the
Experimental Section.


decreased for the larger ones. Table 1 lists some of the cyclic
oligoribonucleotides prepared and their corresponding linear
references together with characterization data obtained by
MALDI-TOF mass spectrometry. Preparation of cyclic hen-
eicosamer (No. 24) reflected the limitations of the method
with respect to ring size and facile purification. So far, all


sequences were synthesized on
a 1 mmol scale, however, the
method is amenable to scale-
up.


All sequences in Table 1
were prepared with the anionic
support 1. Because of the
unprotected phosphodiester
group of 1, chain elongation
can be considered to be nega-
tively affected through chain
branching. In order to obtain
experimental evidence con-
cerning this question, the rU-
support 2 with an allyl-protect-
ed phosphate group was pre-
pared. Allyl protection is ex-


pected to be completely orthogonal to the other semiperma-
nent phosphate protecting groups used (CE and o-
chlorophenyl). For comparison, three sequences, namely cy-
rCAU, cy-rACGU, and cy-rUUUUUU were synthesized on
support 2. The only difference in the preparation of cyclic
oligonucleotides with this support was the allyl deprotection
of the 3'-terminal phosphate involving tetrakis(triphenylphos-
phane)palladium before cyclization with MSNT. The subse-
quent steps remained unchanged. HPLC profiles of the crude
cyclic oligonucleotides obtained were of comparable quality
but yields were 5 to 10 % less. Therefore, the allyl-protected
support 2 is not superior to 1.


Resistance to degradation of the cyclic oligoribonucleotides
by calf-spleen phosphodiesterase was tested on cy-rACGU,
cy-rGAGC4U and cy-rU2GA4GAGA2C3U. Compared with
their corresponding linear counterparts, resistance of the
cyclic oligonucleotides was highly increased for the two
shorter sequences whereas resistance was about the same for
the hexadecamers (Figure 3). With these experiments, the
expectation was confirmed that migration of the cyclic
compounds is faster than migration of the corresponding
linear reference sequences in capillary electrophoresis and
reversed-phase HPLC.


A major reason for the success of the approach is founded
on the use of RNA phosphoramidites that are TOM-
protected at the ribose 2'-OH and N-acetylated at the bases.
To the author�s knowledge, only two cyclic oligoribonucleo-
tides, namely cy-rC8 and cy-rC14, have previously been
prepared with 2'-OH-TBDMS RNA phosphoramidites, by
means of a different solid-phase approach.[10a] In general,
TOM/acetyl-protected RNA phosphoramidites seem to be
advantageous compared with the classic TBDMS/benzoyl-
protected RNA phosphoramidites.[11] The combination of
these protecting groups guarantees smooth and complete
deprotection after synthesis. With respect to the solid support
1, with ribose 2'-OH TBDMS protection, silyl migration to the
anionic phosphodiester group which results in cleavage of the
oligonucleotide from the solid support would have to be
considered during chain assembly.


The sequences listed in Table 1 were chosen, on the one
hand to show that the procedure has absolutely no restriction
on the sequence variety, and on the other hand for their
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Figure 3. Enzymatic resistance and digestion, respectively, of cy-rACGU
and rACGU-3'-p towards phosphodiesterase from calf spleen followed by
reversed-phase HPLC, gradient III ; start (above) and after 2 hours
(bottom); for detailed reaction conditions see the Experimental Section.


possible structural or biological significance. For instance, the
DNA analogues of cy-rAUUCAUUC (No. 14) and cy-
rCUCGCUUG (No. 15) form a previously unrecognized
general four-stranded DNA motif, the so-called bi-loop.[6]


Cyclic diribonucleotides (No. 4) are known for their activity


as RNA polymerase inhibitors,[10c] and in case of cy-rGG, as an
activator for cellulose synthase.[12] The sequence cy-rGAU-
GAGGCGhegACGACU (No. 22) represents an artificial
circular hammerhead ribozyme. Its biological activity is
retained and its synthesis has also been achieved by a
template-mediated ligation with T4 RNA ligase.[8a] Further-
more, cy-rGGAGAUCUGAGCGCUCUCUCC (No. 24) is a
cyclic HIV-1 TAR RNA analogue; a whole family of these
analogues show high Tat-binding activity.[13]


Conclusions


For the first time a solid-phase synthesis for small- to medium-
sized cyclic oligoribonucleotides with no restrictions on the
sequence variety is presented. The approach allows fully
automated assembly with commercially available 2'-O-TOM
RNA phosphoramidites. Ring closure is achieved by standard
phosphotriester RNA chemistry. Selective cleavage from the
solid support provides the cyclic oligoribonucleotide in high
purity after deprotection.


In particular, because of their higher resistance to exo-
nuclease cleavage, cyclic RNA molecules are potential targets
in therapeutics and diagnostics. Provided that a specific
research topic allows their use, cyclic RNAs are advantageous
over linear sequences whenever applied in the presence of
biological materials.[19]


Table 1. Synthesis and characterization of cyclic and linear oligoribonucleotides.


No. Sequence[a] Synthesis scale Yield[b] [M�H]�


[mmol] [OD] [%] calc. obs. D[%]


1 cy-rAU 1 4.2 15 652 651 ÿ 1.5
2 cy-rGU 1 2.7 14 638 636 ÿ 3.1
3 cy-rUU 1 3.1 15 613 613 0
4 cy-rAA 1 4.3 13 663 659 ÿ 6.1
5 cy-rCAU 1 1.9 6 942 941 ÿ 1.1
6 cy-rGAU 1 4.3 11 982 981 ÿ 1.0
7 cy-rACGU 1 2.2 5 1287 1286 ÿ 0.8


rACGU-3'-p 2 22.4 25 1305 1304 ÿ 0.8
8 cy-rAGACAA 1 7.5 10 1968 1966 ÿ 1.0
9 cy-rAAAAAA 1 4.6 5 1976 1976 0


10 cy-rUUUUUU 1 1.8 3 1838 1838 0
11 cy-rCCCCCC 1 2.7 5 1832 1832 0
12 cy-rGGGGGG 1 2.0 3 2072 2072 0
13 cy-rGAGCCCCU 1 0.9 1 2548 2545 ÿ 1.2


rGAGCCCCU-3'-OH 1 6.1 8 2486 2483 ÿ 1.2
14 cy-rAUUCAUUC 1 4.6 6 2496 2496 0
15 cy-rCUCGCUUG 1 2.1 3 2525 2526 � 0.4
16 cy-rGGGCCAAAU 1 4.1 4 2941 2938 ÿ 1.0
17 cy-rAUAUAUAUAU 1 2.7 2 3178 3180 � 0.6
18 cy-rGCGCGCGCGC 1 1.8 2 3253 3252 ÿ 0.3
19 cy-rGCGAAACGCUUU 1 1.8 1 3858 3859 � 0.3
20 cy-rAAAGAGACACUC 1 1.7 1 3888 3889 � 0.3
21 cy-rAUCAUUUUUCUGAU 1 1.3 1 4394 4388 ÿ 1.4
22 cy-rGAUGAGGCGhegACGACU[c] 1 0.7 1 5261 5257 ÿ 0.8
23 cy-rUUGAAAAGAGAACCCU 1 0.8 1 5175 5171 ÿ 0.8


rUUGAAAAGAGAACCCU-3'-p 2 17.2 9 5193 5194 � 0.2
24 cy-rGGAGAUCUGAGCGCUCUCUCC 1 0.6 1 6727 [d]


[a] Cyclic rApAp (cy-rAA). [b] Yields were determined after purification. One optical density (1 OD) is equivalent to the amount of oligonucleotide
dissolved in 1 mL water showing an extinction of 1 at a wavelength of 260 nm when measured in a cell with pathlength of 1 cm; yields were calculated by
using the values for extinction coefficients given in the Experimental Section. [c] Hexaethylene glycol (heg). [d] The [M�H]� peak was not detected due to
higher salt adducts.
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Experimental Section


General : All chemicals (reagent grade) and solvents (puriss.) were from
Aldrich or Fluka (exceptions mentioned). Tentagel S NH2 (Advanced
ChemTech; Louisville, Kentucky 40228, www.peptide.com), 2'-O-TOM-
RNA phosphoramidites and benzylthiotetrazole (Xeragon AG; 8005
Zurich, Switzerland, rna@xeragon.com), dicyanoimidazole (GlenRe-
search; Sterling, Virginia 20166, support@glenres.com). Molecular sieves
(4 �) were activated at 250 8C under vacuum. UV spectroscopy was
performed on a Cary 1 Bio spectrophotometer (Varian). For determination
of oligonucleotide concentrations, the following extinction coefficients
(260 nm) [L molÿ1cmÿ1] were used: adenosine 15300, guanosine 11700,
cytosine 7400, uridine 9900. All matrix-assisted laser desorption/ionization
(MALDI) analyses were performed by the Mass Spectrometry Facility of
The Scripps Research Institute on a PerSeptive Biosystems Voyager-Elite
mass spectrometer with delayed extraction; matrix: 2,4,6-trihydroxyaceto-
phenone; ions were detected in the positive mode. Abbreviations: acetyl
(Ac), cyanoethyl (CE), N,N'-dicyclohexylcarbodiimide (DCC), 4,5-dicy-
anoimidazole (DCI), N,N-dimethylformamide (DMF), 4,4'-dimethoxytrityl
(DMT), ethyl (Et), hexaethylene glycol (heg), 1-hydroxybenzotriazole
(HOBt), 1-mesitylenesulfonyl-3-nitro-1,2,4-triazole (MSNT), polystyrene
(PS), tetrabutylammonium fluoride (TBAF), triethylamine (TEA), triiso-
propylsilyloxymethyl (TOM), tris(hydroxymethyl)aminomethane (Tris).


Preparation of solid support 1: A solution (0.35 mL) of benzylthiotetrazole
(0.12 mmol) in CH3CN was added to a solution (0.8 mL) of 5'-O-DMT-2'-
O-TOM-nucleoside CE-phosphoramidite (0.12 mmol) and (3-chloro-4-
hydroxyphenyl)acetic acid 2,4,5-trichlorophenyl ester[9] (0.11 mmol) in
CH2Cl2. The reaction mixture was shaken for 1 h under an argon
atmosphere. tert-Butyl hydroperoxide (60 mL, 5.5m in decane) was added,
and 10 min later the reaction mixture was diluted with dry DMF/CH2Cl2


(1:4, 2 mL). Tentagel S NH2 resin (300 to 350 mg) derivatized with
6-aminohexanoic acid[9, 14] (60 to 70 mmol NH2) together with DCC (23 mg,
0.11 mmol), and HOBt (15 mg, 0.11 mmol) were added, and the suspension
shaken for 2 h. Then, the resin was washed with DMF, CH2Cl2, CH3CN, and
again CH2Cl2. Capping of the remaining amino groups and additional
oxidation with standard GeneSynthesizer reagents (PerSeptive) were
followed by treatment with TEA/pyridine (1:1, 4 mL) for 3 h. After
washing with pyridine, MeOH, CH3CN, and CH2Cl2, the resin was dried
under vacuum (2 d) to obtain a dry solid powder 1. Degree of cleavage
ranged from 80 to 110 mmol DMT gÿ1 resin.


Preparation of solid support 2 : Preparation of 2 was performed analogously
to the procedure described for 1 with 5'-O-DMT-2'-O-TOM-uridine
allylphosphoramidite. No final treatment of the resin with TEA/pyridine
was required. The degree of cleavage was 95 mmol DMT gÿ1 resin.


Oligoribonucleotide synthesis : All RNA syntheses were carried out on an
Expedite 8909 Nucleic Acid Synthesis System (PerSeptive Biosystems).
The standard 1 mmol DNA synthesis cycle was modified and included the
following steps: detritylation with dichloroacetic acid in ClCH2CH2Cl (5%
v/v) for 315 s/150 pulses (1 pulse is equivalent to 16 ± 18 mL); coupling with
solutions of 5'-O-DMT-2'-O-TOM-nucleoside CE-phosphoramidites in
CH3CN (10 % w/v) for 540 s/7 pulses (12 mg amidite/coupling) activated
by benzylthiotetrazole (0.35m) or DCI[15] (1m); capping with PerSeptive
capping solutions for 30 s/30 pulses; oxidation with iodine in CH3CN/sym-
collidine/water (100:9:45, 0.01m) for 60 s/60 pulses. Amidite solutions,
tetrazole solution, and CH3CN (Wsh) were dried over molecular sieves
overnight. The O-DMT-hexaethylene glycol CE-phosphoramidite used for
the synthesis of sequence No. 22 was prepared following ref. [16]. The
linear reference sequences rACGU-3'-p and rU2GA4GAGA2C3U-3'-p
were synthesized on a solid support with a starter group of the type
described in ref. [17]. All sequences were synthesized trityl-off.


Cyclization, CE-deprotection, and cleavage : The oligoribonucleotides
synthesized on support 1 (trityl-off) were treated with 1-mesitylenesulfon-
yl-3-nitro-1,2,4-triazole (MSNT) solution in anhydrous pyridine (0.1m,
0.45 mL). The cyclization time was 7 to 18 h depending on the length of the
oligonucleotide. After the product had been washed with pyridine, the
cyclization step with MSNT (0.1m, 0.3 mL) was repeated for 3 to 7 h. The
support was washed with pyridine, and treated with TEA/pyridine (1:1) for
3 to 5 h followed by washing with pyridine, CH2Cl2, and MeOH. Cleavage
was performed with a solution of pyridine aldoxime/tetramethylguanidine
(0.1m) in dioxane/water (2:1, 0.5 mL) for 12 to 16 h. The treatment was


repeated. Solutions containing the oligonucleotides and washings with
dioxane/water were combined and evaporated to dryness.


Removal of the allyl protection group from the 3'-terminal phosphate of
the oligoribonucleotides synthesized on support 2 (trityl-off) was achieved
by suspension of the support in a mixture of Pd[(C6H5)P3]4 (30 mg),
(C6H5)3P (30 mg), and Et2NH2HCO3 (30 mg) in CH2Cl2 (2 mL) at room
temperature.[18] The suspension was vigorously shaken for 7 to 9 h, and
washed with CH2Cl2, acetone, and water, suspended in an aqueous sodium
diethyldithiocarbamate solution (0.1m, 2 mL) for 30 min, and washed with
water, acetone, and CH2Cl2. Cyclization was then carried out as described
above.


Oligoribonucleotide deprotection : Sequences with less than 10 nucleotides
were treated with MeNH2 in EtOH (8m, 0.75 mL) and MeNH2 in water
(40 %, 0.75 mL) for 2 to 5 h at room temperature; the solution was then
evaporated to dryness. Removal of the 2'-O-silyl acetals was afforded by
treatment of the oligonucleotide with tetrabutylammonium fluoride
trihydrate (TBAF ´ 3H2O) in THF (1m, 0.9 mL) for at least 12 h at room
temperature. The reaction was quenched by the addition of Tris ´ HCl (1m,
pH 7.4, 0.9 mL). The volume of the solution was reduced to 1 mL and
directly applied on a Sephadex G 10 column (30� 1.5 cm) controlled by
UV-detection at 260 nm and simultaneous detection of conductivity. The
product was eluted with water and evaporated to dryness.
Sequences with more than 10 nucleotides were treated with NH3 in water
(25 %, 1.0 mL) and EtOH (0.2 mL) at 42 8C for 3 h, the solution was then
evaporated to dryness. Deprotection was continued with MeNH2 as
described above.


Oligoribonucleotide purification : All oligoribonucleotides were purified
by ion-exchange chromatography on a Pharmacia ¾KTA purifier with a
MONO Q HR 5/5 column (Figure 2). Flow rate: 1 mL minÿ1; eluent A:
10mm Na2HPO4 in H2O (pH 10.5); eluent B: 10mm Na2HPO4/1m NaCl in
H2O (pH 10.5); detection at 260 nm; gradient I (for a purity check of the
crude products after deprotection): 30 min 0 ± 100 % B in A; gradient II
(for purification): D30% B in A within 30 min. Fractions with the purified
oligonucleotide were desalted by loading onto a C18 SepPak cartridge
(Waters/Millipore), followed by elution with (Et3NH)HCO3 (0.15m), water,
and then H2O/CH3CN (6:4). Combined fractions with the oligonucleotide
were lyophilized to dryness.


The purity of the oligonucleotides was checked by capillary electrophoresis
or by reversed-phase HPLC. Capillary electrophoresis was performed on a
Beckman P/ACE System 5010; open tube fused silica capillary column,
50 m id, length: 30 cm; Tris ´ borate buffer (0.1m), pH 8.4, 30 8C, 20 kV,
detection at 254 nm. Reversed-phase HPLC was performed on a Beckman
System Gold equipped with the 126 solvent module and the 168 detector;
Brownelee Aquapore RP-300 column (C8, 7mm, 22� 0.4 cm). Flow rate:
1 mL minÿ1; eluent C: (Et3NH)OAc (0.1m) in H2O (pH 6.4); eluent D:
(Et3NH)OAc (0.1m) in H2O/CH3CN (1:4); gradient III : 30 min 0 ± 40% D
in C; elution at 35 8C; detection at 260 nm.


Enzymatic digestion : To an aqueous solution (100 mL) of cyclic oligoribo-
nucleotide (cy-rACGU or cy-rGAGC4U or cy-rU2GA4GAGA2C3U, 2.5�
10ÿ6 mm) and its corresponding linear reference sequence (rACGU-3'-p or
rGAGC4U-3'-OH or rU2GA4GAGA2C3U-3'-p, 2.5� 10-6 mm), phospho-
diesterase from calf spleen (1.5 mL, �0.01 U, Boehringer-Mannheim Cat.
No. 108251, suspension in (NH4)2SO4 solution (3.2m), pH 6.0) was added.
The mixture was kept at room temperature and analyzed at fixed times by
reversed-phase HPLC (Figure 3).
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Imaging the Assembly Process of the Organic-Mediated Synthesis of a Zeolite


Peter-Paul E. A. de Moor,*[a] Theo P. M. Beelen,[a] Bernd U. Komanschek,[b]


Larry W. Beck,[c] Paul Wagner,[c] Mark E. Davis,[c] and Rutger A. van Santen[a]


Abstract: The mechanisms by which
complicated structures assemble from
atoms and/or molecules to macroscale
entities are far from understood. Clear
insights into the rules concerning com-
plete assembly processes, whether they
be organic, inorganic or hybrid organic ±
inorganic, are of general use. Here, we
report on the assembly of the tetrapro-
pylammonium-containing (TPA) pure-
silica zeolite ZSM-5 (MFI), by monitor-
ing in situ the processes that occur over
scales spanning more than four orders of
magnitude (0.17 nm ± 6 mm). The combi-


nation of wide-angle, small-angle and
ultra-small-angle X-ray scattering
(WAXS, SAXS and USAXS, respective-
ly) allows the direct imaging of the
assembly process of the hybrid material
TPA-MFI. It is shown that 2.8 nm enti-
ties, comprised of TPA and silicate,
function as primary building units that
aggregate to form structures up to 10 nm


in size, which in turn form viable nuclei
that initiate the growth of zeolite crys-
tals. The nucleation mechanism of TPA-
MFI thus involves ordering initially on
the nanometer scale, followed by order
at larger scales derived from the primary
building units. The primary building
units are specific for the crystal structure
formed. The sequential formation of
order from small (primary units), to
medium (nuclei), to large scales (crys-
tals) is consistent with other assembly
processes, such as the construction of
biological entities.


Keywords: crystal growth ´ nuclea-
tion ´ precursors ´ X-ray scattering
´ zeolites


Introduction


The elucidation of the mechanisms by which complicated
macroscale objects self-assemble remains one of the most
difficult challenges. Substantial efforts are currently underway
to unravel the protein-folding problem, whose solution would
provide a direct link between chemistry and biology. Like-
wise, pathways employed by living organisms to organise
inorganic materials, such as bone formation and shaping, defy
complete description at this time. Thus, there is a continuing
need to understand the rules used for the formation of
complicated structures. It is crucial to be aware that the
assembly processes need not be the same over all scales.


The assembly of pure-silica zeolites by the use of organic
molecules, which assist in the synthesis process and are


accommodated in the final structures, is an example of an
assembling hybrid system. Unlike inorganic materials that are
formed in living systems (simple unit cells or building units in
which the material is shaped over large scales), zeolites have
extremely complicated unit cells. Additionally, there are no
strong chemical bonds formed between the organic and
inorganic fractions of the composite material; co-operative
behaviour of weak interactions, such as Van der Waals forces,
dictate the assembly process. Thus, isolation of intermediates
is most likely to be destructive and only in situ observations
are reliable. When an organic zeolite composite is synthesised,
organisation on scales from sub-nanometer (organic mole-
cule) to micron (final crystal) is important. Aside from the
experimental difficulties that arise from the use of spectro-
scopic methods such as NMR, IR, Raman and UV/visible on
zeolite reaction mixtures, these methods probe structures/
interactions on a very small scale and can only provide
information on one portion of the assembly process. Addi-
tionally, dynamic light scattering (DLS) can yield information
over a larger scale region, but is subject to limitations when
multiple-size populations exist or when large particles exist in
high concentrations and when a heterogeneous gel phase is
present. These difficulties are circumvented by the use of
X-ray scattering. Small-angle scattering of X-rays and neu-
trons can provide information from scales between microns
and �ngströms in a broad variety of systems, for example, in
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the structure of complex biological materials like wood and
bone,[1] the microstructure of emulsions[2] and the evolution of
the morphology and three-dimensional spatial arrangement
of the precipitates during the decomposition of alloys.[3]


However, many structures show variations on a broad range
of scales and require a combination of techniques to be
studied effectively. We used a combination of ultra-small-
angle X-ray scattering (USAXS) and and simultaneous small-
angle and wide-angle X-ray scattering (SAXS and WAXS,
respectively) to continuously probe the extremely broad
range of scales (0.17 nm ± 6 mm) needed to monitor all
precursors and products during zeolite crystallisation. The
excellent X-ray sources at the Daresbury Laboratory and the
European Synchrotron Radiation Facility were employed to
allow in situ dynamic observations. We report on the assembly
of Si-MFI from different synthesis mixtures with various
structure-directing agents and silica sources as detected by
these techniques. We present evidence that 2.8 nm primary
units are the key intermediates for the zeolite synthesis.


Experimental Section


Preparation of zeolite synthesis mixtures: Completely clear synthesis
mixtures with chemical composition x Na2O:1.22(TPA)2O:10SiO2:117 H2O
were prepared with silicic acid as the silica source, as described elsewhere.[4]


Here, x was varied to obtain Si/OH ratios between 2.12 and 3.02. For
syntheses with bis-(tripropylammonium)hexamethylene dihydroxide (the
dimer of TPA) and bis-(tripropylammonium-N,N'-hexamethylene)-N'',N''-
dipropylammonium trihydroxide (the trimer of TPA), the ratio R/SiO2 was
maintained at 1.22:10 and 0.81:10 with x� 0.848 (Si/OH� 2.42). The
synthesis temperature was 125 8C. Synthesis mixtures with TEOS as a silica
source with chemical composition 4.5TPA2O:25SiO2:484.5 H2O:100 EtOH
were prepared as reported by Schoeman.[5] The ageing time between
mixing the reagents and heating to the synthesis temperature of 125 8C was
24 h. The synthesis of Si-MFI from a heterogeneous gel phase with
trimethylene-bis(N-hexyl-N-methyl-piperidinium) dihydroxide and tetrae-
thylorthosilicate as the silica source with composition 10SiO2:3.0
R(OH)2:0.25 Na2O:350 H2O was performed at 160 8C, as described else-
where.[6]


MFI/MEL intergrowth crystals were prepared at 125 8C from a synthesis
mixture with the composition 0.55 Na2O:1.26 (TBA)2O:10SiO2:150 H2O
(TBA� tetrabutylammonium). Sodalite was crystallised at 110 8C from a
solution with 0.55 Na2O:2.80 (TMA)2O:0.2 Al2O3:10SiO2:90H2O (TMA�
tetramethylammonium). Silicic acid was used as silica source and the
preparation was that same as for Si-TPA-MFI.


Sample cell: To perform the in situ experiments, an electrically heated brass
holder that contained a rotating round sample cell was designed. Rotation
was necessary to keep the synthesis mixture homogeneous, since only a
small spot near the centre of the cell was exposed to the X-ray beam. A rate
of approximately two revolutions per minute appeared to be fast enough to
prevent the premature precipitation of zeolite crystals. Two clear mica
sheets (Attwater and Sons) were used as windows, with spacing provided by
a Teflon ring (thickness 0.5 mm). The liquid sample could be heated under
hydrothermal conditions up to 175 8C and contact between the sample and
the brass cell was avoided during sample preparation and synthesis. The
sample holder was heated from room temperature to a reaction temper-
ature of 125 8C in only two minutes. This rotating cell was used for both the
combined SAXS/WAXS and the USAXS investigation.


X-ray scattering measurements: The combined SAXS and WAXS experi-
ments were performed at station 8.2 of the Synchrotron Radiation Source
at Daresbury Laboratory (UK),[7] with a camera length of 0.8 (0.4<Q<


7 nmÿ1) and 3.4 m (0.1<Q< 2.5 nmÿ1) and position sensitive detectors.[8]


The USAXS experiments were performed at the high-brilliance beamline
ID2/BL4 of the European Synchrotron Radiation Facility in Grenoble
(FR) with a Bonse-Hart camera type[9, 10] (0.001<Q< 0.3 nmÿ1). A


configuration with two analyser crystals was used, so no desmearing was
necessary.[4] The scattering of water at the reaction temperature was used
for the background subtraction.


Results and Discussion


The first event in the assembly of Si-TPA-MFI from a clear
solution of TPAOH, SiO2, NaOH and H2O is the formation of
particles with an average diameter of 2.8 nm (see Figure 1).
These species, hereafter referred to as the primary particles,
were monitored by in situ SAXS ± WAXS and USAXS
measurements. The existence of primary particles of this size
has been previously reported by Schoeman,[5] but here, for the
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first time, the specific time-resolved role of these particles in
the assembly of long-range ordered materials is elucidated. IR
spectra of these isolated composite species were obtained and
showed a band at 560 cmÿ1; this is interpreted to be indicative
of five-membered silicate rings (also seen in the structure of
Si-MFI zeolites). The samples were prepared by quenching
the reaction mixture, which contained only the 2.8 nm
particles, in liquid N2 and freeze-drying or extracting the
composite particles into an imiscible organic phase with
subsequent evaporation of the solvent. This indicated that the


TPA cations and silicate species interact in the primary
particles and that the TPA cations affect the short-range
ordering of the silicon atoms. Previously, Burkett and Davis
showed by NMR that silicate species are in contact with TPA
cations prior to the detection of long-range order by
diffraction[11, 12] (the synthesis conditions were slightly differ-
ent). 13C NMR chemical shifts of composite species trapped
by silylation were different from both free TPA cations in
solution and TPA cations occluded in Si-MFI; this agrees with
the data presented here in that the primary species are


Figure 1. Time-dependent scattering curves for Si-TPA-MFI: A and A': Si/OH� 2.42, B and B': Si/OH� 3.02 and C and C': Si/OH� 2.78 and TEOS as the
silica source. The reaction times are denoted on the curves. Scattering particle types: I� primary units, II� aggregates, III� crystals, IV� crystal aggregates,
BR�Bragg reflections. The inset figures on A', B' and C' show the scattering intensity from the different particle populations and the crystallinity. The
patterns at short reaction times in A, B and C do not extend to (very) small angles, since no (very) large structures are present in the sample, and so no excess
scattering intensity was detected above the background.
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composites of TPA cations and silicate species that have not
yet adopted the long-range order of Si-TPA-MFI. Finally,
TPA cations have clearly been identified as being present in
these primary particles.[5, 13]


The ability to simultaneously monitor a broad range of
scales shows that primary units are converted into longer-scale
entities in the nucleation process. The nucleation of Si-TPA-
MFI is a two-step process: first nutrients must assemble into
composite species, after which reorganisation and condensa-
tion reactions can form viable nuclei (we have observed
crystals with the MFI structure type 8 ± 10 nm in size by
electron microscopy). The importance of the first step is
shown by a series of experiments in which the formation of
aggregates of primary units was changed by variation of the
alkalinity of the synthesis mixture. In case of a relatively low
alkalinity (Si/OH� 3.02) the formation of aggregates with a
size of approximately 10 nm is facilitated (Figure 1B). At
increasing alkalinity, the ability of the synthesis mixture to
form such structures decreases, while there is no indication
that particles larger than the 2.8 nm primary units are present
at high alkalinities (Si/OH> 2.65).[14] Our time-resolved
results show the correlation between the presence of pre-
cursors and the crystallisation behaviour. In the situation in
which the primary units are the only precursors present, the
onset of crystallisation coincides with the onset of the
consumption of the primary units (Figure 1A', vertical dotted
line in inset). However, when aggregates are present (low
alkalinity), the consumption of these aggregates coincides
with the onset of the crystallisation process, while the effective
consumption of the primary units starts significantly later
(Figure 1B', inset).


The growth curves of the crystals can be obtained from the
scattering from the crystal surface at very small angles,[4] and


show that the final size of the crystals is smaller in lower
alkalinity conditions (Si/OH� 3.02), while the crystal-growth
rate is independent of the alkalinity. Therefore, the faster
crystallisation as observed from the area of the Bragg
reflections (Figure 1B', inset) is due to a higher rate of
nucleation when the 10 nm aggregates are clearly present (Si/
OH� 3.02). At high alkalinities (Si/OH� 2.42) the number of
aggregates is sufficiently low that they cannot be identified
from the scattering patterns; this is in agreement with the
formation of a low number of viable nuclei and large crystals.
At even higher alkalinities (Si/OH� 2.12) the rate of nucle-
ation is extremely low and the primary units are the only
precursors observable. The addition of a small number of Si-
TPA-MFI crystals as seeds (mean diameter 68 nm) results in
normal crystal growth and shows that entities for growth are
present in the synthesis mixture even when nucleation is
almost impossible. The correlation between the presence of
aggregates of primary units and the rate of nucleation shows
that the aggregation of primary units is an essential step in the
nucleation process (see Figure 2), and that the formation of
viable nuclei does not occur by the growth of the primary units
by addition of ions from solution. When large numbers of
aggregates are present (Si/OH� 3.02), a small fraction of
these will transform into viable nuclei, while the remaining
ones will dissolve owing to changing conditions brought on by
the crystal-growth process.


Schoeman[5] monitored the early stages of Si-TPA-MFI
formation by DLS. Three major differences in the reaction
mixture compositions used by Schoeman and those reported
here are that tetraorthosilicate was the silica source, ethanol
was present in significant concentrations and no sodium
cations were present. In order to make a direct comparison to
Schoeman�s previous results, the exact synthesis mixture was


Figure 2. Scheme for the crystallisation mechanism of Si-TPA-MFI.
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investigated here (Figure 1C). A higher reaction temperature
of 125 8C was employed to increase the rate of formation
owing to the limited, assigned synchrotron beamtime. The
scattering pattern at room temperature shows 4 nm particles
that, after heating, convert into two particle populations of
2.8 nm and �5 nm. For up to 150 minutes of heating, the
2.8 nm size remains and the�5 nm particles increase in size to
�8 nm. These observations are in agreement with Schoe-
man�s DLS results. From this point forward, our data reveal
that the situation is more complicated and show a strong
resemblance to our synthesis with silicic acid at Si/OH� 3.02
(Figures 1B and 1B'). These results clearly show the impor-
tance of following the full assembly process in situ and that
our proposed mechanistic picture does in fact extend to the
system investigated by Schoeman.


After the formation of the nanometer-sized viable nuclei,
growth of crystals up to the micrometer range occurs. The
scattering experiments show that the aggregates of the
primary units do not participate directly in the growth
process, since the linear crystal-growth rate is independent
of their presence.[4] Figure 3 shows a HREM of MFI crystals
prepared with the TPA dimer described below and the
Fourier-filtered image[15] of this micrograph. Careful inspec-


Figure 3. HREM (top) and Fourier-filtered image (bottom) of an Si-MFI
crystal prepared from bis-(tripropylammonium)hexamethylene, the dimer
of TPA, as the structure-directing agent.


tion of the microscopy data shows faulting with minimum
domain sizes of approximately 2 ± 4 nm. These data strongly
suggest that the growth units are, in fact, the primary particles.
Thus, when aggregates of primary units are present, they can
dissolve back to smaller precursor particles and keep the
concentration of the latter almost constant. This results in an
almost constant scattering from the primary units in the case
of low alkalinity until no scattering intensity from the 10 nm
particles is observed.


When the linear growth of the Si-TPA-MFI crystals is
complete, a sudden aggregation of the discrete crystals to
structures larger than 6 mm occurs; this gives rise to the
increase in scattering intensity at Q values lower than
0.02 nmÿ1 (see Figures 1A' and 1B'). The mass-fractal dimen-
sion of 1.8 of these micrometer-scaled aggregates agrees with
a diffusion-limited aggregation process. These structures have
never been isolated and observed with techniques, such as
electron microscopy, as a result of their vulnerability and the
required sample treatment.


To demonstrate the specificity of the primary units for the
crystalline structure formed, we used several organic mole-
cules to direct the synthesis to the same crystal structure MFI
(unit cell approx. 2.0� 2.0� 1.3 nm). Syntheses with the TPA�


cation, a dimer of TPA and a trimer of TPA were performed
from clear solutions with the same composition, with silicic
acid as the silica source. Primary units with a size of 2.8 nm
were found in all syntheses (Figure 4). The same precursor


Figure 4. Scattering patterns for zeolite synthesis mixtures with different
structure-directing agents (shifted vertically for comparison): 1�TPA, 2�
bis-(tripropylammonium)hexamethylene, the dimer of TPA, 3�bis-(tri-
propylammonium-N,N'-hexamethylene)N'',N''-dipropylammonium, the
trimer of TPA, 4� trimethylene-bis(N-hexyl-N-methyl-piperidinium),
WG�water glass, no organics, TBA� tetrabutylammonium, TMA�
tetramethylammonium. The diameter d of the particles can be determined
from the peak maximum with the equation d� 2p/Q. The curves have been
multiplied by arbitrary constants for ease of comparison.


size was found when TBA cations were used to direct the
synthesis to form MFI/MEL intergrowth crystals (unit cell
approx. 2.0� 2.0� 1.3 nm). A completely different synthesis
procedure in which a heterogeneous gel phase is present, with
tetraethylorthosilicate as the silica source and a bis-piperidi-
nium compound as the structure-directing agent known to
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produce MFI,[6] also showed the presence of 2.8 nm primary
units. These data show that the formation of the primary units
in these organic-mediated syntheses of MFI is independent of
the structure-directing agent, alkalinity and preparation
method. With the same reaction mixture that produces the
heterogeneous gel phase for MFI, the organic additive
trimethylene-bis(N-benzyl-N-methyl-piperidinium) gives ei-
ther pure-silica zeolite beta or pure-silica zeolite ZSM-12.[6]


The in situ scattering data for these syntheses show that the
primary particle size for beta is 2.6 nm (unit cell approx. 1.3�
1.3� 2.4 nm) and 1.5 nm for ZSM-12 (unit cell approx. 2.5�
0.5� 2.5 nm). In another experiment, we synthesised zeolite
sodalite (unit cell approx. 0.9� 0.9� 0.9 nm) with tetrame-
thylammonium as the structure-directing agent in the pres-
ence of aluminium. Here the size of the precursors was 1.6 nm
(apparent from the different position of the maximum in the
scattering curves in Figure 4). Although the scaling between
the unit cell size and the primary particle size is not perfect,
there is clearly a correlation between the zeolite crystal
structure and the dimensions of the primary particle. The
scattering from a solution without organic molecules (no
crystalline product) shows no formation of such precursors.
These results lead to the conclusion that the primary units
observed are indeed the entities that contain the order on a
sub-nanometer scale needed for the construction of nano-
meter-scale order, that is viable nuclei.


Conclusions


Here, we have provided the first complete image of the
nanometer-scale assembly process of an organic-mediated
synthesis of a pure-silica zeolite. By monitoring a very large
range of scales simultaneously, the pathways by which
organisation is extended from the molecular scale to the
crystalline scales is elucidated. First, the formation of nano-
meter-scale entities is observed, which are probably specific
for the zeolite topology formed. These primary units have to
form aggregates, which can transform into viable nuclei.
Growth of the viable nuclei to macroscopic crystals can occur
by addition of the primary units to the crystal surface. We


believe that these mechanisms are not unique to the TPA-MFI
system, but rather provide insight into the assembly of other
complex systems.
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Intramolecular Energy Transfer in Bis-porphyrins Containing Diimine
Chelates of Variable Geometry as Spacers


Graham Hungerford,[a] Mark Van der Auweraer,*[a] Jean-Claude Chambron,[b]


ValeÂrie Heitz,[b] Jean-Pierre Sauvage,*[b] Jean-Louis Pierre,*[c] and Dacil Zurita[c]


Abstract: Free-base porphyrin dimers bridged by either 6,6'-diphenyl-2,2'-bipyridine
or 2,9-diphenyl-1,10-phenanthroline spacers were synthesized and characterized.
Metallation of one of the porphyrins with ZnII allowed us to study intramolecular
energy-transfer processes between the ZnII-porphyrin photoreceptor and the free-
base porphyrin energy acceptor by time-correlated single-photon counting. The rate
of energy transfer was shown to depend strongly on the nature of the bridge, being
enhanced by a factor of nearly 6 when comparing the (cis) phenanthroline bridge with
the trans-bipyridine bridge. A detailed analysis of the fluorescence decays suggests
the presence of two slowly interconverting conformers for the 6,6'-diphenyl-2,2'-
bipyridine spacer.


Keywords: energy transfer ´ fluores-
cence spectroscopy ´ porphrinoids ´
supramolecular chemistry ´ zinc


Introduction


In photosynthetic organisms, photoinduced electron transfer
that induces conversion of light energy into chemical energy
begins when photonic excitation has reached the so-called
reaction center (RC). This process can be realized when the
special pair (SP) of porphyrins belonging to the RC is directly
excited, but it is more efficient when light excitation is trapped
and transferred through a pool of well-organized bacterio-
chlorophyll (Bchl) chromophores included in the light-
harvesting (LH) antenna protein. For example, in the bacteria
Rhodopseudomonas acidophila, the light harvesting system
(LH2) is formed from two rings of noncovalently linked
BChla, one consisting of nine pigments that absorb at 800 nm
and the second one composed of eighteen chromophores that
absorb at 850 nm.[1, 2] This highly organized structure of BChls
enhances the spectral width of the energy trapped and the


efficiency of energy transfer, since LH2 funnels the energy
towards the RC.


Energy-transfer processes between natural tetrapyrrolic
chromophores has inspired many research groups. The models
synthesized are composed of at least two porphyrins; often a
zinc porphyrin is used as the energy donor and a free-base
porphyrin as the energy acceptor. The porphyrins are linked
covalently either by flexible hydrocarbon chains[3±5] or more
rigid aliphatic or aromatic spacers.[6±11] Assembling porphyrins
in a more biomimetic way was achieved by the use of either
coordination bonds[12±16] or hydrogen bonds.[17, 18] In particular,
multiporphyrin complex structures have been described as
light-harvesting antenna models since 1993. All have in
common four zinc porphyrins forming an external ring linked
to a central free-base porphyrin. In Lindsey�s system,[19] an
acetylenic bridge to the central free-base porphyrin covalently
links these zinc porphyrins. Sanders and McCallien[20] devel-
oped another synthetic route for their pentameric edifice. The
free base 5,10,15,20-tetrakis-(4-pyridyl)porphyrin was used as
a template to assemble four zinc dioxoporphyrins bearing
acetylenic groups. The resulting complex was subsequently
submitted to the Glaser ± Hay coupling reaction to produce
the cyclic covalently bound tetramer. Rempel and co-work-
ers[21] also formed a pentamer by the use of the coordination
properties of the same free-base porphyrin towards two
covalently linked zinc(ii) bis-porphyrins. Another way of
forming the pentameric structure was to use the preformed
macrocyclic structure of four zinc porphyrins as a receptor for
the same free-base 5,10,15,20-tetrakis-(4-pyridyl)porphyrin.
The aggregate made by Slone and Hupp[22] has a molecular
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square in which ZnII-complexed 5,15-bis-(4-pyridyl)porphyr-
ins placed at the edges are assembled with [Re(CO)3Cl]
subunits, which form the corners. This molecular box coor-
dinates the meso tetrapyridyl free-base porphyrin with a high
association constant (4� 107mÿ1). Sanders and co-workers[23]


used a similar organic receptor, made from four ZnII


porphyrins covalently bridged by acetylenic spacers. This
receptor complexes the same 5,10,15,20-tetrakis-(4-pyridyl)-
porphyrin with a binding constant even greater (2� 1010mÿ1).
The common feature of these pentameric arrays is the ability
to function as an efficient energy collector and to show
efficient, directed intramolecular energy transfer: light energy
is absorbed by the external zinc ± porphyrin macrocycle and
transferred to the central free-base porphyrin.


Our approach was to study energy-transfer processes in
dimers of porphyrins as a function of the distance and
orientation of the two chromophores.[24] These were cova-
lently linked by either 2,9-diphenyl-1,10-phenanthroline
(phen) or 6,6'-diphenyl-2,2'-bipyridine (bipy) bridges. These
two bridges have similar electronic properties, but the bipy
permits free rotation about the 2,2' carbon ± carbon bond and
has a preferred trans conformation, whereas phen is a planar
and rigid spacer, which holds the two porphyrins in a cis
conformation. The zinc/free-base porphyrin dimers allowed
us to study the energy-transfer mechanism through dipole ±
dipole interactions according to Förster�s theory and the
dependence of distance and orientation on the rate of energy
transfer.


Results and Discussion


Synthesis of the compounds of this study : The compounds of
interest in this study are the bis-porphyrins Znphen2H (M1�
Zn, M2� 2H) and Znbipy2H (M1�Zn, M2� 2H), see Fig-
ure 1. In Figure 1 the symmetrical bis-porphyrins 2Hphen2H,
ZnphenZn, 2Hbipy2H, and ZnbipyZn are also represented.
The porphyrin dimers 2Hphen2H and 2Hbipy2H were
obtained in one-pot reactions by condensation of the dialde-
hyde spacers 1 and 2 (Figure 2), respectively, with the
appropriate stoichiometry of 3,3'-diethyl-4,4'-dimethyl-2,2'-
dipyrrylmethane (4) and 3,5-di-tert-butylbenzaldehyde (3) in


Figure 1. Molecular structures of 2Hphen2H, ZnphenZn, Znphen2H,
2Hbipy2H, ZnbipyZn, and Znbipy2H.


Figure 2. Molecular structures of the synthons 1, 2, 3, 4.


acid catalysis conditions, as described in detail below. 2,6-Di-
(p-formylphenyl)-1,10-phenanthroline (1) was obtained as
previously described.[9] The other dialdehyde precursor, 6,6'-
di-(p-formylphenyl)-2,2'-bipyridine (2) was obtained as fol-
lows. The Grignard reagent of p-bromophenyl-1,3-dioxolane


Abstract in French: Des dimeÁres de porphyrines bases libres
lieÂes par un espaceur de type 6,6'-dipheÂnyl-2,2'-bipyridine, ou
de type 2,9-dipheÂnyl-1,10-pheÂnanthroline ont eÂteÂ syntheÂtiseÂs et
caracteÂriseÂs. La complexation de l�une des porprhyrines des
dimeÁres par le ZnII a permis d�eÂtudier les processus de transfert
d�eÂnergie entre la porphyrine de zinc, capteur de photons et la
porphyrine base libre, accepteur d�eÂnergie, par la technique de
comptage individuel de photons en fonction du temps. On
montre que la vitesse de transfert d�eÂnergie deÂpend fortement
de la nature chimique de l�espaceur, eÂtant augmenteÂe d�un
facteur de 6 quand on compare les reÂsultats obtenus avec
l�espaceur pheÂnanthroline (cis) aÁ ceux obtenus avec l�espaceur
bipyridine (trans). Une analyse des deÂclins de fluorescence
suggeÁre que ce dernier donne lieu aÁ deux conformeÁres qui
s�eÂchangent lentement.







Bis-Porphyrins 2089 ± 2100


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2091 $ 17.50+.50/0 2091


(6) was prepared by metal exchange of p-lithiophenyl-1,3-
dioxolane (obtained by reaction of 6 with tBuLi) with MgBr2


(Figure 3). Pd-catalyzed cross-coupling of the organomagne-
sium reagent (1 equiv) with 2,6-dibromopyridine (5 ; 1 equiv)
afforded 6-bromo-2-(p-phenyl-1,3-dioxolane)pyridine (7) in


Figure 3. Molecular structures of the synthons 5, 6, 7, 8.


66 % yield after chromatography. Subsequently, oxidative
homocoupling[25] of 6-lithio-2-(p-phenyl-1,3-dioxolane)pyri-
dine (2 equiv), obtained by reaction of nBuLi with 7, in the
presence of CuII (1 equiv) and oxygen, produced 6,6'-di-(p-
phenyl-1,3-dioxolane)-2,2'-bipyridine (8) in 72 % yield after
chromatography. Compound 2 was finally obtained in 94 %
yield by hydrolysis of 8 with 5 % HCl.


The target bis-porphyrin conjugates 2Hbipy2H and
2Hphen2H were obtained as follows: 2 was treated with
3,3'-diethyl-4,4'-dimethyl-2,2'-dipyrrylmethane (4 ;[26, 27]


10 equiv), 3,5-di-tert-butylbenzaldehyde (3 ;[9] 8 equiv), and
five drops of trifluoroacetic acid at room temperature in
CH2Cl2 for 17 h, following a procedure described by Lindsey
et al.[28±30] Subsequently, a large excess of p-chloranil
(40 equiv) was added to the intermediate porphyrinogens
and the reaction mixture was heated to reflux for 2 h. After
work up and chromatographic purification, bis-porphyrin
2Hbipy2H was obtained in 20 % yield. Using the same
reaction conditions and 1 as dialdehyde precursor, we
obtaained dimer 2Hphen2H in nearly 15 % yield after
purification by column chromatography. The products were
characterized by 1H-NMR and FAB� mass spectrometry.


Typically, the FAB mass spectrum showed the molecular
peak ([M�H]�) and a peak corresponding to a species with a
double positive charge ([M�2H�]/2). The 1H NMR spectrum
of bis-porphyrin 2Hphen2H in CDCl3 showed the expected
signals, with the characteristic signatures of the meso protons
at d� 10.17 and the NH protons at d�ÿ2.46. In addition, the
protons H3 and H4 (or H8 and H7) of the phenanthroline
moieties produce a nice unusual AB pattern. For solubility
reasons, the 1H NMR spectrum of bis-porphyrin 2Hbipy2H
was run in CDCl3 containing a few drops of CF3CO2H. The
spectrum is in agreement with the structure of the product;
however, it cannot be directly compared with that of bis-


porphyrin 2Hphen2H, because the peaks are broad and not
well resolved.


The heterodimers Znphen2H and Znbipy2H cannot be
obtained selectively. Reaction of Zn(OAc)2 ´ 2H2O (1 equiv)
and the appropriate homodimer (2Hphen2H or 2Hbipy2H) in
CHCl3/MeOH (2:1) produced a mixture of bis-porphyrins:
2Hspacer2H, Znspacer2H, and ZnspacerZn, where spacer is
either phen or bipy. The different porphyrin dimers were
separated by column chromatography. In the bipy series, the
distribution of products was 2Hbipy2H, 10 %; Znbipy2H,
24 %; ZnbipyZn, 32 %; in the phen series, the distribution of
products was 2Hphen2H, 18 %; Znphen2H, 41 %; ZnphenZn,
25 %. In the latter case it was close to the statistical ratio of
25:50:25. In the former case, the statistics were not followed
owing to solubility reasons: the ZnbipyZn dimer was more
soluble than the 2Hbipy2H precursor and this increased the
formation of ZnbipyZn at the expense of the heterodimer
Znbipy2H. The compounds were characterized by FAB�mass
spectrometry and by 1H NMR spectroscopy in the case of the
phen series. In the case of the bipy series, the poor solubility of
the compounds in nonprotic solvents excluded analysis by
1H NMR, since ZnII incorporated in the porphyrins is
removed by protonation. The data are in agreement with
the metallation patterns. In particular, the NH resonances
disappear upon metallation of the porphyrins with ZnII.
Otherwise, the metal has little or no influence on the chemical
shifts of the other protons, either those belonging to the
porphyrin or to the phenanthroline part of the molecule. The
best diagnostic of metal incorporation into the tetrapyrrolic
macrocycles is provided by UV/visible spectroscopy. This
method is the best tool to follow the metallation reaction. The
free-base compounds 2Hphen2H and 2Hbipy2H both show a
Soret band around 410 nm (409 nm for 2Hphen2H and
412 nm for 2Hbipy2H) and four Q bands at 507, 540, 573,
and 625 nm for 2Hphen2H, and 508, 541, 574, and 625 nm for
2Hbipy2H. As expected, upon incorporation of ZnII, the four
Q bands merge into one set of two bands, at 542 and 575 nm
for ZnphenZn, and at 539 and 574 nm for ZnbipyZn. The
spectra of the monometallated species Znphen2H and
Znbipy2H are a superimposition of the spectra of the
corresponding free-base and fully metallated species.


Structure calculations : Owing to the large number of atoms
(253) it was not possible to use a semiempirical method that
included solvent effects. Therefore we were limited to the
Merck molecular force field. The conformation of minimum
energy (Table 1) obtained for the E isomer of Znbipy2H was
plausible and the distance between the centers of the two
porphyrins amounted to 23 � with a total strain energy of
945 kcal. However the van der Waals attraction between the
porphyrin moieties led to a deformation of the NÿCÿphenyl
valence angles of the Z isomers of Znbipy2H and Znphen2H
compared with the values they had in the corresponding
diphenylphenanthroline or 6,6'-diphenyl-2,2'-bipyridine. Fur-
thermore a bending of the phenyl moieties over more than 108
occurred. This yielded an unrealistic short distance between
the porphyrin centers of 8.15 � and 8.24 � in the Z isomers of
Znbipy2H and Znphen2H, respectively. This van der Waals
interaction is also suggested by the smaller strain energy
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which amounted to 937 kcal in the Z isomer compared with
945 kcal in the E isomer. In Znphen2H the strain energy
amounted to 967.3 kcal. Actually as a result of less extensive
steric hindrance, a smaller strain energy would be expected
for the E isomer compared with the Z isomer. The latter was
confirmed for 6,6'-diphenyl-2,2'-bipyridine for which the Z
isomer is 10.5 kcal above the E isomer. A more detailed study
of the dependence of the energy of 2,2'-bipyridine or 6,6'-
diphenyl-2,2'-bipyridine upon the dihedral angle shows that a
small (1.0 kcal) maximum at the Z conformation is followed
by a relatively wide plateau (up to 908), at which the decrease
of steric repulsion is largely balanced by a decrease of
resonance energy. Only for larger values of the dihedral angle
does the energy decrease steeply; this is caused by an increase
of the resonance energy (negative) that is no longer compen-
sated by an increase of repulsion energy (positive) to arrive
eventually at the minimum 10.5 kcal below the Z conformer
for a dihedral angle close to 1808. This corresponds to ab
initio calculations[31, 32] for which differences of 6.9 and
9.5 kcal molÿ1 were obtained between the syn and anti con-
formers of 2,2'-bipyridine. As only a STO-3G basis set was
used in those calculations, those data can be rather inaccurate
(cf. SPARTAN Manual). By means of electron diffraction
measurements[33] a value of 5.6 kcal was obtained.


When the phenyl moieties are constrained to a planar
geometry, the decreased van der Waals interaction increases
the total strain energy and the center to center distance to
978 kcal and 13.43 �, respectively, for Znphen2H, while for
the Z and the E isomers of Znbipy2H both parameters remain
the same when the geometry of the phenyl moieties was not
constrained. Furthermore constraining the angles q1 and q2


(Figure 4) to the values they
have in 6,6'-diphenyl-2,2'-bipyr-
idine or 2,9-diphenyl-1,10-phe-
nanthroline produces only mar-
ginal changes in the strain en-
ergy, the distance between the
center of the porphyrins, and
the dihedral angles in the E


isomer of Znbipy2H and in Znphen2H. For the Z isomer of
Znbipy2H no substantial changes are observed when a
starting value of ÿ208 is used for f1, the dihedral angle
between the two pyridine planes. If, however, a starting value
of �208 is used, the starting values for other bond angles and
dihedral angles remaining the same, the distance between the
centers of the porphyrins and the strain energy increase to
15.36 � and 953.6 kcal, respectively. It should be mentioned
that the dihedral angle of the bipy spacer (568) resembles in
the latter case that obtained by electron diffraction[33] for cis-
2,2'-bipyridine (408). The values obtained for q2 or aC2'C2N
(116.68) correspond very well with those obtained from
electron diffraction (116.18).


Steady-state measurements : The steady-state absorption and
fluorescence spectra of the model compounds ZnP (P� por-
phyrin) and H2P are displayed in Figure 5. Those of
Znphen2H and Znbipy2H are displayed in Figures 6 and 7.


Figure 5. The steady-state absorption (&, *) and emission (&, *) spectra
for the model compounds in dichloromethane; ( - - - ) ZnP, (Ð) H2P. The
emission spectra were obtained upon excitation at 540 nm. The absorption
spectra of the Soret band (!, ~ ) were obtained in a 1 mm cuvette.


Table 1. Geometry and strain energies of Znbipy2H and Znphen2H.


E [kcal] R [nm] q1 [8] q2 [8] f1 [8] f2 [8] f3 [8] k2 hk2i
Znbipy(Z)2H 113.10[a] 115.47[a] 116.10[a] ÿ 22.07[a] ÿ 23.05[a] ÿ 23.05[a]


113.25[a] 115.52[a] 115.97[a] ÿ 1.5[a] ÿ 24.83[a] ÿ 24.83[a]


937.1 8.15 113.9� 0.2 114.8� 0.15 ÿ 25.71 ÿ 49.52 ÿ 34.80 1.14 (0.94) 1.04
937.1[b] 8.16 113.1� 0.3 114.2� 0.2 ÿ 20.77 ÿ 50.59 ÿ 37.90 0.80 (0.96) 0.87
953.46[b] 15.36 115.46[c] 116.1[c] 56.04[d] ÿ 19.93 ÿ 25.79 1.88 (0.27) 1.07
940.24 8.21 115.42[c] 116.1[c] ÿ 19.70[e] ÿ 53.24 ÿ 37.95 1.14 (0.89) 1.04


Znbipy(E)2H 103.8[a] 115.58[a] 116.63[a] 175.50[a] ÿ 33.27[a] ÿ 33.27[a]


945.1 23.36 115.46� 0.02 116.62� 0.02 176.58 ÿ 32.02 ÿ 31.52 2.03 (2.71) 2.20
945.0[b] 23.22 115.46� 0.02 116.4� 0.2 176.57 ÿ 32.16 ÿ 31.59 2.85 (2.42) 2.64
945.2[b] 23.35 115.58[c] 116.65[c] 176.59 ÿ 32.37 ÿ 31.36 2.84 (2.19) 2.52


Znphen2H 133.27[f] 115.51[f] 118.47[f] 0.048[f] ÿ 26.24[f] ÿ 26.24[f]


967.3 8.24 112.9� 0.3 119.4� 0.2 ÿ 2.57 ÿ 63.97 ÿ 48.99 1.36 (1.32) 1.34
978.3[b] 13.43 115.0� 0.05 120.77 ÿ 1.32 ÿ 27.71 ÿ 42.45 0.41 (1.93) 1.17
976.37[b] 13.13 115.50[g] 118.47[g] ÿ 1.30 ÿ 29.64 ÿ 40.53 1.35 (0.53) 0.94


[a] 6,6'-Diphenyl-2,2'bipyridine. [b] The phenyls are constrained to a planar geometry. [c] Constrained to the value in 6,6'-diphenyl-2,2'-bipyridine.
[d] Starting from 208. [e] Starting from ÿ208. [f] 1,10-diphenylphenanthroline. [g] Constrained to the value in 1,10-diphenylphenanthroline, q1 :
NÿCÿphenyl valence angle, q2: pyridylÿpyridylÿN valence angle, f1 : dihedral angle between the two pyridyl moieties, f2 : dihedral angle between a
pyridyl moiety and the phenyl carrying H2P, f3: dihedral angle between a pyridyl moiety and the phenyl carrying ZnP.


Figure 4. The bipyridyl moiety.
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Figure 6. Absorption (&) and fluorescence (^) spectra for Znphen2H in
dichloromethane. The excitation wavelength for the fluorescence spectrum
was 540 nm. The absorption spectrum of the Soret band was compressed
10 times (*).


Figure 7. Absorption (&) and fluorescence (^) spectra for Znbipy2H in
dichloromethane. The excitation wavelength for the fluorescence spectrum
was 540 nm. The absorption spectrum of the Soret band was compressed
10 times (*).


The absorption spectra of ZnP and H2P are characterized by
Q bands with maxima at 475, 501, 537, and 572, or 506, 540,
573, and 625 nm, respectively. The corresponding emission
maxima are found at 579, 630, 695 and 627, 694, 750 nm. This
means that the zero ± zero transitions are situated at 2.15 eV
for ZnP and 1.98 eV for H2P. The fluorescence quantum yields
of ZnP and H2P in dichloromethane amount to 0.044 and
0.080, respectively.


The absorption spectrum of Znphen2H is characterized by
maxima at 506 nm, 538 nm, 573 nm, 624 nm, and 648 nm
(Figure 6). While the maxima at 506 and 624 nm can be
attributed to the H2P moiety, that at 538 nm is characteristic
for the presence of the ZnP moiety. Also in the emission
spectra, maxima at 578 nm and 633 nm (from the ZnP moiety)
as well as maxima at 633 and 696 nm (from the H2P emission)
are observed.


The absorption spectrum of Znbipy2H (Figure 7) is char-
acterized by maxima at 506 nm, 537 nm, 573 nm, 626 nm, and
651 nm. The maxima at 506 and 626 nm can be attributed to
the H2P moiety, while that at 538 nm is characteristic for the
presence of the ZnP moiety. Similarly the emission spectrum
has maxima at 580 nm and 632 nm, due to the ZnP moiety,
and at 632 and 698 nm, which relates to emission of H2P.
Furthermore a maximum at 657 nm is observed which does
not relate to maxima obtained for the model compounds.


At wavelengths below 600 nm the absorption spectra of
these compounds appear to be essentially a superposition of
those of the model compounds. However, it should be noted
that for Znbipy2H (and to a smaller extent for Znphen2H) a
small band near 650 nm is also present, as is an extra band in
the emission spectrum centered at 657 nm. The emission
spectrum of Znphen2H is nearly identical to that of H2P, while
that of Znbipy2H still shows an important contribution of
ZnP emission. The excitation spectrum for Znbipy2H was
recorded at several emission wavelengths (see Figure 8) and


Figure 8. The excitation spectrum of Znbipy2H monitored at different
emission wavelengths; (*): 582 nm, (~): 665 nm, (&): 695 nm.


confirmed the presence of what we suspect is a fluorescing
impurity in Znbipy2H; this is evident when monitoring the
emission at 665 nm and to a lesser extent at 695 nm.
Otherwise Figure 8 shows that at the emission wavelength
of 582 nm the excitation spectrum is similar to the absorption
spectrum of ZnP, that is, the fluorescence originates from the
zinc porphyrin. At longer monitoring wavelengths the spec-
trum is similar to the absorption spectrum of H2P. The
exception to this is the size of the impurity band, which is
more intense in the excitation spectrum, indicating a high
fluorescent quantum yield. The presence of an impurity in
these compounds is not completely unexpected because of the
complexity of the synthesis and purification process. In this
case the existence of such an impurity was easily noticed from
both the absorption and emission spectra and so can be borne
in mind when analyzing the time-resolved data.


The fluorescence spectra of Znbipy2H and Znphen2H
show the principal emission from ZnP to be at 582 nm and
630 nm, while that from H2P is at 630 nm and 695 nm. Upon
excitation at 540 nm (chosen as at this wavelength a majority
ca. 76 % of the incident light would be absorbed by the zinc
porphyrin) the fluorescence spectra from the bridged com-
pounds (Figures 6 and 7) show that the zinc-porphyrin
fluorescence at 582 nm is quenched relative to that of the
model compound. The quantum yields for the emission of
ZnP in the two bridged systems were found to be 0.015 and
0.007. As one would expect the quenching is greatest in
Znphen2H, in which the distance between the two porphyrin
subunits is smaller. The center to center distances between the
two porphyrin moieties were estimated to be about 23 � for
Znbipy2H and 13 � for Znphen2H. The stationary fluores-







FULL PAPER M. Van der Auweraer, J.-P. Sauvage, J.-L. Pierre et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2094 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 72094


cence spectra suggest that the main effect on the fluorescence
intensity and lifetime should be evident at 582 nm, at which
the fluorescence emission should emanate solely from the zinc
porphyrin.


Time-resolved fluorescence


Znphen2H : The fluorescence decays of ZnP and H2P could be
analyzed as a single exponential decay that yield decay times
of 1.31� 0.01 ns and 9.72� 0.01 ns, respectively. Individual
decays of the fluorescence of Znphen2H (Figure 9) could be


Figure 9. Fluorescence decays of Znphen2H. The time increment was
0.0437 ns per channel. Excitation occurred at 540 nm (^), at 582nm, (&) at
630 nm, (*) at 665 nm, and (~) at 695 nm.


analyzed as a sum of three exponentials [Eq. (1)] that yields a
fast decay time between 0.11 and 0.16 ns, a slow decay time
between 8.2 and 11.1 ns, and an intermediate decay time
between 0.95 and 1.25 ns (for decays at 582, 630, and 695 nm).


I(t)�A1 expÿl1t�A2 expÿl2t�A3 expÿl3t (1)


I(t)�A1 expÿl1t�A2 expÿl2t�A3 expÿl3t�A4 expÿl4t (2)


In Equation (1) l1, l2, and l3 (nsÿ1) correspond to the three
inverse decay times and A1, A2 , and A3 to the relative
amplitudes immediately after excitation by a d pulse. At
665 nm values between 1.37 and 1.58 ns are observed for the
intermediate decay time. The fast decaying component
prevails at 582 nm, but its contribution becomes negative at
695 nm. The slow decaying component (which has a negligible
contribution at 582 nm) becomes more prevalent at 665 and
695 nm.


Global analysis of the fluorescence decays at 582, 630, 665,
and 695 nm as a sum of three exponentials, yields decay times
of 0.16, 1.26, and 9.71 ns (c2


g �1.09). As the second and third
decay time were very close to those obtained for ZnP and H2P
respectively an attempt to link the decays of ZnP and H2P to
those of Znphen2H was made. Here a four exponential decay
model [Eq. (2)] only produced a marginal fit (c2


g �1.26) to the
data.


In Equation (2) l1, l2 , l3, and l4 (nsÿ1) correspond to the
inverse decay times and A1, A2, A3 , and A4 to the relative
amplitudes immediately after excitation by a d pulse. How-
ever, by excluding the decay at 665 nm a very good fit as a sum
of three exponentials (Table 2) was obtained. This confirms
that, as already suggested by the stationary emission spectrum


of Znbipy2H, emission of another molecule other than a
monomer of Znphen2H is observed at 665 nm. Also it should
be noted that the amplitude of the component with a decay
time of 0.17 ns, which has overwhelming amplitude at 582 nm,
becomes negative at 695 nm. On the other hand the 9.7 ns
component, which has negligible amplitude at 582 nm,
becomes the major one at 695 nm. If the decay at 665 nm is
included in the analysis a fourth component with a decay time
of 3.3 ns and zero amplitude at 582 nm is necessary. In this
case the amplitude A2 becomes negligible at 695 nm.


As the excitation and emission spectra suggest that an
energy-transfer process is occurring, the analysis of the
fluorescence decays will be con-
sidered in this framework. The
simplest kinetic scheme for the
energy transfer can be given in
Scheme 1. In Scheme 1, k21 cor-
responds to the rate constant
for energy transfer between
ZnP and H2P, while k01 and k02


correspond to the sum of the
rate constants of the radiative
and radiationless decay processes of the ZnP and H2P
moieties, respectively. b1 and b2 give the fraction of the
excitation absorbed by both the zinc and the metal-free
porphyrins with b1� b2� 1. This scheme yields a mono-
exponential decay with decay rate k01� k21 for the ZnP
moiety and a biexponential decay with decay rates k01� k21


and k02 for the H2P-moiety. Taking into account the wave-
length dependence of the preexponential factors, the compo-
nent A1 exp-l1t should correspond to the emission of ZnP at
short wavelengths, while the component A3 expÿl3t should
correspond to that of H2P. The component A2 expÿl2t is
attributed to ZnP moieties that are unable to transfer energy.
The small value of A2 at all wavelengths makes it impossible
to assign this component more precisely. The ratio of the
preexponential factors A3/A1 will depend upon b1 and the
ratio k21/(k01� k21ÿ k02). In this framework the ratio A3/A1


should equal ÿ1.28 at 695 nm. Experimentally a value of
ÿ2.26 is observed at 695 nm. This suggests that even at
695 nm the emission of ZnP still overlaps with that of H2P. If
the fluorescent rate constant of ZnP and H2P at wavelength
lem are given by c1(lem) and c2(lem)[34±36] the observed
fluorescence decay will be given by Equations (3) ± (5).


Table 2. Fluorescence decay parameters of Znphen2H obtained by global analysis
as a sum of three exponentials; l2 and l3 were linked to the fluorescence decay rates
of ZnP and H2P, respectively; c2


g� 1.06.


582 nm[a] 582 nm[b] 630 nm[b] 695 nm[b]


A1 0.93� 0.01 0.97� 0.02 0.85� 0.02 ÿ 0.432� 0.008
l1 [nsÿ1] 6.48� 0.21 6.48� 0.21 6.48� 0.21 6.48� 0.21
A2 0.061� 0.001 0.024� 0.001 0.025� 0.002 0.025� 0.005
l2 [nsÿ1] 0.758� 0.006 0.758� 0.006 0.758� 0.006 0.758� 0.006
A3 0.0051� 0.0001 0.0041� 0.0001 0.126� 0.0016 0.975� 0.015
l3 [nsÿ1] 0.1025� 0.0007 0.1025� 0.0007 0.1025� 0.0007 0.1025� 0.0007
cÅ2


[c] 0.0058 0.0044 0.12 0.68
cÅ2


[d] � 0 � 0 0.096 0.74
c2 1.13 0.98 1.05 1.18


[a] Time increment per channel 0.0219 ns. [b] Time increment per channel
0.0437 ns. [c] Irreversible energy transfer. [d] Reversible energy transfer.


Scheme 1.
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I(t)� Iabs[(cÅ1b1ÿ cÅ2b1g) expÿ(k21�k01)t� (cÅ2b2� cÅ2b1g)expÿk02t (3)


kf1�
�


c1(lem)dlem (4a)


kf1�
�


c2(lem)dlem (4b)


cÅ1�
c1


c1 � c2


(5a)


cÅ2�
c2


c1 � c2


(5b)


g� k21


k21 � k01 ÿ k02


(5c)


This yields values for cÅ2 at 630 and 695 nm of 0.12 and 0.68,
respectively, while k21 and k02 equal 5.72� 109 sÿ1 and 1.03�
108 sÿ1, respectively, (Table 3) From the spectral data and the


values of kf1 and kf2 , values of 0.075 and 0.86 are obtained for
cÅ2 at 630 nm and 695 nm. The value of 0.0044 obtained for cÅ2 at
582 nm can be related to the spectral overlap; however, a
reversible energy transfer between the ZnP and the H2P


moieties could also yield the
same result. Although in this
case at all wavelengths the fluo-
rescence decays remain biexpo-
tential the expressions for the
preexponential factors become
more complicated in the frame-
work of Scheme 2.


I(t)� Iabs{[cÅ1(b1g11ÿ b2g1)� cÅ2(b2g12ÿ b1g2)]expÿl1t� [cÅ1(b1g12


� b2g1)� cÅ2(b1g2� b2g11)]expÿl3t}
(6)


l1,3�
X � Y �p��X ÿ Y�2 � 4 k12k21�


2
(7)


X� k01� k21 (8a)


Y� k02� k12 (8b)


g11�
l1 ÿ Y


l1 ÿ l3


(9a)


g12�
Y ÿ l3


l1 ÿ l3


(9b)


g1�
Y ÿ k02


l1 ÿ l3


(9c)


g2�
X ÿ k01


l1 ÿ l3


(9d)


While k01 is known from the model compound ZnP and b1 is
known from the absorption spectra, one can calculate k12 and
k21 from the decay rates and preexponential factors if one
assumes that cÅ2� 0 at 582 nm. This yields 5.69� 109 sÿ1, 2.4�
107 sÿ1, and 1.01� 108 sÿ1 for k21, k12, and k02, respectively.
When the data are analyzed in this framework (assuming cÅ2�
0 at 582 nm) values of 0.096 and 0.74 are obtained for cÅ2 at 630
and 695 nm, respectively. Allowing the energy transfer to be
reversible leads to a small decrease of k02 and a small increase


of cÅ2 at 695 nm. The changes of k21 and of cÅ2 at 630 and 695 nm
are marginal. This is no surprise, as k12 remains always
significantly smaller than k21 or k02. From the ratio of k21/k12 a
free energy difference between the singlet excited states of
ZnP and H2P of ÿ0.13 eV could be determined. This is close
to the spectroscopic energy difference of ÿ0.17 eV. If both
spectral overlap and reversible energy transfer occur, values
of k12 between zero and 2.4� 107 sÿ1 should be found, while cÅ2
at 582 nm must be positive but smaller than 0.0044. In the
frameworks of Schemes 1 or 2 the fluorescent quantum yield
of the ZnP moiety in Znphen2H, ff1 is given by Equation(10).
This would yield a value of 0.0065, which is very close to the
experimental value of 0.007.


ff1� kf1


A1 �582 nm�
l1


�A3 �582 nm�
l3


� �
(10)


Znbipy2H : In analogy to the observations made for
Znphen2H the fluorescence decays of Znphen2H at 582 and
630 nm (Figure 10) could be analyzed as a sum of three


Figure 10. Fluorescence decays of Znbipy2H. The time increment was
0.0437 ns per channel. Excitation occurred at 540 nm (^), at 582nm, (&) at
630 nm, (*) at 665 nm, and (~) at 695 nm.


exponentials. Here the shortest decay time lengthened from
0.2 to 1.1 ns upon increasing the wavelength, while the
intermediate and longest decay times increased from 0.6 to
4.8 and from 1.9 to 10.7 ns, respectively. This suggests that in
this case the fluorescence decay is more complex. A global
analysis, even as a sum of four exponentials, yielded only
satisfactory statistical parameters when the decay at 665 nm
(Figure 10) was omitted. Under those conditions global decay
times of 0.24, 0.699, 1.61, and 9.04 ns were obtained. As the
two longer decay times are relatively close to those of ZnP
and H2P again, an attempt was made to include the decays of
the two model compounds in the global analyses. This four
exponential global analysis led to acceptable statistical
parameters when one of the decay times of the decay at
695 nm (Figure 10) was not linked. The decay parameters
show that while decay is at short wavelengths governed by a
component with a decay time of 0.56 ns, at longer wavelengths
the component with a decay time of 9.75 ns prevails. The
amplitude of the component with a decay time of 83 ps is 30 %
of that of the component with a decay time of 0.56 ns at 582
and 630 nm. As the fastest decay rate is characterized by a
very large standard deviation an attempt to fix the latter to the
fast decay rate of Znphen2H was made. This led only to a
marginal increase of c2


g (Table 4b) and to minor changes of the
amplitudes of the relative components.


Table 3. Kinetic parameters of Znphen2H.


Scheme 1 Scheme 2


k01 [nsÿ1] 0.758� 0.006 0.758� 0.006
k21 [nsÿ1] 5.72� 0.22 5.69� 0.22
k12 [nsÿ1] ± 0.024� .018
k02 [nsÿ1] 0.1026� 0.0007 0.101� .025


Scheme 2.
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In the framework of Scheme 1 or Scheme 2 (with k12�k21)
the component A2 expÿl2t, characterized by a large amplitude
at 582 nm and a very small (Table 4a) or negative amplitude
(Table 4b) at 695 nm, can be attributed to ZnP emission at
582 nm (short wavelengths). The component A4 expÿl4t must
be attributed to emission of H2P. The component A3 expÿl3t


should be attributed to ZnP moieties, which are unable to
transfer energy. As the component A1 expÿl1t has an important
amplitude, this suggests that the kinetics for Znbipy2H are
clearly more complex than for Znphen2H. As the bipy bridge
is more flexible than the phen bridge, this component could be
associated with a conformation in which energy transfer is
more efficient than in the predominant E conformer of the
bipy bridge, with which the component A2 expÿl2t is associated.
Attributing the short decay time (0.56 or 0.70 ns) with the
largest contribution to the E configuration of the bipy bridge
makes sense, as the distance between donor and acceptor is
longer than in Znphen2H (23.2 versus 14.2 �). The short
decay time was obtained less accurately and corresponds
within the experimental uncertainty to the short decay time
observed for Znphen2H. This could be related to a Z
configuration of the bipy bridge. When the fractions of the
two conformers are given by aF and aS(aF�aS� 1), the
kinetic scheme can be proposed for irreversible energy
transfer (Scheme 3) yielding the decay given by Equa-


Scheme 3.


tion (11). gF and gS are defined in Equations (12a) and (12b);
all other parameters have the same meaning as for
Znphen2H.


I(t)� Iabs{aSb1(cÅ1ÿ cÅ2gS)expÿl2t �aFb1(cÅ1ÿ cÅ2gF)expÿl1t


� cÅ2[b2�b1(aSgS�aFgF)] expÿl4t (11)


gF�
l1 ÿ k01


l1 ÿ l4


(12a)


gS�
l2 ÿ k01


l2 ÿ l4


(12b)


From the ratios of the preexponentials A2/A1, values of 0.74
and 0.24 are obtained for aS and aF. cÅ2 can be calculated from
the ratio of the preexponential factors of exp(ÿl1t) and
exp(ÿl4t) or that of exp(ÿl2t) and exp(ÿl4t). As the latter
preexponential factors and decay times could be determined
more accurately these were preferred. While at 582 and
630 nm both approaches led to similar values for cÅ2, a
considerably smaller value was obtained for cÅ2 at 695 nm
when the fast component was used. With the slow compo-
nents, the values of cÅ2 were slightly smaller (Table 4a) at the
different analysis wavelengths than those obtained for
Znphen2H (Table 2).


In principle the energy transfer could also be reversible for
Znbipy2H. In this case a numerical analysis of the data
becomes impossible, and therefore this combination was not
explored. However, one should take into account that for
Znphen2H allowing the energy transfer to be reversible led
only to minimal changes of k21, k02, and cÅ2 ; hence one can
assume that the data obtained for Znbipy2H remain reliable.
This will, a fortiori, be the case in Znbipy2H in which k21S is
much smaller than the value obtained for k21 in Znphen2H.


If the fast decaying component at 582 nm is due to a Z
conformation of the bipy bridge, its decay time should be
close to the decay time of the ZnP moiety in Znphen2H and
the distance between and relative orientation of ZnP and H2P
should be similar in both molecules. As the fast decay time (l)
is characterized by a large experimental error an attempt was
made to analyze the decays by fixing l to the value obtained
for Znphen2H. As this procedure yielded a good fit with the
experimental data, we performed a further analysis of the
decay parameters given in Table 4b and obtained the rate
constants and fractions given in the right-hand column of
Table 5. Here it can be seen that the values of cÅ2 are found to
be larger for all wavelengths. Thus the values approach those
obtained from kf1, kf2 , and the spectral features. However, use
of either the data in Table 4a or Table 4b led to insignificant
changes in the other parameters (k21S, k02, aS, aF).


In the framework of Scheme 3 the fluorescent quantum
yield of the ZnP moiety in Znbipy2H, ff1 is given by


Table 4. Fluorescence decay parameters of Znbipy2H obtained by global analysis
as a sum of three exponentials, l3 and l4 were linked to the fluorescence decay rates
of ZnP and H2P, respectively. a) l1 was allowed to float, c2


g� 1.10; b) l2 was fixed to
the fast decay rate of Znphen2H, c2


g� 1.11.


582 nm[a] 582 nm[b] 630 nm[b] 695 nm[b]


a)
A1 0.14� 0.02 0.22� 0.04 0.27� 0.05 0.34� 0.02
l1 [nsÿ1] 12.0� 6.9 12.0� 6.9 12.0� 6.9 12.0� 6.9
A2 0.66� 0.02 0.65� 0.03 0.52� 0.025 0.032� 0.005
l2 [nsÿ1] 1.78� 0.08 1.78� 0.08 1.78� 0.08 1.78� 0.08
A3 0.196� 0.007 0.132� 0.007 0.15� 0.01 0.032� 0.012
l3 [nsÿ1] 0.758� 0.005 0.758� 0.005 0.758� 0.005 0.281� 0.007
A4 0.0020� 0.0001 0.0016� 0.0001 0.054� 0.003 0.44� 0.02
l4 [nsÿ1] 0.102� 0.001 0.102� 0.001 0.102� 0.001 0.102� 0.001
cÅ2 0.0023 0.0021 0.062 0.59
c2 1.05 0.98 1.24 1.23


b)
A1 0.135� 0.005 0.21� 0.01 0.23� 0.01 0.27� 0.02
l1 [nsÿ1] 6.48 6.48 6.48 6.48
A2 0.66� 0.08 0.66� 0.07 0.54� 0.07 ÿ 0.01� 0.02
l2 [nsÿ1] 1.72� 0.09 1.72� 0.09 1.72� 0.09 1.72� 0.09
A3 0.200� 0.007 0.136� 0.006 0.17� 0.01 0.22� 0.012
l3 [nsÿ1] 0.758� 0.005 0.758� 0.005 0.758� 0.005 0.290� 0.008
A4 0.0021� 0.0001 0.0018� 0.0001 0.059� 0.01 0.51� 0.02
l4 [nsÿ1] 0.1026� 0.0010 0.1026� 0.0010 0.1026� 0.0010 0.1026� 0.0010
cÅ2 0.0026 0.0024 0.083 0.64
c2 1.03 1.01 1.23 1.30


[a] Time increment per channel 0.0219 ns. [b] Time increment per channel
0.0437 ns.


Table 5. Kinetic parameters of Znbipy2H determined by interpretation of
the fluorescence decays in the framework of Scheme 3.


l1 floating l1� 6.48� 109 sÿ1


k01 [nsÿ1] 0.758� 0.005 0.758� 0.005
k21S [nsÿ1] 1.0� 0.09 0.96� 0.1
k21F [nsÿ1] 12.0� 7 5.72� 0.25
k02 [nsÿ1] 0.102� 0.001 0.103� 0.001
aS 0.74� 0.03 0.80� 0.05
aF 0.26� 0.03 0.20� 0.05
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Equation (13). This would yield a value of 0.014, which is
within the experimental error from the value of 0.015
determined from the stationary fluorescence data.


ff1� kf1


A1 �582 nm�
l1


�A2 �582 nm�
l2


� �
(13)


Combining the fluorescence decays and stationary-fluores-
cence and absorption spectra suggests that the photophysics
of Znphen2H and Znbipy2H can be described by a combi-
nation of monomolecular decay processes, which occur with
the same rate as in the model compounds, and energy transfer.
It is difficult to conclude from the data whether the energy
transfer is reversible as suggested by the singlet energies.


Depending upon the assumptions used, the ratio aF/aS


obtained from the analysis of the fluorescence decays of
Znbipy2H suggests that the E conformer is 620 or
820 cal molÿ1 (DG8) more stable than the Z conformer. This
difference is an order of magnitude below the values obtained
for 2,2'-bipyridine by ab initio calculations[31, 32] or electron
diffraction.[33] One should consider that the latter values were
obtained for the gas phase and that in solution (especially in a
polar solvent as dichloromethane) the Z conformer can be
better solvated than the E conformer;[37, 38] this decreases the
free-energy difference to, for example, 2.03 kcal in n-hexane
and 1.17 kcal in CHCl3.


The rate constant for energy transfer : In a qualitative way the
larger value of k21, determined in Znphen2H compared with
k21S, determined in Znbipy2H corresponds to a larger distance
between the center of the two porphyrins. However, in the
framework of Förster transfer (k�Rÿ6) the ratio of both rate
constants should amount to 31.6, while both stationary and
time-resolved experiments suggest only a value of 5.95.


Therefore we have attempted to evaluate both rate
constants directly from data of spectral overlap, the absorp-
tion spectrum of H2P and the fluorescence rate constant of
ZnP, and the geometric data obtained by the molecular
mechanics calculations [Eq. (14)].


k21�
9000hki2�ln10�kfD


128p5n4NAR6


� eA�n�f D�n�dn


n4
R


f D�n�dn
� 9000hki2�ln10�kfD


128p5n4NAR6


� eA�l�f D�l�l6dlR
f D�l�l2dl


(14)


In this equation eA(l) or eA(nÅ) [lmolÿ1 cmÿ1] is the molar
extinction coefficient of the acceptor, fD(l) (nmÿ1) or fD(nÅ)
[nm] is the fluorescence spectrum of the donor, n is refractive
index of the solution (1.42 for dichloromethane), NA is
Avogadro�s number, kfD is the fluorescent rate constant of the
donor (3.359� 107 sÿ1), R [nm] is the distance between donor
and acceptor, and hki2 is an orientation factor. According to
MaÊrtensson[39] hki2 rather than hk2i should be used for energy
transfer between a doubly degenerated (ZnP) and a non-
degenerated (H2P) excited state. By using the averaging
procedure developed by MaÊrtensson we obtain a value for
Znphen2H of 1.35 and 0.53 for both possible orientations of
the transition dipole of H2P. When a fast interconversion
between both isomers is observed an average value of 0.94
should be used for hk2i. In the same way we obtain values of
2.84 and 2.42 for both orientations of the transition dipole of


H2P in the E isomer of Znbipy2H, while for the Z isomer we
obtain 1.88 and 0.27. This leads to average values of 2.64 and
1.07 for the E and Z isomer, respectively. From Equation (14)
a value of 2.8� 1010 sÿ1 is found for k21 in Znphen2H. For the Z
conformer of Znbipy2H a value of 1.4� 1010 sÿ1 (6.3� 1011 sÿ1


with a center-to-center distance of 8.16 �) is found for k21F.
For the E conformer of Znbipy2H a value of 2.8� 109 sÿ1 is
obtained for k21S. When those values are compared with the
values obtained from the fluorescence decays we see that k21 is
always overestimated, ranging from a factor 2 in the E isomer
of Znbipy2H to a factor 5 in Znphen2H. For the Z isomer of
Znbipy2H, k21 is calculated correctly or overestimated by a
factor 15 to 20 depending on which geometry is preferred.
This discrepancy can have several causes.


One possibility is that for chromophores whose dimensions
approach the distance between their centers the Coulomb
interaction can no longer be reduced to a simple dipole ±
dipole interaction. It has been shown by Czikelly[40, 41] and
Norland[42] that this effect will overestimate the interaction
and that the error becomes relatively more important when
the center-to-center distance becomes smaller. For example,
while the exciton splitting of the excited state of a sandwich
pair of cyanine molecules is overestimated by a factor of 7 for
a separation of 6 �, this reduces to a factor of 4 and 3 at an
intermolecular distance of 8 and 10 �, respectively. Also in a
monopole model Chang[43] obtains for a coplanar arrange-
ment of two chlorophylls, as in the Z isomer of Znbipy2H and
Znphen2H, a matrix element for the Coulomb interaction
that is at a separation of 10 � about 50 % smaller than the
matrix element calculated on the basis of a Coulomb
interaction between two point dipoles. This would reduce
k21 by a factor of 4. For the E isomer of Znbipy2H the
situation is more complex: while for two coplanar chloro-
phylls the matrix element is increased for parallel transition
dipoles oriented along the intermolecular axis, it is decreased
for transition dipoles perpendicular to the intermolecular axis.


A second possibility is that the energy transfer is not purely
driven by Coulomb interaction, but that configuration inter-
action with charge-transfer configurations[44±46] as well ex-
change interactions[47] also provides a contribution to the rate
constant for energy transfer. This contribution, which will be
largely through-bond,[45,48,49] will not be very different for
Znphen2H and the E isomer of Znbipy2H. However, in the
latter case one expects (unless some interference effects
occur) that theoretical models would underestimate rather
than overestimate k21.


Conclusion


While both porphyrin dimers show the same topology
(substitution meta to the bond between the two pyridyl
moieties[50, 51]), a large difference of the rate of energy transfer
is observed between Znphen2H and the major conformer of
Znbipy2H. This suggests that the energy transfer is mainly
through space and probably is due to a Coulomb mechanism.
As the size of the chromophores is not negligible compared
with their center-to-center distance, it is no surprise that
reducing the Coulomb interaction to a point-dipole model
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overestimates[40±43] the rate of energy transfer, especially for
Znphen2H and the Z conformer of Znbipy2H.


The detailed analysis of the fluorescence decays suggests
furthermore that about 30 % of Znbipy2H is present in the
less-stable Z conformer. When it is assumed that the slow-
decaying component of the fluorescence of Znphen2H at
582 nm is due to a reversible energy transfer, the ratio of the
forward and backward energy-transfer steps matches the free-
energy difference between the excited state of the zinc
porphyrin and the metal-free porphyrins as suggested by the
position of the 0 ± 0 transitions. For the major (E) conformer
of Znbipy2H, which is characterized by a three times slower
forward energy transfer and a similar free-energy difference
between both singlet excited states, the rate of the backward
transfer is so small that it does not yield values of cÅ2 that differ
appreciably from zero.


Experimental Section


Synthesis : Dialdehyde 1,[9] 3,5-di-tert-butylbenzaldehyde (3),[9] 3,3'-diethyl-
4,4'-dimethyl-2,2'-dipyrrylmethane (4),[26, 27] and p-bromophenyl-1,3-dioxo-
lane (6) were prepared according to the literature procedures. All other
chemicals were of the best commercially available grade and were used
without further purification. Dry solvents were obtained by distillation
from P2O5 (CH2Cl2) or Na/benzophenone (Et2O and THF). UV/visible
spectra were recorded on a Kontron Instruments UVIKON 860 spectro-
photometer. 1H NMR spectra were recorded on Bruker WP 200 SY
spectrometer. Fast atom bombardment mass spectra (FAB-MS) were
obtained in the positive-ion mode with either a krypton primary atom beam
in conjunction with a 3-nitrobenzyl alcohol matrix and a Kratos MS80RF
mass spectrometer coupled to a DS90 system or a xenon primary atom
beam with the same matrix and a ZAB-HF mass spectrometer.


6-Bromo-2-(p-phenyl-1,3-dioxolane)pyridine (7): A solution of tert-butyl-
lithium in pentane (1.4m, 32.2 mL, 43.7 mmol) was added to a solution of p-
bromophenyl-1,3-dioxolane 6 (5.00 g, 21.8 mmol) in THF (100 mL) at
ÿ98 8C under argon and was stirred for 10 min at this temperature. Then a
saturated solution of MgBr2 (2.62m ; prepared from 2.43 g of Mg and
8.9 mL of dibromoethane in 50 mL of Et2O) was added, and the mixture
was stirred at 0 8C for 30 min. 2,6-Dibromopyridine 5 (5.15 g, 21.8 mmol)
and Pd(PPh3)4 (0.250 g, 0.01 mmol %) were then directly added, and the
mixture was heated to reflux for 48 h. The course of the reaction was
followed by TLC (n-hexane/AcOEt, 4:1). Water was added at room
temperature, and the product was extracted with AcOEt. The solvents were
evaporated and the major product was purified by flash chromatography
(n-hexane/AcOEt, 5:1) to afford a yellow solid that was recrystallized in
pentane/CH2Cl2 to afford 4.40 g (66 %) of pure 7. White solid, m.p. 91 ±
92 8C; 1H NMR (200 MHz, CDCl3): d� 8.00 (dt, J� 8.4, 1.8, 1.8 Hz, 2H),
7.67 (dd, J� 7.7, 1.1 Hz, 4H), 7.40 (dd, J� 7.8, 1.0 Hz, 1 H), 5.87 (s, 1 H), 4.10
(m, 4H); MS (EI): m/z : 306, 304 [MÿH]� , 235, 233, 154; calcd for
C14H12BrNO2: 306.2. 2,6-Di-(p-phenyl-1,3-dioxolane)pyridine (10 %) and
4,4'-di-(1,3-dioxolane)biphenyl (5%) were also isolated as byproducts.


6,6''-Di-(p-phenyl-1,3-dioxolane)-2,2''-bipyridine (8): A solution of nBuLi
(1.6m, 1.44 mL, 2.1 mmol) in hexane was added to a solution of 7 (0.612 g,
2 mmol) in Et2O (20 mL) under argon at ÿ60 8C, and the resulting mixture
was stirred for 30 min. Anhydrous CuCl2 (0.1484 g, 1.1 mmol) was then
added atÿ90 8C. The vigorously stirred suspension was allowed to warm up
to ÿ70 8C; at this temperature an exothermic reaction took place. Stirring
was continued for 1 h, and dry oxygen was bubbled through the solution
until the brown suspension turned green (ca. 20 min). The suspension was
then hydrolyzed with water (ca. 10 mL), the ether was removed under
reduced pressure, and KCN was dissolved in the stirred aqueous solution to
remove all the copper. The precipitated solid was filtered off and purified
by silicagel chromatography (CH2Cl2/MeOH, 0 ± 2 %) to yield 0.325 g
(72 %) of product as a white solid. M.p. 320 8C (decomp); 1H NMR
(200 MHz, CDCl3): d� 8.59 (d, J� 7.7 Hz, 2 H), 8.18 (d, J� 8.2 Hz, 4H),
7.91 (t, J� 7.7 Hz, 2H), 7.78 (d, J� 7.8 Hz, 2 H), 7.62 (d, J� 8.2 Hz, 4H), 5.92


(s, 2 H), 4.10 (m, 8H); 13C NMR (CDCl3): d� 190.8 (s, 2 C), 156.0 (s, 2C),
140.3 (s, 2 C), 138.7 (s, 2 C), 137.6 (d, 2C), 127.0 (d, 4C), 126.8 (d, 4C), 120.4
(d, 2C), 119.7 (d, 2C), 103.5 (d, 2C), 65.3 (t, 4C). FAB�-MS: m/z : 453
[M�H]� , 365, 307; calcd for C28H24N2O4: 452.6.


6,6''-di-(p-formylphenyl)-2,2''-bipyridine (2): A solution of 5% HCl in water
(ca. 5 mL) was added to 8 (0.300 g, 0.66 mmol), and the suspension was
stirred at room temperature for 12 h. A solid was recovered by filtration,
washed with cold water, and dried to yield the monohydrochloride salt of 2.
1H NMR (200 MHz, [D6]DMSO): d� 10.10 (s, 2 H), 8.64 (d, J� 7.1 Hz,
2H), 8.50 (d, J� 7.8 Hz, 4 H), 8.21 (t, J� 7.6 Hz, 4 H), 8.08 (d, J� 7.8 Hz,
4H), 7.21 (s, J� 5.3 Hz, N2H�). A suspension of this salt in water was
neutralized with aq. NaHCO3, and extracted with CH2Cl2. The organic
layer was dried and concentrated in vacuo to afford 2, which was purified
by silicagel chromatography (CH2Cl2/MeOH, 0 ± 10 %). Yield, 0.227 g
(94 %); white solid, m.p. 260 8C (decomp); 1H NMR (CDCl3, 200 MHz):
d� 10.12 (s, 2 H), 8.68 (dd, J� 7.6, 0.8 Hz, H3,3'), 8.36 (d, J� 8.3 Hz, 4H),
8.04 (d, J� 8.3 Hz, 4H), 8.00 (t, J� 7.7 Hz, H4,4'), 7.89 (dd, J� 7.7, 0.8 Hz,
H5,5'); 13C NMR (CDCl3): d� 192.0 (d, 2C), 155.9 (s, 2C), 154.9 (s, 2C),
144.8 (s, 2C), 138.0 (d, 2C), 136.5 (s, 2 C), 130.2 (d, 4C), 127.5 (d, 4C), 121.2
(d, 2C), 120.6 (d, 2C); DCI-MS: m/z : 365 [M�H]� ; calcd for C24H16N2O2:
364.5.


Bis-porphyrin 2Hphen2H : Three drops of trifluoroacetic acid were added
to a solution of 1 (0.088 g, 0.224 mmol), 3 (0.390 g, 1.79 mmol), and 4
(0.514 g, 2.24 mmol) in CH2Cl2 (250 mL) under argon. The reaction
mixture was stirred at room temperature for 16 h. Subsequently, solid
chloranil (1.59 g, 6.88 mmol) was added, and the reaction mixture refluxed
for 1.5 h. It was quenched with 10 % aqueous NaHCO3. The organic layer
was washed with water and evaporated to dryness. The crude product was
extracted with hexane and chromatographed on an alumina column and
eluted with a mixture of hexane and dichloromethane (130:70), providing
the bis-porphyrin 2Hphen2H in pure form. The residue, which contained
small amounts of bis-porphyrin was subjected to successive column
chromatographies on alumina and silica, using n-hexane/CH2Cl2 mixtures
as eluents. The total yield of 2Hphen2H was 0.055 g (15 %). 1H NMR
(200 MHz, CDCl3): d� 10.17 (s, 4 H, meso), 9.02 (d, J� 8.1 Hz, 4H; Ho),
8.52 (AB, DnÄ � 4.5 Hz, J� 7 Hz, 4H; H3,8 , H4,7), 8.30 (d, J� 8.1 Hz, 4H;
Hm), 7.96 (s, 2H; H5,6), 7.87 (d, J� 1.7 Hz, 4H; Hop), 7.78 (t, J� 1.8 Hz, 2H;
Hpp), 3.99 (m, 16 H; CH2b, CH2c), 2.63 (s, 12H; CH3d), 2.41 (s, 12H; CH3a),
1.72 (t, J� 7.4 Hz, 24H; CH3b, CH3c), 1.47 (s, 36 H; tBu),ÿ2.46 (s, 4 H; NH).
FAB�-MS: m/z : 1663.0, 831.5; calcd for C116H128N10: 1664.4 [M�H]� , 832.0
([M�2H]�/2); UV/Vis (CH2Cl2): l� 273, 409, 507, 540, 573, 625 nm (plus
an impurity at 654 nm).


Bis-porphyrin Znphen2H : A solution of Zn(OAc)2 ´ 2H2O (0.0072 g,
0.033 mmol) in CH3OH (7 mL) was added to a refluxing solution of
2Hphen2H (0.055 g, 0.033 mmol) in CHCl3 (20 mL) under argon over
20 min. The reaction mixture was refluxed for 1.5 h. The solvents were
rotary evaporated, and the residue redissolved in CH2Cl2 (70 mL) and
shaken with a 5 % aqueous solution in of NaHCO3 (80 mL). The organic
layer was washed with water and evaporated to dryness. Examination of the
residue by TLC (Al2O3, n-hexane/CH2Cl2, 50:50) showed three spots,
corresponding to the bis-porphyrins 2Hphen2H, Znphen2H, and
ZnphenZn in the order of increasing polarity. The products were separated
by successive column chromatographies on alumina and silica, with n-
hexane/CH2Cl2 mixtures as eluents. The yields obtained were 0.0137 g
(18 %) for 2Hphen2H, 0.0147 g (25 %) for ZnphenZn, and 0.0231 g (41 %)
for Znphen2H.
ZnphenZn : 1H NMR (200 MHz, CDCl3): d� 10.13 (s, 4 H, meso), 9.06 (d,
J� 8.2 Hz, 4 H; Ho), 8.56 (AB, DnÄ � 15 Hz, J� 8.6 Hz, 4 H; H3,8 , H4,7), 8.32
(d, J� 8.2 Hz, 4H; Hm), 7.97 (s, 2H; H5,6), 7.87 (d, J� 1.8 Hz, 4 H; Hop), 7.77
(t, J� 1.8 Hz, 2H; Hpp), 3.96 (m, 16H; CH2b, CH2c), 2.61 (s, 12H; CH3d),
2.38 (s, 12H, CH3a), 1.71 (t, J� 7.5 Hz, 24H; CH3b, CH3c), 1.47 (s, 36H, tBu);
FAB�-MS: m/z : 1787.7, 894.3; calcd for C116H124N10Zn2: 1789.0 [M�H]� ,
894.5 ([M�2H]�/2); UV/Vis (CH2Cl2): l� 273, 342, 413, 542, 575 nm.
Znphen2H : 1H NMR (200 MHz, CDCl3): d� 10.17 (s, 2H; meso'), 10.14 (s,
2H; meso), 9.05 (d, J� 8.3 Hz, 2 H; Ho), 9.02 (d, J� 8.3 Hz, 2H; Ho'), 8.55
(AB, 2H, H3,8), 8.52 (AB, 2H, H4,7), 8.33 (d, J� 6.5 Hz, 2 H; Hm), 8.30 (d,
J� 8.1 Hz, 2H; Hm'), 7.95 (s, 2 H; H5,6), 7.88 (d, J� 1.8 Hz, 2H; Hop), 7.86 (d,
J� 1.8 Hz, 2 H; Hop'), 7.78 (t, 2H; Hpp, Hpp'), 3.97 (m, 16H; CH2b, CH2c,
CH2b' , CH2c'), 2.62 (s, 12 H; CH3d, CH3d'), 2.41 (s, 6 H, CH3a'), 2.39 (s, 6H,
CH3a), 1.72 (t, J� 7.3 Hz, 12H; CH3b, CH3c, CH3b' , and CH3c'), 1.47 (s, 18H;
tBu, tBu'), ÿ2.65 (s, 2H; NH); FAB�-MS: m/z : 1725.9, 862.9; calcd for
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C116H126N10Zn: 1725.7 [M�H]� , 863.0 ([M�2H]�/2); UV/Vis (CH2Cl2):
l� 273, 412, 507, 541, 574, 624 (impurity at 653 nm).


Bis-porphyrin 2Hbipy2H : A mixture of 2 (0.071 g, 0.19 mmol), 4 (0.450 g,
1.95 mmol), and 3 (0.342 g, 1.56 mmol) in dichloromethane (180 mL) was
degassed with argon. After addition of five drops of trifluroacetic acid, the
resulting solution was stirred at room temperature for 17 h. Oxidation was
performed with the use of chloranil (2.30 g, 9.4 mmol) and by heating the
reaction mixture under reflux for two hours. The solution was then
neutralized with aq. 10 % Na2CO3. The resulting organic phase was washed
three times with water and evaporated to dryness. The residue was
submitted to several chromatographies (SiO2, CH2Cl2, then fine SiO2,
CHCl3), to afford 0.063 g (20 % yield) of the desired compound. 1H NMR
(CDCl3� 2 drops of CF3CO2D): d� 10.55 (4H; meso), 8.94 ± 8.83 (m, 10H;
Ho, Hm, H3,8 , H4,7, H5,6), 8.27 (s, 2 H; Hpp), 8.20 (s, 4 H; Hop), 3.86 (s, 16H;
CH2a, CH2b), 2.49 (s, 12H; CH3a), 2.40 (s, 12 H; CH3d), 1.65 (s, 36H; tBu),
1.45 (m, 24 H; CH3b, CH3c); FAB�-MS: m/z : 1639.0, 820.0; calcd for
C114H128N10: 1639.4 [M�H]� , 820.2 ([M�2 H]�/2); UV/Vis (CHCl3): l�
412, 508, 541, 574, 625 nm.


Bis-porphyrin Znbipy2H : A degassed solution of Zn(OAc)2 ´ 2H2O
(0.0093 g, 0.042 mmol) in methanol (13 mL) was added under argon to a
solution of 2Hbipy2H (0.063 g, 0.038 mmol) in chloroform (45 mL). This
mixture was heated under reflux for two hours. After evaporation of the
solvents, the residue was purified by column chromatography. A first
separation on silica (hexane/CHCl3, 3:1) afforded ZnbipyZn (32 %) and a
mixture of 2HbipyZn and 2Hbipy2H. This mixture could be separated on a
second silicagel column. Znbipy2H was eluted with CH2Cl2/acetone (97:3)
and obtained in 24 % yield (0.012 g). Analytical data (NMR spectra could
not be obtained, due to the insolubility of the samples in non protic
solvents):
ZnbipyZn : FAB�-MS: m/z : 1764.7; calcd for C114H124N10Zn2: 1765
[M�H]� ; UV/Vis (CHCl3): l� 413, 539, 574 nm.
Znbipy2H : FAB�-MS: m/z : 1701.9, 850.4; calcd for C114H126N10Zn: 1702
[M�2H]�� eÿ, 851 ([M�2 H]�/2); UV/Vis (acetone/CHCl3, 1:1): l� 413,
508, 539, 574, 625 nm.


Absorption and fluorescence spectra : The steady state absorption and
fluorescence spectra for 5� 10ÿ5m solutions of the compounds in dichloro-
methane were recorded with a Perkin ± Elmer Lambda 6 and a Spex
Fluorolog spectrometer, respectively. As degassing did not increase the
fluorescence quantum yield, the samples were investigated in aerated
solution. The fluorescence quantum yield of the model compounds was
determined with a solution of cresyl violet in methanol as reference. The
excitation wavelength was chosen as at this wavelength a majority (ca.
76%) of the incident light would be absorbed by the zinc porphyrin moiety.


Fluorescence decays : The time-resolved fluorescence measurements were
performed with an argon-ion-pumped mode-locked pyrromethane dye
laser system with a repetition rate of 820 KHz. The fluorescence signal was
detected through a polarizer at the magic angle and a subtractive double
monochromator (American Holographic) with a Hamamatsu R2809U
microchannel plate photomultiplier.[52, 53] The instrumental response,
recorded sequentially after the decay with a scattering solution, was found
to have a full width at half maximum of about 80 ps. The determination of
the instrumental response function with a scattering solution and with
detection of fluorescence by a microchannel plate was justified by the small
wavelength range investigated (580 to 695 nm). The fluorescence decays
were measured to a precision of 10000 counts in the peak channel and were
analyzed as a single exponential decay (model compounds) or as a sum of
three our four exponentials (Znphen2H and Znbipy2H) with a nonlinear
least-square program with iterative reconvolution [Eq. (15)].[54±56]


I(t)�
Xn


i�1


Ai expÿlit (15)


The goodness of fit was judged in terms of the statistical parameter c2


(generally less than 1.2 for an acceptable fit), Zc2, the runs-test[57] and the
Durbin-Watson parameters,[58] and by visual inspection the weighted
residuals and their autocorrelation function.[56] The positive preexponential
factors (indicative of the amount of a fluorescence component) were
presented normalized to 1 and errors were taken as three standard
deviations. To increase the reliability of the analysis the decays were
analyzed globally,[59±61] linking the decay times, over two different time
increments and/or at three or four different wavelengths as a sum of
exponentials. When justified by the proposed kinetic scheme two decay


times of the compounds Znbipy2H and Znphen2H were linked to those of
the model compounds.


Structure calculations : The geometry of Znphen2H and Znbipy2H was
calculated with the Merck Molecular Force Field employed in the
SpartanR software package.[62]
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Synthesis, Solid-State Structure, and Electronic Nature of a Phosphinine-
Stabilized triangulo Palladium Cluster


Manfred T. Reetz,*[a] Edward Bohres,[a] Richard Goddard,[a]


Max C. Holthausen,[b] and Walter Thiel*[b]


Abstract: The reaction of Pd(OAc)2 with an excess of 2,4,6-triphenylphosphinine
results in the formation of a red dimeric Pd0 complex of unknown structure.
Treatment of this complex with PEt3 affords a novel green triangulo Pd3 cluster that is
stabilized by three phosphinine and three PEt3 ligands. An X-ray structural analysis
shows that the phosphinine ligands serve as bridges between two Pd atoms. Quantum-
mechanical calculations of a model compound reproduce the experimental geometry
of the real complex adequately and also illuminate the bonding properties.
Specifically, the interaction energy between each phosphinine ligand and the Pd3


core amounts to 42.2 kcal molÿ1 and involves both s and p orbitals.


Keywords: cluster compounds ´
density functional calculations ´
MO interactions ´ P ligands ´
palladium


Introduction


Many different types of structurally well-defined transition
metal clusters have been described in the literature,[1] includ-
ing a number of homonuclear triangulo metal complexes.
Such compounds can occur in the anionic, cationic, or neutral
form, depending upon the nature of the metal, the oxidation
state, and the type of stabilizing ligand. Generally, the
electronic nature and bonding properties of metal clusters
are fairly well understood,[1, 2] although ambiguities arise from
time to time.


Carbon monoxide and phosphanes such as PPh3 are the
most common stabilizing ligands in metal cluster chemis-
try.[1, 2] In the case of palladium, examples of triangulo clusters
include [Pd3(CO)3(PPh3)3],[3] [Pd3(CO)3(PPh3)4],[3] and [Pd3-
(CN-c-C6H11)6].[4] Other types of commonly occurring struc-
tural motifs in clusters include main group elements, for
example, Cl, S, or PPh2, which serve as bridges between two
metal centers. Examples from Pd chemistry are the trinuclear
complexes [Pd3Cl(PPh2)2(PPh3)3][BF4],[5] [Pd3Cl(PPh2)2-
(PPh3)3]Cl,[6] [Pd3(m2-SPh)(m2-PCy2)2(PCy2H)2(SPh)],[7] [Pd3-
(PPh2)3(PR3)3][BF4],[8] [Pd3Cl(PPh2)2(PEt3)3][BF4],[9] [Pd3-
(PBu2)3(CO)2Cl],[10] [Pd3(PEt3)3(NPh)2(NHPh)]Cl,[11] and
[Pd3(SO2)2(CNÿtBu)5] ´ 2 C6H6,[12] all of which contain a
triangular Pd3 core.


In addition to phosphanes (PR3) and complexes containing
PR2 phosphido bridges, other types of phosphorus compounds
such as phosphites, phosphonites, and phosphinites are also
known in the general area of transition metal coordination
chemistry. Phosphorus-containing heterocycles such as phos-
phinines (formerly called l3-phosphorines or phosphaben-
zenes) are also capable of forming complexes with transition
metal complexes;[13] a h1(s) or a h6(p) coordination mode is
the most common.[13, 14] Early examples are the chromium
complexes 2 and 3, respectively.[15] In addition, other types of
coordination have been reported.[16]


Phosphinines are known to have significant aromatic
character; the lowest unoccupied molecular orbital (p*) of
the parent compound PC5H5 has a relatively high localization
at phosphorus that suggests a high p-acceptor capacity.[13, 14]


The in-plane lone electron pair corresponds to the third
highest occupied level at about ÿ10.0 eV, which can be
compared with ÿ10.6 eV known for PH3. This implies
pronounced s-donor properties.


In the present paper we describe the serendipitous discov-
ery of a novel triangulo Pd3 cluster in which the phosphinine 1
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participates in a purely bridging manner. Detailed quantum-
mechanical calculations are included; these illuminate the
bonding properties of the complex and the source of
stabilization of the Pd3 core.


Results and Discussion


Synthesis and structure determination : The original goal of
our research was the synthesis of a 14-electron Pd0 complex 5
in which two molecules of the bulky phosphinine 1 serve as
the stabilizing ligands.[17] It was envisaged that compound 1,


being a well-known reductant in the case of such metal salts as
Hg(OAc)2,[13a] could reduce Pd(OAc)2 to the zero valent state
and that excess phosphinine would then stabilize palladium in
the form of the sterically hindered bis-adduct 5 (or possibly
the 3:1 adduct).


In an initial experiment Pd(OAc)2 was suspended in
toluene and treated with a toluene solution of 1 at ÿ78 8C.
The color of the solution changed from light orange to deep
red within two hours. After 10 h the mixture was warmed to
room temperature, and the solvent was removed to provide a
red solid, which still contained a small amount of starting
material 1 in addition to at least two other phosphorus-
containing compounds. Since recrystallization was unsuccess-
ful, the solid residue was redissolved in toluene and chroma-
tographed over Al2O3, providing about 60 % of a red Pd0


complex of unknown structure.
The elemental analysis of the red compound indicates the


presence of a 2:1 complex PdL2 (L� 1); this is in accord with
complex 5. However, the 31P NMR spectrum displays two


signals (triplets at d� 179.8 and 165.5), which clearly shows
that the correct structure cannot be as shown. Moreover, the
1H and 13C NMR spectra are rather complex and are also not
in accord with the originally anticipated structure 5. The
speculation that perhaps a dimer is involved was corroborated
by mass spectrometry with electro-spray ionization. Thus, the
appearance of the protonated mole peak [MÿH]� at 1509
speaks for a dimeric form. Unfortunately, it was not possible
to obtain crystals suitable for an X-ray structural analysis, so
that the actual structure of the dimer remains unclear.[18]


In hope of obtaining a mono-nuclear complex that might be
easier to analyze, the red dimeric complex was treated with
triethylphosphane. A dark green powder was isolated in
almost quantitative yield. The elemental analysis of the green
compound is in the line with Pd(1)(PEt3) or with an
oligomeric species. The 31P NMR spectrum displays two


signals at d� 194.6 and d� 8.3, which correspond to the
phosphorus in the complexed forms of the phosphinine 1 and
PEt3, respectively. However, these and other spectroscopic
data did not allow for an unambiguous structural assignment.
Fortunately, recrystallization afforded green crystals which
turned out to be suitable for an X-ray structural analysis. The
results reveal that the compound is a triangulo palladium
cluster (6 ; n� 3), the Pd3 core being stabilized by two
different ligands, namely 1 and PEt3 (Figure 1). The PdÿPd
bond lengths of 2.819 ± 2.858 � are in the expected range for
triangulo palladium cluster, but shorter than those observed in
the phosphidobridged tris(m2-di-tert-butylphosphido-P,P)di-
carbonylchloro-tripalladium [average, 2.97(3) �].[19] Remark-


Figure 1. Crystal structure of the tris(m2-2,4,6-triphenylphosphinine)-trian-
gulo-Pd complex 6 (H atoms and pentane solvent of crystallization
removed for clarity; disordered atoms dashed). Selected distances [�]
and angles [8]: Pd1-Pd2 2.8412(5), Pd1-Pd3 2.8581(5), Pd2-Pd3 2.8188(5),
Pd1-P1 2.341(1), Pd1-P4 2.331(1), Pd1-P6 2.329(1), Pd2-P2 2.326(1), Pd2-
P4 2.336(1), Pd2-P5 2.342(1), Pd3-P3 2.334(1), Pd3-P5 2.327(1), Pd3-P6
2.329(1), Pd1-P4-Pd2 75.02(4), Pd1-P6-Pd3 75.71(4), Pd2-P5-Pd3 74.29(4).


Abstract in German: Die Reaktion von Pd(OAc)2 mit 2,4,6-
Triphenylphosphinin im Überschuû führt zur Bildung eines
roten, dimeren Pd0-Komplexes unbekannter Struktur. Behan-
delt man diesen Komplex mit PEt3, so entsteht ein neuartiger,
grüner triangulo-Pd3-Cluster, der durch drei Phosphinin- und
drei PEt3-Liganden stabilisiert ist. Eine Röntgenstrukturana-
lyse zeigt, daû die Phosphinin-Liganden als Brücken zwischen
je zwei Pd-Atomen dienen. Quantenmechanische Rechnungen
an einer Modellverbindung reproduzieren die experimentelle
ermittelte Struktur des realen Komplexes recht gut und er-
möglichen Aussagen über die Bindungsverhältnisse. So beträgt
die Energie der Wechselwirkung zwischen jedem Phosphinin-
Liganden und dem Pd3-Kern 42.2 kcal molÿ1, wobei sowohl
s- als auch p-Orbitale beteiligt sind.
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ably, each phosphinine 1 forms a bridge between two
palladium atoms. Such structural features have not been
observed previously for Pd3 clusters nor, as far as we are
aware, for a freely coordinated phosphinine ligand.[16]


Quantum-mechanical calculations : In view of the novel
structural features of compound 6 (n� 3), it was of interest
to study the electronic nature of the complex. Accordingly,
quantum-mechanical calculations were performed on a model
compound 7 in which ligand 1 was replaced by the parent
phosphinine PC5H5 and PEt3 was replaced by PH3. Phosphi-
nines themselves, and in some cases metal complexes thereof,
have been the subjects of previous theoretical studies.[13, 14] A
recent example is the ab initio calculations of the homoleptic
tris-(2,2'-biphosphinine) complex of tungsten with six h1(s)
bonds.[20] Theoretical calculations have also been reported for
the Pd3 core,[21±23] but not yet for ligand-stabilized triangulo
Pd3 clusters.


Technical details of quantum-chemical calculations : Geometry
optimizations and single-point energy computations were
performed using the Gaussian 94 suite of programs.[24] The
Hartree ± Fock/density-functional-theory hybrid model
B3LYP was applied in combination with the 6-311G(d,p)
basis set for phosphorus, carbon, and hydrogen atoms. The 28
chemically inert core electrons of the palladium atoms were
replaced by a relativistic pseudopotential,[25] and the valence
electrons were described by a [6s5p3d] basis set of valence
triple-zeta quality.[25] Population analyses and calculations of
Wiberg bond indices[26] were performed with the NBO
package[27] as implemented in Gaussian 94. Minor modifica-
tions of the Gaussian 94 source code (link 607) were necessary
in order to allow for a treatment of more than 500 basis
functions by the NBO routines. The analysis of the electron
topology according to Bader made use of the program
Morphy.[28]


Optimized geometry : In our model (7) for the experimentally
studied species 6 (n� 3) we optimized the geometry by
employing C3h-symmetry restrictions (Figure 2). Table 1 shows
essential bond distances of 7 and the corresponding exper-
imentally determined data.


Considering the model character of 7, that is, the neglect of
the electronic and steric influence of additional groups
present in the experimentally employed ligands as well as
the lack of symmetry in the crystal structure, the overall
agreement between experimental and theoretical data is
pleasing. There is a slight overestimation of the computed
PdÿPd and PdÿP bond distances, whereas the calculated PÿC


Figure 2. Optimized geometry of 7. Selected bond lengths are given in �.


distances in the phosphinine ligands are slightly short. These
deviations are probably a consequence of an enhanced donor
potential of the real ligands as compared with those used in
the model system. In agreement with this supposition, a
comparison of the PÿC bond length in the coordinated
(1.750 �) and in the free, reoptimized phosphinine (1.743 �)
at the B3LYP level of theory shows that the complexation
causes a slight elongation of this bond. Owing to stronger
donor/acceptor interactions between the metal core and the
ligands, this is more pronounced in the real system. Reoptim-
ization of the isolated Pd3 fragment in the 1A' singlet state[29]


results in a much shorter PdÿPd bond (2.803 � in the D3h-
symmetric isolated Pd3 fragment vs. 2.884 � in 7); however,
the corresponding energy difference between these Pd3


structures is only 0.3 kcal molÿ1. In view of the negligible
energetic consequences of an elongation of the PdÿPd bond,
the deviations between computed and experimental bond
lengths do not seem significant.


Analysis of bonding properties : In order to understand the
intermetallic bonding properties, we first performed calcu-
lations on the isolated D3h-symmetric Pd3 core, using the
geometry from 7. With respect to the dissociation into
separated atoms, the Pd3 cluster is bound by 28.5 kcal molÿ1


.


Relaxation of the geometry does not lead to significant
changes, neither in energy nor in electronic structure. It is not
immediately apparent how bonding interactions between
three Pd atoms in the 4d105s0 ground state could arise. In fact,
inspection of the molecular orbitals reveals significant ad-
mixture of 5s orbital character to the HOMOÿ 9, which
consists mainly of a 4dz2/4dx2ÿy2 hybrid (cj5si> 0.1). This orbital
is lowest in energy among the 15 doubly occupied MOs in the
valence space of the Pd3 core. The corresponding antibonding
combination of 5s and 4d orbitals forms the LUMO.
Significant 5p contributions are not visible in the coefficient
vectors of the occupied MOs. A population analysis of the
natural orbitals (NPA) of the Pd3 core yields the electron
configuration 4d9.865s0.135p0.01. A Wiberg bond index of 0.24 is
calculated for the PdÿPd bonds, which results in a bond order
of 0.48 for each Pd atom. A qualitative MO scheme for the
valence orbital space of the Pd3 core is depicted on the left-


Table 1. Comparison of selected bond lengths [�] in the Pd3 core of 7
(Figure 3) computed at the B3LYP level of theory and determined by X-ray
crystallography. Owing to the lack of symmetry in the crystal structure,
average bond lengths are given. Pm designates a bridging phosphorus atom,
Pterm a terminal one.


B3LYP X-Ray (average)


PdÿPd 2.884 2.839(20)
PdÿPterm 2.353 2.334(8)
PdÿPm 2.392 2.332(6)


2.394
PmÿC 1.750 1.764(7)
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hand side in Scheme 1. The MO analysis shows that bonding
within the isolated Pd3 cluster is accomplished by formation of
occupied 5s/4d hybrid orbitals.


Interactions between the Pd3 core and the three PH3 groups
were studied by single-point energy calculations on the
corresponding C3h-symmetric fragments in the geometry of
7. These calculations yield an energy of 78.9 kcal molÿ1 for the
formation of the Pd3(PH3)3 fragment complex. A highly
simplified MO interaction scheme is shown in Scheme 1.
Formally, the binding situation can be interpreted in terms of
a donation/back-donation picture. The phosphorus lone pairs
are interacting with unoccupied orbitals of the metal fragment
(donation); this leads to formation of three energetically low-
lying bonding orbitals (1 and 2 in Scheme 2). The former
HOMO of the Pd3 fragment is stabilized by an interaction
with the LUMO�4 of the symmetry adapted set of (PH3)3


orbitals and forms the HOMOÿ 1 of the Pd3(PH3)3 complex
(back donation, 4 in Scheme 2). In this complex, two e'
orbitals with antibonding character constitute a doubly
degenerate HOMO (5 in Scheme 2). The LUMO has s/d
hybrid character (6 in Scheme 2), very similar to the LUMO
in the isolated Pd3 fragment.


However, a more detailed analysis of the MOs shows that
the bond formation is associated with more complex orbital
interactions. For example, the three formal acceptor orbitals
of the isolated Pd3 fragment (LUMO�3 and LUMO�1)
possess 5s/5p hybrid character. In contrast, after PdÿP bond
formation the MO coefficient vectors of the three lowest
valence orbitals (1 and 2 in Scheme 2) do not show significant


Scheme 2. Selected orbitals essential for bonding in the Pd3(PH3)3 frag-
ment complex.


5p character (cj5pi< 0.02). In the Pd3(PH3)3 complex orbital 1
rather resembles the HOMOÿ 9 of the Pd3 core, although
dx2ÿy2 components are not present and the orbital coefficients
localized on the metal show essentially 5s and 4dz2 character.
Instead, the dx2ÿy2 components can now be found in HOMOÿ
7 (3 in Scheme 2), which shows 4s admixtures and antibonding
components of the PdÿP bonds. These interactions are
indicated by light gray lines in Scheme 1. A similar situation
is found for the equivalent e'-orbital interactions, which are
not shown in Scheme 1 for the sake of clarity. Obviously, the
promotion of electrons to 5p orbitals of the metal atom is too
energy demanding to play any role in the bonding mechanism


Scheme 1. Orbital interaction scheme for Pd3 (left) and (PH3)3 (right) to give the fragment complex Pd3(PH3)3.
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of the fragment complex Pd3(PH3)3. In agreement, the NPA
analysis indicates an electron configuration 4d9.805s0.235p0.00. A
Wiberg bond index of 0.10 and 0.41 is calculated for PdÿPd
and PdÿP bonds, respectively; this results in an overall bond
order of 0.74 for each Pd atom. In the population analysis, a
charge of only ÿ0.03 e is calculated for each Pd atom; this is
indicative of an efficient back-bonding mechanism that
compensates for the initial transfer of electron density from
the PH3 ligands to the Pd3 core.


The interactions between the orbitals of Pd3(PH3)3 and the
(C5H5P)3 fragment are complex and only the most important
contributions to bonding will be
discussed in the following. A
simplified picture of the bond-
ing interaction is reproduced in
Scheme 3. According to the
single point calculations, the
three phosphinine ligands are
bound by 126.5 kcal molÿ1. The
HOMO of the free phosphinine
ligand has p character, whereas
the lone electron pair on phos-
phorus is only slightly lower in
energy. In the (C5H5P)3 frag-
ment, these orbitals form C3h-
symmetry-adapted linear com-
binations of a' and e' symmetry,


which are depicted on the right hand side of Scheme 3. The
left-hand side shows the Pd3(PH3)3 fragment MOs, which are
essential for bonding interactions. As anticipated, the stron-
gest interactions occur between the free s-electron pairs of
the phosphinine ligands and the corresponding unoccupied
orbitals of the Pd3(PH3)3 fragment [LUMO (a') and
LUMO�1 (e')]. In addition, lower lying orbitals of the
phosphinine ligands with p character are involved, such that
two almost degenerate orbitals of a' symmetry (ÿ0.353 au,
ÿ0.354 au, 1 in Scheme 4) are formed, which are very close in
energy to the lowest lying valence orbital in the Pd3(PH3)3


Scheme 3. Orbital interaction scheme for Pd3(PH3)3 (left) and (C5H5P)3 (right) to give 7.


Scheme 4. Selected orbitals essential for bonding in 7.
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fragment (ÿ0.358 au, a' component of the PdÿPterm bond).
Very similar interactions lead to the formation of two low-
lying bonding orbitals of e' symmetry (2 in Scheme 4). In
addition to these s-donor interactions of the phosphinine
ligands, further analysis of the MOs reveals significant PdÿPm


contributions with p character to the bonding (3 and 4 in
Scheme 4). Stabilizing p interactions occur between the
HOMOÿ 1 (a') of the Pd3(PH3)3 fragment and the LUMO�1
of the phosphinine ligands (back donation, 5 in Scheme 4);
the antibonding combination of these MOs forms the LUMO
of complex 7 (7 in Scheme 4) and thereby changes its
character when compared with the LUMO of the Pd3 core
and the Pd3(PH3)3 fragment. The presence of the phosphinine
ligands exerts a strongly destabilizing influence on the doubly
degenerate HOMO; this is compensated in part by back
donation of charge into the doubly degenerate LUMO of the
(C5H5P)3 fragment. The consequences of these interactions
become visible in the graphic representation of orbital 6 in
Scheme 4. The population analysis of natural orbitals of 7
yields an electron configuration of 4d9.535s0.475p0.01. The Wiberg
bond indices for the respective Pd bonds are: PdÿPd 0.11,
PdÿPterm 0.29, and PdÿPm 0.35. Altogether, a bond order of
1.58 is computed for each Pd atom. The metal atoms carry a
charge of ÿ0.04 e. Again, this indicates the compensation of
charge transfer by efficient donation/back-donation mecha-
nisms.


Bader analysis of the electron density : Figure 3 shows the
Laplacian of the electron density as well as the bond paths
between the metal centers and between metal and phosphorus


Figure 3. Laplacian of the computed electron density of 7. Bond paths
between Pd and P atoms are shown. Bond critical points are indicated by
squares and ring critical points by circles.


atoms. The positions of the bond and ring critical points
(marked by squares and circles, respectively) clearly indicate
the presence of a Pd3 ring held together by covalent bonds as
well as the covalent nature of the metal ± phosphorus bonds.
The bridging phosphorus atoms form bonds to two metal


atoms and the electron density has ring topology. The
representation of the Laplacian shows a significant polar-
ization towards the adjacent Pd atoms in the region of the free
electron pairs of the Pm atoms. This is a consequence of the p-
orbital contributions of the phosphinine ligands involved in
addition to the s components of the PdÿP bonding.


Conclusion


The triangulo Pd3 cluster 6 (n� 3), in which a phosphinine (1)
and a phosphane (PEt3) are involved as ligands, is readily
accessible in two steps. The X-ray structural analysis shows
novel bonding in that the phosphinine ligands serve as bridges
between two Pd atoms. The computed geometry of the model
compound 7, in which the parent substances PC5H5 and PH3


are used as ligands, is in satisfactory agreement with the
experimental data. Deviations can be traced back to a very
flat stretching potential of the PdÿPd bonds as well as
differences in the donor potential of the ligands in the model
and the real system. Interactions between the Pd3 core and the
ligands lead to an overall stabilization energy of 205.4 kcal
molÿ1 (26.3 kcal molÿ1 per PH3 group, 42.2 kcal molÿ1 per
C5H5P ligand). The analysis of MO interactions shows that the
bonding between the phosphinine ligands and the metal core
involves both s and p orbitals. Ligand coordination causes a
weakening of the PdÿPd bonds. This can be understood from
the bonding interactions in the isolated Pd3 fragment; these
require an essential admixture of 5s orbital character. If
charge is transferred from the ligand lone pairs into these
orbitals, they are no longer available for the bond formation
between Pd atoms. Consequently, the PdÿPd bond order is
lowered from 0.24 in the Pd3 fragment to 0.10 in the Pd3(PH3)3


fragment or 0.11 in 7. The presence of efficient back-bonding
mechanisms is indicated by negligible charges on the Pd
atoms.


Experimental Section


Analytical instrumentation : IR spectra: Magna IR750 spectrometer
(Nicolet). 1H, 31P, and 13C NMR spectra: FT-NMR AC 200, FT-NMR
AM 200, FT-NMR AM 300 and FT-NMR WH 400, all from Bruker; CD2Cl2


as internal standard for 1H and 13C NMR data relative to TMS; 31P NMR
shifts relative to 85% H3PO4; Dn� apparent coupling constants from high
spin systems; MS: Finnigan MAT 311A, electron spray ionization (ESI-MS)
with Finnegan MAT 95. UV/Vis spectra: Cary-2300 spectrometer (Varian).
Elemental analyses were carried out by Mikroanalytisches Laboratorium
Kolbe, Mülheim an der Ruhr.


Preparation of dimeric complex 5 : In a 100 mL Schlenk tube under an
atmosphere of argon, a suspension of Pd(OAc)2 (111 mg, 0.5 mmol) in dry
toluene (10 mL) was cooled to ÿ78 8C, and a solution of 2,4,6-triphenyl-
phosphinine[13a] (486 mg, 1.5 mmol) in dry toluene (10 mL) was added
slowly. Following the addition (1 h) the solution was stirred for an
additional 2 h at ÿ78 8C and then for 10 h at room temperature. The
solvent was removed in vacuo. The red residue was dissolved in toluene
(2 mL) and chromatographed over Al2O3 (10 g) with pentane until
nonreacted phosphinine 1 was removed; then toluene was used and a
fraction which contained the red product. The solvent was stripped off and
the product was dried for 24 h under high vacuum; this provided a shiny
dark red powder (148 mg corresponding to 60 % yield). 1H NMR
(400.14 MHz, CD2Cl2): d� 7.84 (t, Dn� 12.2 Hz, 4 H), 7.71 (d, J� 7.0 Hz,
4H), 7.70 (t, Dn� 15 Hz, 4H), 7.63 (d, J� 7.0), 7.41 (t, J� 7.7 Hz, 2H), 7.38
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(t, J� 7.7 Hz, 2H), 7.35 (d, J� 7.7 Hz, 8 H), 7.17 (t, J� 7.7 Hz, 4H), 7.13 (m,
8H), 7.11 (m, 8 H), 6.92 (m, 4H), 6.90 (m, 8H); 13C NMR (100.62 MHz,
CD2Cl2): d� 161.89, 143.15, 158.64, 144.72, 143.22, 142.82, 138.96, 136.88,
133.10, 132.61, 129.28, 129.26, 128.88, 128.19, 127.94, 127.75, 127.70, 127.66,
127.37, 127.22, 127.03, 126.99; 31P NMR: (161.99 MHz, CD2Cl2): d� 179.61
(t, Dn� 51 Hz), 165.28 (pt, Dn� 51 Hz); MS (ESI/pos, CH2Cl2): m/z (%):
1509 (60) [M��H]; IR (KBr): nÄ � 3050, 3018, 1930 ± 1700, 1596, 1572, 1489,
753, 692 cmÿ1; UV/Vis (CH2Cl2): lmax (e): 277 (41 500), 535 (5500), 677 nm
(200); C92H68P4Pd2 (1510.29): calcd C 73.14, H 4.54, P 8.20, Pd 14.09; found
C 71.85, H 4.55, P 7.86, Pd 15.23.


Preparation of compound 6 (n� 3): A 100 mL Schlenk tube equipped with
a dropping funnel was charged with a solution of dimeric complex 5
(100 mg, 0.07 mmol) in diethyl ether (5 mL) and toluene (2 mL) under an
atmosphere of argon. At ÿ78 8C a solution of triethylphosphane (40 mg,
0.34 mmol) in diethyl ether (10 mL) was added slowly; the solution was
stirred rapidly throughout. Stirring was continued for 10 h, during which
the solution was allowed to warm to room temperature. The solvent was
removed, and the dark green residue was dissolved in toluene (1 mL). The
solution was covered with a small amount of an ether/pentane (1:1) mixture
and allowed to stand for 48 h atÿ30 8C. A dark green powder precipitated;
this was collected and washed 3 times with cold (ÿ30 8C) pentane (3 mL).
The product was then dried for 5 h in vacuo (70 mg; 97 %). 1H NMR
(300.14 MHz, CD2Cl2): d� 7.89 (d, J� 7.8 Hz, 8H), 7.68 (m, 4H), 7.52 (d,
J� 7.2 Hz, 4 H), 7.27 (t, J� 7.6 Hz, 4 H), 7.24 (t, 2 H), 6.94 (t, J� 7.4 Hz, 4H),
6.74 (t, J� 7.8 Hz, 8 H), 1.02 (m, 12H), 0.46 (m, 18H); 13C NMR
(75.47 MHz, CD2Cl2): d� 144.89 (m), 144.12, 134.70, 129.23, 127.62,
129.12, 125.89, 125.73, 125.82, 16.99, 8.31; 31P NMR (121.50 MHz, CD2Cl2):
d� 194.61 (q, Dn� 16.0 Hz), 8.28 (q, Dn� 16.0 Hz); IR (KBr): nÄ � 3040,
3000, 3055, 3025 (s), 2950 (s), 2929 (s), 1940 ± 1690 (s), 1594, 1566 (m), 1489
(m), 758 (w), 696 cmÿ1 (w); UV/Vis (CH2Cl2): lmax (e): 274 (67 400), 330
(36 100), 450 (20 500), 524 (11 600), 689 nm (62 700); C58H64P4Pd2 (1097.88):
calcd C 63.55, H 5.88, P 11.28, Pd 19.39; found C 63.58, H 5.81, P 11.24, Pd
19.46.


X-Ray structural analysis of 6 : The complex was dissolved in a small
amount of toluene, which was then covered with ether/pentane (1:1) at
ÿ30 8C. Crystals suitable for an X-ray structural analysis were subsequently
obtained on standing. C87H96P6Pd3 ´ C5H12, Mr� 1718.80 gmolÿ1, green,
crystal size 0.11� 0.25� 0.53 mm, a� 13.9195(3), b� 17.6501(4), c�
19.9287(4) �, a� 100.980(1), b� 99.024(1), g� 109.917(1)8, U�
4386.6(2) �3, T� 100 K, triclinic, P1Å [No. 2], Z� 2, 1calcd� 1.30 gcmÿ3,
m� 0.760 mmÿ1, Siemens SMART diffractometer, l� 0.71073 �, CCD w


scan, 43317 reflections, of which 23169 were independent, and 18935
considered observed [I> 2 s(I)], [(sinq)/l]max� 0.70 �ÿ1, spherical absorp-
tion correction (Tmin 0.84526; Tmax 0.84629), direct methods (SHELXS-
97),[30] least-squares refinement[31] (on F 2


o ), H atoms riding on nondisor-
dered atoms, disordered atoms isotropic, 891 refined parameters, R� 0.063
(obs. data), Rw� 0.184 (Chebyshev weights), final shift/error 0.001, residual
electron density 1.917 e�ÿ3 (0.923 � from C90). Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Center as
supplementary publication no. CCDC-108613. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).
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Synthesis and X-Ray Crystal Structures of Silacalix[n]phosphinines:
The First sp2-Based Phosphorus Macrocycles


Narcis Avarvari, Nicole Maigrot, Louis Ricard, François Mathey,* and Pascal Le Floch*[a]


Abstract: The synthesis of silacalix[n]-
phosphinines (n� 3, 4) is presented.
Three strategies have been investigated.
Firstly, the thermal condensation of one
equivalent of a 1,3,2-diazaphosphinine 1
with one equivalent of the diyne
(PhCC)2SiMe2; this leads to a mixture
of oligophosphinines. A second strategy
involves the reaction of a bis(phosphi-
nine) 6 with one equivalent of 1 and with
trimethysilylacetylene to give the tetra-
kis(phosphinine) 10. More convincing
results were obtained from the third
approach that first requires the prepa-
ration of a precursor 8, which contains a


phosphinine as the central unit and two
1,2-azaphosphinine subunits. The reac-
tion of 8 with one equivalent of diyne,
under high dilution conditions, leads to
the formation of the dimethylsilaca-
lix[3]phosphinine 3, which was isolated
and characterized by single-crystal
X-ray crystallography. The macrocycle
3 is fluxional in solution and adopts a
partial cone conformation in the solid


state. The same strategy was extended to
the synthesis of the dimethylsilacalix[4]-
phosphinine 4, which shows fluxional
behavior in solution and adopts an
opened-out partial cone conformation
in the solid state. In a similar manner,
the synthesis of these macrocycles was
extended to that of mixed derivatives
such as dimethylsilacalix[4]-1,3-phosphi-
nines-2,4-thiophenes 15 and furans 16.
X-ray structure analyses reveal that, like
4, these macrocycles adopt a opened-out
partial cone conformation in the solid
state.


Keywords: cycloadditions ´ macro-
cycles ´ phosphinines ´ phosphorus
heterocycles ´ silicon


Introduction


The synthesis, reactivity, and electronic properties of sp and
sp2-hybridized phosphorus compounds have attracted much
attention over the last few years.[1a] More than two decades
after their discovery, research is now clearly focussed on their
use in synthetic phosphorus chemistry and in other fields of
interest such as coordination chemistry, catalysis, and long-
term projects such as the synthesis of phosphorus-based
materials with well-defined structures and unique properties.
Although a striking analogy exists between phosphorus and
carbon multiple-bonded systems,[1b] it appears that further
developments in this area depend on the intrinsic reactivity of
the P�C and P�C bonds. Thus, it is now well established that
incorporation of highly reactive molecules, such as phos-
phaalkenes[3] and phosphaalkynes,[2] into complex structures
would be difficult without adequate kinetic stabilization. The
situation is different for aromatic derivatives, since the
reactivity of the P�C bond is considerably reduced by the
thermodynamic stabilization resulting from electronic deloc-


alization.[4] Thus, in molecules such as phosphinines,[5] phos-
pholide anions,[6] and their derivatives (heterophospholes[7]


and p-complexes[6]) the unique electronic properties of sp2-
hybridized phosphorus atoms (poor s-donating but good p-
accepting ability)[8] can be fully expressed. Recently, in this
context, various reports have emphasized that these specific
properties can be exploited in homogeneous catalysis[9] and
for the stabilization of highly reduced transition metal
species.[10] These results account for the current attention
brought to the use of such compounds as building blocks in
the elaboration of tailored ligands and complex aromatic
edifices. As part of a continuing program aimed at the
derivatization and use of phosphinines as ligands,[11] we were
interested in the synthesis of macrocycles. Our interest centers
around the following points. Firstly, it appears that macro-
cyclic derivatives with strong p-acceptor ligands are still
unknown. Indeed, oxygen- and tricoordinate-nitrogen-based
macrocycles essentially display pure s-donor with no p-
acceptor properties, whereas sulfur, dicoordinate nitrogen
and tricoordinate phosphorus derivatives can be considered as
moderate-to-good s-donors that show some p-acceptor
properties. Thus, the synthesis of cavities with strong p-
acceptor bonding sites constitutes a very interesting target in
itself. Secondly, although a number of phosphorus macro-
cycles exist,[12] the synthesis is generally associated with
multiple steps and low yield. Most importantly, owing to the
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high inversion barrier of pyramidal tricoordinate phosphorus
atoms (36 kcal molÿ1), the usefulness of these macrocycles in
coordination chemistry is dramatically reduced by the pres-
ence of multiple, inseparable diastereoisomers. Although a
significant advance was made in our laboratories some years
ago[13] with the use of phospholes (reduced inversion barrier:
16 kcal molÿ1),[14] the problem of flexible phosphorus macro-
cycles that display selective coordination is still topical. The
use of dicoordinate phosphorus atoms with incorporated in-
plane lone pairs of electrons seems to be an original
alternative (see Scheme 1). Here we describe a simple
synthetic approach to these phosphinine-based macrocycles.
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PP


PP


PP
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P P


P P
P
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P in plane lone pair


flexible macrocycles


high inversion barrier


+ . . . .


mixture of diastereoisomers


low inversion barrier


P sp3 hybridized derivatives


P sp2 hybridized derivatives


phosphinine


Scheme 1. Phosphorus macrocycles.


Results and Discussion


Of the different routes available for the functionalization of
the phosphinine nucleus, we decided to use a method that
gave good results for the synthesis of SiMe2-linked bis- and
tris-phosphinines. This approach relies on the reactivity of
1,3,2-diazaphosphinines towards functional alkynes.[15] In
previous reports, we have shown that tetrafunctional phos-
phinines are easily formed, with nearly quantitative regiose-
lectivity, by means of a thermally promoted cycloaddition/
cycloreversion sequence that involves the concomitant loss of
two nitrile molecules (Scheme 2).


P
NN


RR


P
N


R2R


P


R2R4


R1R3R1
- RCN


R1CCR2 R3CCR4


- RCN


Scheme 2. From 1,3,2-diazaphosphinines to tetrafunctional phosphinines
by two successive [4�2] cycloaddition/cycloreversion processes.


We used this efficient approach for the elaboration of
sophisticated bi- and tridentate ligands with bis(alkynyl)si-
lanes as reactants.[15b, c] In an attempt to directly assemble the
macrocycles (see Scheme 3), we decided to investigate the
reactivity of diazaphosphinines with symmetrical diynes. Part
of this work has been already reported as a communication.[16]
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Scheme 3. Reaction of 1,3,2-diazaphosphinines with bis(phenylethynyl)-
dimethylsilane.


All our experiments were conducted with bis(phenyleth-
ynyl)dimethylsilane and with 4,6-di-tert-butyl-1,3,2-diazaphos-
phinine (1), which is readily available from the reaction of
dimethyltitanocene with pivalonitrile and subsequent treat-
ment with phosphorus chloride in the presence of triethyl-
amine.[15b] Direct condensation of one equivalent of 1 with one
equivalent of diyne, at 110 ± 115 8C for 10 hours, led to a
mixture of products. 31P NMR spectroscopic analysis of the
crude mixture revealed the presence of multiple signals in the
usual range of disubstituted silylphosphinines; this indicated
that a variety of oligomers had formed during the reaction.
Fortunately, after several purification cycles over silica gel, we
were able to obtain a mixture of the two main compounds, 3
and 4, which appear as singlets at d� 293 (3) and 278 ppm (4)
in the 31P NMR spectrum. The most interesting information
was given by the mass spectrum, which revealed the presence
of two molecular peaks at 912 and 1216 corresponding to
molecules with three and four dimethylsilylphosphininyl units
(one unit: M� 304). This corresponds to a 12-membered ring
(P3) in 3 and a 16-membered ring (P4) in 4. Unfortunately, the
presence of phenyl groups, whose signals overlap with those of
phosphinine units in the 13C NMR spectrum, precluded the


Abstract in French: La syntheÁse des silacalix-[n]-phosphinines
(n� 3, 4) est preÂsenteÂe. Trois strateÂgies syntheÂtiques ont eÂteÂ
eÂtudieÂes. La premieÁre qui consiste en la reÂaction thermique de
la diazaphosphinine 1 avec un eÂquivalent du diyne (PhCC)2Si-
Me2 conduit aÁ une mixture d�oligomeÁres. Une seconde strateÂgie
faisant intervenir la reÂaction de la bis(phosphinine) 6 avec un
eÂquivalent de diazaphosphinine 1 et un eÂquivalent de trimeÂ-
thylsilylaceÂtyleÁne fournit la teÂtrakis(phosphinine) 10. Des
reÂsultats plus significatifs ont eÂteÂ obtenus en utilisant une
troisieÁme approche qui neÂcessite la preÂparation preÂliminaire du
preÂcurseur 8 constitueÂ d�une uniteÂ centrale de type phosphinine
et de deux sous-uniteÂs 1,2-azaphosphinines. La reÂaction de 8
avec un eÂquivalent de diyne, sous haute dilution, conduit au
dimethylsilacalix[3]phosphinine 3 qui a eÂteÂ isoleÂ et caracteÂriseÂ
par une eÂtude cristallographique. Le composeÂ 3 qui est
fluxionnel en solution adopte une geÂomeÂtrie de type coÃne
partiel aÁ l�eÂtat solide. La meÃme strateÂgie a eÂteÂ eÂtendue aÁ la
syntheÁse du dimeÂthylsilacalix[3]phosphinine 4 qui lui aussi
preÂsente un caracteÁre fluxionnel en solution et adopte une
geÂomeÂtrie de type coÃne partiel aÁ l�eÂtat solide. D�une façon
identique, la syntheÁse de ces macrocycles a eÂteÂ geÂneÂraliseÂe aÁ la
preÂparation de deÂriveÂs mixtes du type dimethylsilacalix[4]1,3-
phosphinines-2,4-thiopheÁnes 15 et furanes 16. Ces deux
composeÂs adoptent, comme dans le cas de 4, une geÂomeÂtrie
de type coÃne partiel aÁ l�eÂtat solide.
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ascertainment of the ring structures. Nevertheless, in line with
the two singlets observed in 31P NMR, we expected these
compounds to possess a symmetrical and cyclic skeleton
(Scheme 4).


P
NN


tBu


Si


PhPh


MeMe


toluene, 110°C, 10 h
1


macrocycles 3 (P3)  and 4 (P4) ?


+ undefined oligomers


tBu


Scheme 4. Reaction of 1 with bis(phenylethynyl)dimethylsilane to yield a
mixture of the macrocyclic derivatives 3 and 4 and oligomers.


To check this hypothesis, we decided to investigate a more
rational synthetic approach to these two compounds. Our first
attempts were directed towards the synthesis of the 12-
membered ring in 3. Two strategies were devised (see
Scheme 5). The first involved the preliminary synthesis of


Scheme 5. Possible strategies for the synthesis of silacalix[n]phosphinines
(R�Ph).


the bis(phosphinine) 6. This precursor, which bears two
phenylethynyldimethylsilyl groups at its extremities, could
lead to 3 by ring closure upon reaction with one equivalent of
1. The second approach relies on the reactivity of the 2,6-
bis(phenylethynyldimethylsilyl)phosphinine 7 and the bis(di-
methylsilyl-1,2-azaphosphinine)phosphinine 8 ; these have
both already been used for the preparation of a tris(phosphi-
nine).[15b] In this case, ring closure could occur by the reaction
of 8 with one equivalent of diyne.


Precursor 6 is the key synthon for the first approach. Its
preparation was easily achieved in a one-pot sequence by
reaction of two equivalents of 1 with three equivalents of
diyne. Firstly, condensation with one equivalent of diyne led
to the bis(1,2-azaphosphinine)dimethylsilyl intermediate 5,
which had been previously characterized and did not need to
be isolated. In a second step, 5 was allowed to react with an
excess of diyne to give 6, which was isolated as a very stable,
pale yellow solid after chromatography with 60 % overall
yield (Scheme 6).
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Scheme 6. Reaction of diazaphosphinine 1 with bis(phenylethynyl)di-
methylsilane to yield the bis(phosphinine) 6.


The structure of 6 was unambigously established on the
basis of NMR spectroscopic data and mass spectrometry
experiments. Contrary to our expectations, the reaction of 6
with one equivalent of 1, even under high dilution conditions,
did not give the expected macrocycle 3. After two hours of
heating at 115 8C, a 31P NMR spectroscopic analysis of the
crude mixture showed that only half of precursor 6 had been
consumed and no traces of 1 could be detected. Additionally,
the presence of a simplified AA'XX' spin pattern (see
Experimental Section) indicated the formation of a com-
pound that contained two phosphinine and two 1,2-azaphos-
phinine units. Indeed, it is known that 31P NMR resonances of
1,2-azaphosphinines always appear at lower fields than those
of phosphinines.[15b] Unfortunately, the compound turned out
to be too sensitive towards hydrolysis to be isolated. We
suspected that it could be the intermediate bis(1,2-azaphos-
phinine)-bis(phosphinine) (9), resulting from the reaction of
diazaphosphinines on the two alkynes functions, and so we
carried out the condensation of 9 with an excess of tri-
methylsilylacetylene to isolate a stable derivative. As expect-
ed, the tetrakis(phosphinine) 10 was isolated as the sole
phosphorus compound, which confirmed our initial hypoth-
esis (Scheme 7). The structure of 10, which is the first ligand to
contain four P�C bond sites, was unambigously confirmed on
the basis of NMR data, mass spectrometry and elemental
analysis.
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Scheme 7. Synthesis of tetrakis(phosphinine) 10.
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Undoubtedly, the failure of our strategy in the synthesis of
macrocycle 3 can be ascribed to the difference in reactivity
between 1,2- and 1,3,2-diazaphosphinines. As we had already
noticed, the latter are much more reactive. Thus, in the case of
precursor 6, the ring-closure process, which requires the
successive transformation of one molecule of 1 into an 1,2-
azaphosphinine and then into a phosphinine unit, is kineti-
cally disfavored compared with the formation of oligomer 9,
which only involves the formation of two 1,2-azaphosphinine
units. A second approach, the condensation of one equivalent
of diyne with one equivalent of 9, was also unsuccessful.
Although macrocycle 4 was detected in the 31P NMR
spectrum of the reaction mixture, the presence of numerous
unidentified side-products precluded its isolation. However,
despite these failures, it is clear that 6 could be an inter-
mediate of great synthetic utility in the synthesis of defined
phosphinine-based oligomers with an even number of units.


More convincing results were obtained by the second
strategy, which involved the transformation of two azaphos-
phinines units into two phosphinines. The preparation of
precursor 8 was carried out by the procedure reported for the
synthesis of the tris(phosphinine) [see Scheme 3]. A series of
preliminary experiments showed that the equimolar reaction
between the diyne and 8 requires high dilution conditions
(best fit: 5� 10ÿ3 mol Lÿ1) to discourage the formation of
linear oligomers. Furthermore, in order not to slow down the
kinetics, periodical evaporation of the solvent is necessary to
maintain a regular concentration of the two reactants. With
this procedure, macrocycle 3 was formed after 7 ± 8 days of
heating at 110 ± 115 8C, as monitored by 31P NMR spectro-
scopy. Purification of 3, which was recovered as a very air
stable yellow solid, was easily achieved by chromatography on
silica gel. Although the yields were modest (20 %), the
formation of 3 was achieved through a one-pot procedure
from precursor 7 (Scheme 8).
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Scheme 8. Synthesis of silacalix[3]phosphinine 3.


The structure of 3 was initially established by NMR
experiments, mass spectrometry, and elemental analysis. As
expected, the chemical shift observed in the 31P NMR
spectrum is identical to that of the compound isolated in the
reaction of 1 with the diyne (see Scheme 4); this confirmed


our starting hypothesis. Interestingly, 3 resonates as a singlet
in the 31P NMR spectrum, which suggests that the macrocycle
is fluxional in solution. Unfortunately, we could not obtain
thermodynamic information on the energy barrier required
for the interconversion of 3, since its low solubility in common
organic solvents precluded variable low-temperature NMR
spectroscopic experiments. Definitive evidence for the cyclic
structure of 3 was given by an X-ray crystal study. Crystals of
suitable size were grown by slow diffusion of pentane into a
toluene solution of 3 at room temperature. Crystallographic
data are listed in Table 1 and an ORTEP view of 3 is presented


in Figure 1. In the solid state, 3 adopts a partial cone-type
structure. Two phosphorus-atom lone pairs (P1 and P2) point
towards the top of the cavity and are located above the plane
defined by the three silicon atoms (q� 49.288 for P1 and q�
71.328 for P2), the third one (P3) points below this plane (q�
ÿ46.038). Since no molecular-modelling simulations have yet
been undertaken, it is difficult to assert at this stage that this
particular geometry corresponds to an energy minimum or if
it results from packing forces in the crystal. Apparently, there
is significant strain in the macrocycle, as reflected by the
rather small CÿSiMe2ÿC [q� 104.9(1) ± 105.8(1)8] and
PÿCÿSi [111.2(2) ± 114.1(2)8] bond angles. In good agreement
with this observation, connections between the phosphinine
subunits and linkers (CÿSi bond lengths) appear to be rather
long [d� 1.908(3) ± 1.914(3) �].


To the best of our knowledge, macrocycle 3 is only the
second example of a calix[3]-type structure, the first one being
the S-linked calix[3]azine reported by Mascal et al in 1997.[17]


Encouraged by this initial result, we then turned our attention


Table 1. Crystallographic data for compounds 3 and 4.


3 4 ´ 2 C7H8


formula C57H51Si3P3 C97H92Si4P4


Mr 913.22 1404.91
crystal system triclinic orthorombic
space group P1Å Pna21


a [�] 9.609(1) 25.148(3)
b [�] 16.257(2) 13.171(1)
c [�] 17.594(2) 23.546(2)
a [8] 108.27(2) 90.00(2)
b [8] 98.71(2) 90.00(2)
g [8] 106.32(2) 90.00(2)
V [�3] 2416.9(1.7) 7799.2(3)
Z 2 4
color yellow colorless
1calcd [gcmÿ3] 1.255 1.194
T [8C] ÿ 150 ÿ 150
diffractometer Enraf-Nonius CAD4
radiation CuKa (l� 1.54184 �) MoKa (l� 0.71073 �)
2q range [8] 114.5 60.0
Total reflections 7029 12 306
Independent reflections 6560 11 589
Standard reflections 5040 (F 2


o > 2.0s(F 2
o ) 5574 (F 2


o > 2.0s(F 2
o )


R(F) [%] 3.8 4.5[a]


R(wF) [%] 5.4 5.7[b]


D/s (max) 0.01 0.02
D(1) [e�ÿ3] 0.39(5) 0.39(6)
GOF 1.12 1.01[c]


[a] RF�S(F0ÿFc)/S(F0). [b] Rw� [S(w(F0ÿFc)2)/S(wF2
o)]1/2. [c] GOF�


[S(w(F0ÿFc)2)/{(no. of reflections)ÿ (no. of parameters)}]1/2.
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Figure 1. ORTEP diagram of macrocycle 3. Ellipsoids are scaled to 50 % of
the electron density. The crystallographic labeling is arbitrary and different
from the numbering used for the assignment of the NMR spectra. Selected
bond lengths [�] and angles [8]: P1ÿC1 1.751(3), P1ÿC5 1.739(2), C6ÿP2
1.746(2), C5ÿSi1 1.908(3), Si1ÿC6 1.910(3), P2ÿC10 1.738(3), C10ÿSi2
1.908(2), Si2ÿC11 1.913(3), C11ÿP3 1.742(3), P3ÿC15 1.749(3), C15ÿSi3
1.908(3), Si3ÿC1 1.914(2); P1ÿC1ÿC2 120.9(2), C6ÿP2ÿC10 106.1(1),
P2ÿC10ÿSi2 114.1(2), C10ÿSi2ÿC11 105.1(1), Si2ÿC11ÿP3 113.5(1),
C11ÿP3ÿC15 106.9(1), C1ÿP1ÿC5 105.8(1), P3ÿC15ÿSi3 111.1(1),
P1ÿC5ÿSi1 114.0(1), C15ÿSi3ÿC1 104.9(1), Si1ÿC6ÿP2 113.1(2).


towards the synthesis of the calix[4] derivative 4, the
formation of which was discussed earlier (see Scheme 4). To
limit the number of precursors, we adopted a strategy similar
to that used for the synthesis of 3 by using one equivalent of
phosphinine 7 instead of diyne. The formation of 4 occured
under comparable conditions (high dilution, controlled con-
centration) by heating an equimolar mixture of 7 and 8 at
110 ± 115 8C for 7 ± 8 days. As in the case of 3, the formation of
undefined oligomers was unavoidable. Nevertheless, the low
solubility of 4 in solvents such as acetone considerably
simplified the different purification steps. Macrocycle 4 was
obtained as a very air-stable powder with a 20 % overall yield
(Scheme 9).
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7-8 days
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Scheme 9. Synthesis of silacalix[4]phosphinine 4.


All accessible NMR spectroscopic data confirmed the
proposed structure of 4. Firstly, its 31P NMR chemical shift
is identical to that recorded in our first experiment (see
Scheme 4). Like 3, this signal appears as a singlet; this
confirms the fluxional behavior of 4 in solution. Again, the


low solubility of 4 in common organic solvents precluded the
realization of variable-temperature 31P NMR experiments.
The cyclic structure of 4 was definitively ascertained by an
X-ray structure analysis that was carried out on crystals
obtained from the slow diffusion of pentane into a toluene
solution of the compound at room temperature. These crystals
contain two molecules of toluene per macrocycle. Crystallo-
graphic data are listed in Table 1 and an ORTEP view of 4 is
presented in Figure 2.


Figure 2. ORTEP diagram of macrocycle 4. Ellipsoids are scaled to 50%
of the electron density. The crystallographic labeling is arbitrary and
different from the numbering used for the assignment of the NMR spectra.
Selected bond lengths [�] and angles [8]: P1ÿC1 1.734(5), P1ÿC5 1.746(5),
C5ÿSi1 1.885(5), Si1ÿC22 1.898(5), C22ÿP2 1.747(5), P2ÿC10 1.739(5),
C10ÿSi2 1.894(5), Si2ÿC11 1.895(5), C11ÿP3 1.739(6), P3ÿC15 1.740(5),
C15ÿSi3 1.899(6), Si3ÿC16 1.883(5), C16ÿP4 1.742(5), P4ÿC20 1.736(5),
C20ÿSi4 1.899(5), Si4ÿC1 1.900(5); C10ÿSi2ÿC11 109.4(2), Si2ÿC11ÿP3
115.6(3), C11ÿP3ÿC15 106.3(3), P3ÿC15ÿSi3 113.3(3), C15ÿSi3ÿC16
108.0(2), C5ÿP1ÿC1 106.3(2), P1ÿC5ÿSi1 115.2(3), C5ÿSi1ÿC22 108.2(2),
Si1ÿC22ÿP2 114.1(3), C22ÿP2ÿC1 105.0(2), Si3ÿC16ÿP4 114.7(3),
C16ÿP4ÿC(20) 105.4(2), P4ÿC20ÿSi4 112.5(3), C20ÿSi4ÿC1 108.7(2),
Si4ÿC1ÿP1 115.4(3), P2ÿC10ÿSi2 113.2(3).


Macrocycle 4 adopts a opened-out partial cone conforma-
tion[18] in the solid state. Two opposing phosphinine subunits
(P2 and P4) lie almost in the plane defined by the four silicon
atoms (q� 5.688 for P2 and q� 7.638 for P4), whereas the
other two subunits (P1 and P3) are located in two roughly
parallel planes (q� 2.458) that are perpendicular to the first
(q� 88.378 for P1 and q� 89.568 for P3). Interestingly, these
two phosphorus atoms point in opposite directions, probably
to minimize interactions with the other two lone pairs. Unlike
3, no strain is apparent in 4, as reflected by the CÿSiMe2ÿC
bond angles which fall in the usual range [108.0(2) ±
109.4(2)8]. As a consequence, the CÿSiMe2 bond lengths are
slightly shortened [1.883(5) ± 1.900(5) �] compared with 3.
The most interesting information is provided by the cavity
size, which is given by the internal PÿP bond distances.
Surprisingly, the distance between P1 and P3, which are both
located in two parallel planes, is shorter than that between the
two opposing atoms P2 and P4. At 5.650 and 5.788 �,
respectively, these distances appear to be rather significant
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and we believe that the four SiMe2 joints give sufficient
flexibility to 4 to accommodate the coordination of various
metallic centers. In conclusion, we note that 4 is a new
example of a heterosilacalix macrocycle, a class of compounds
which is still rather rare[19] in comparison with the C, B, S and
Ge-bridged heterocalix derivatives.[20]


The strategy devised for the synthesis of 3 and 4 can be
easily extended to that of silacalix[4]phosphinines derivatives
containing other heterocycles. We first explored the incorpo-
ration of furan and thiophene units, which could play an inter-
esting role as hemilabile ligands in the coordination chemistry
of these cavities. A prerequisite to these syntheses is the
preparation of 2,5-bis(phenylethynyldimethylsilyl)furan and
thiophene; this was readily achieved by the classical approach
of the reaction of the corresponding 2,5-dilithio derivatives
with phenylethynyldimethylchlorosilane (Scheme 10).


X X SiSi


PhPh


Me
MeMe


Me


1) BuLi/TMEDA (2 equiv)
hexane, reflux, 60-90 min


11: X = S (85%)
12: X = O (58%) 


2) PhCCSiMe2Cl (2.1 equiv)


Scheme 10. Synthesis of 2,5-bis(phenylethynyldimethylsilyl)thiophene 11
and furan 12.


Diynes 11 and 12, which were unknown before this work,
were obtained in fair to excellent yield and were characterized
by NMR spectroscopy and mass spectrometry. As in the case
of 4, the formation of the corresponding macrocycles can be
achieved in a one-pot sequence. In a first step, 11 or 12 was
heated under reflux for two hours with two equivalents of 1 to
give the bis(azaphosphinines) 13 or 14 (Scheme 11). In the
second part of the syntheses, 13 or 14 was then heated under
reflux with an additional equivalent of 11 or 12, respectively.
As in the preparation of 3 and 4, the use of high dilution and
control of the concentration of both reactants was necessary
to minimize the amount of linear oligomers. After conven-
tional purification on silica gel, 15 and 16 were separated from
traces of oligomers by washing with acetone and were isolated
as white, air-stable, and poorly soluble powders in 20 % yield
(Scheme 11).
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Scheme 11. Synthesis of mixed-thiophene 15 and -furan 16 silacalix[4]-
phosphinine macrocycles from the diazaphosphinine 1 and precursors 11
and 12.


All NMR spectroscopic data support the proposed macro-
cyclic structures. Like 3 and 4, the presence of singlets in 31P
NMR spectra [d� 272 (15) and 278 ppm (16)] indicates that
15 and 16 are fluxional in solution. Unfortunately, like their
congeners, their poor solubility in common organic solvents
precluded the use of variable temperature NMR experiments.


Definitive evidence for their structure was given by X-ray
crystal analysis of the two compounds. In both cases, suitable
crystals were obtained by slow diffusion of pentane into a
toluene solution of 15 or 16. Crystallographic data for both
compounds are presented in Table 2 and ORTEP views in
Figures 3 (15) and 4 (16). Both structures are centrosym-


metrical and adopt a opened-out partial cone conformation
with the two phosphinine subunits lying in two perfectly
parallel planes (q� 08); these planes are nearly perpendicular
to the plane that bears the heterocycles (q� 84.278 for 15 and
82.168 for 16). The fact that in both structures the heterocycles
face each other is an interesting problem that is difficult to
rationalize without molecular-mechanics calculations. Never-
theless, we propose that this specific conformation results
from the minimization of the repulsion between the two
phosphorus-atom lone pairs. Apparently, the strain within the
two macrocycles is comparable with that observed in the case
of 4 (compare the CÿSiÿC and PÿCÿSi bond angles and
CÿSiMe2 bond lengths). The most important information is
provided by the internal heteroatom ± heteroatom bond
distances. The cavity size of the mixed sulfur-phosphorus
derivative 15 is clearly smaller than that of its oxygen
counterpart 16 [d(SÿS)� 4.826 versus d(OÿO)� 6.05 �].
Undoubtedly, this results from the lengthening of the C ±


Table 2. Crystallographic data for compounds 15 and 16.


15 16


formula C50H50Si4P2S2 C50H50Si4O2P2


Mr 889.38 857.25
crystal system triclinic triclinic
space group P1Å P1Å


a [�] 7.288(2) 7.383(1)
b [�] 12.411(3) 12.475(2)
c [�] 13.532(3) 13.53(2)
a [8] 99.11(2) 100.90(1)
b [8] 95.94(2) 98.82(1)
g [8] 101.91(2) 101.85(1)
V [�3] 1170.7(1.2) 1150.46(62)
Z 1 1
color colorless colorless
1calcd [gcmÿ3] 1.261 1.237
T [8C] ÿ 150 ÿ 150
diffractometer Enraf-Nonius CAD4
radiation MoKa (l� 0.71073 �) MoKa (l� 0.71073 �)
2q range [8] 60.0 60.0
Total reflections 7077 6991
Independent reflections 6809 6706
Standard reflections 4348 (F 2


o > 2.0s(F 2
o ) 4994 (F 2


o > 2.0s(F 2
o )


R(F) [%] 4.0 3.5[a]


R(wF) [%] 4.8 5.4[b]


D/s (max) 0.01 0.02
D(1) [e�ÿ3] 0.38(7) 0.48(5)
GOF 1.01 1.11[c]


[a] RF�S(F0ÿFc)/S(F0). [b] Rw� [S(w(F0ÿFc)2)/S(wF2
o)]1/2. [c] GOF�


[S(w(F0ÿFc)2)/{(no. of reflections)ÿ (no. of parameters)}]1/2.
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Figure 3. ORTEP diagram of macrocycle 15. Ellipsoids are scaled to 50%
of the electron density. The crystallographic labeling is arbitrary and
different from the numbering used for the assignment of the NMR spectra.
Selected bond lengths [�] and angles [8]: P12ÿC7 1.738(2), C11'ÿP12
1.742(2), C7ÿSi6 1.892(2), Si6ÿC5 1.867(2), C5ÿS1 1.725(2), S1ÿC2
1.725(2), C2ÿSi1 1.867(2), Si1ÿC11 1.891(2); C11'ÿP12ÿC7 105.9(1),
C7ÿSi6ÿC5 106.6(1), Si6ÿC5ÿS1 120.9(1), C5ÿS1ÿC2 94.2(1), S1ÿC2ÿSi1
120.1(1), C2ÿSi1ÿC11 107.41(9), Si1ÿC11ÿP12' 114.4(1), P12ÿC7ÿSi6
114.4(1).


Figure 4. ORTEP diagram of macrocycle 16. Ellipsoids are scaled to 50%
of the electron density. The crystallographic labeling is arbitrary and
different from the numbering used for the assignment of the NMR spectra.
Selected bond lengths [�] and angles [8]: P13ÿC12' 1.738(1), C8ÿSi7
1.889(1), C8ÿP13 1.741(2), Si7ÿC5 1.866(2), C5ÿO6 1.385(2), O6ÿC2
1.382(2), C2ÿSi1 1.868(2), Si1ÿC12 1.893(2); C8ÿP13ÿC12' 105.9(7),
P13ÿC8ÿSi7 114.21(7), C8ÿSi7ÿC5 110.81(6), Si7ÿC5ÿO6 117.7(1),
C5ÿO6ÿC2 108.0(1), O6ÿC2ÿSi1 119.3(1), C2ÿSi1ÿC12 110.31(7),
Si1ÿC12ÿP13' 114.60(7).


heteroatom bond lengths [d(CÿS)� 1.725(2) and d(CÿO)�
1.382(2) �], which by closing the internal CÿSÿC angle (q�
94.28, compare with 108.08 for furan) brings the sulfur atoms
closer to the center of the cavity. However, simple geometrical
considerations show that this difference cannot totally explain
the observed shortening. It is likely that repulsion between the
two lone electron pairs of the more electronegative oxygen
atoms also plays a significant role.


Conclusions


We have described simple synthetic procedures for the
synthesis of a new class of phosphorus macrocycles. Silaca-
lix[n]phosphinines are the first macrocyclic structures to
contain dicoordinate phosphorus atoms. The synthesis of
mixed sulfur and oxygen derivatives demonstrate that this
method is versatile enough to permit the synthesis of other
phosphinine-based macrocycles of different sizes and shapes
by the inclusion of different types of spacers. We believe these
macrocycles to be sufficiently flexible to encapsulate metals
with coordination spheres of different geometries and our
future efforts will focus on studies of their host ± guest
properties. Preliminary results have shown that square-planar
complexes of ligand 4 can be formed without difficulty.[16] We
also believe that silacalix[n]phosphinines, whose cavities
made of strongly p-acceptor phosphorus atoms are unique,
should play a significant role in coordination chemistry and
catalysis with complexes that contain electron-rich metal
centers.


Experimental Section


All reactions were routinely performed under an inert N2 atmosphere by
Schlenk techniques and with dry deoxygenated solvents. Dry THF, toluene,
hexane, and pentane were obtained by distillation from Na/benzophenone.
Dry Celite was used for filtration. NMR spectra were recorded on a Bruker
AC 200 SY spectrometer. Chemical shifts are expressed in parts per million
downfield from the external standards TMS (1H and 13C) and 85% H3PO4


(31P). Mass spectra were obtained at 70 eV with a HP 5989 B spectrometer
coupled with a HP 5890 chromatograph by the direct inlet method. The
following abreviations are used: s singlet, d doublet, t triplet, m multiplet,
br broad, v virtual. Elemental analyses were performed by the Service
d�analyse du CNRS, at Gif sur Yvette (France). Diazaphosphinine 1,[15b]


(PhCC)2SiMe2,[21] PhCCSiMe2Cl,[22] 2,5-dilithiofuran, and 2,5-dilithiothio-
phene[23] were prepared according to published procedures.


Bis(4-phenyl-6-tert-butyl-1,2-azaphosphinine-3-yl)dimethylsilane (5) and
bis [3,5-diphenyl-6-(phenylethynyldimethylsilyl)phosphinine-2-yl)di-
methylsilane] (6): A solution of diazaphosphinine 1 (0.52 g, 2.50 mmol)
and bis(phenylethynyl)dimethylsilane (0.26 g, 1.25 mmol) in toluene
(10 mL) was heated under reflux for 2 h. Complete formation of bis(1,2-
azaphosphinine) 5 was confirmed by 31P NMR spectroscopy. After the
addition of toluene (30 mL) and bis(phenylethynyl)dimethylsilane (1.28 g,
5 mmol), the resulting mixture was further heated under reflux for 3 h. The
formation of 6 was monitored by 31P NMR spectroscopy. After the solution
was cooled to room temperature, Celite (1.50 g) was added, and the
solvents were removed under vacuum. The resulting brown powder was
then deposited onto a silica-gel column for chromatography. A first
fraction, eluted with hexane/toluene (95:5), yielded excess diyne. A second
fraction, eluted with hexane/toluene (70:30), yielded phosphinine 6, which
was recovered as a pale yellow solid (0.65 g, 60%) after evaporation of
solvents and precipitation with methanol; m.p. >180 8C (decomp); 31P
NMR (81.01 MHz, CDCl3, 25 8C): d� 274 (s); 1H NMR (200.13 MHz,
CDCl3, 25 8C): d� 0.28 (s, 12 H, 2 SiMe2), 0.49 (s, 6 H, SiMe2), 6.94 ± 7.53 (m,
32H, 6 Ph, 2H4); 13C NMR (50.32 MHz, CDCl3, 25 8C): d� 2.1 ± 2.3 (v t, X
part of an ABX system, S3J(C,P)� 10 Hz, 2 SiMe2 from SiMe2C�CPh),
4.70 (t, 3J(C,P)� 13 Hz, SiMe2), 95.5 ± 95.6 (v t, X part of an ABX system,
S3J(C,P)� 5 Hz, 2C�CPh), 107.4 (s, 2C�CPh), 124.1 (s, 2C ipso of
C�CPh), 128.0 ± 132.5 (m, CH of Ph), 132.9 ± 133.3 (v t, X part of an
ABX system, S3J(C,P)� 21 Hz, 2C4), 145.7 (s, 2C ipso of Ph), 145.8 (s, 2C
ipso of Ph), 154.1 ± 154.5 (m, 2C3, 2C5), 160.6 (d, 1J(C,P)� 89 Hz, 2C6),
165.0 (dd, 3J(C,P)� 5 Hz, 1J(C,P)� 91 Hz, 2C2); MS (70 eV, EI):m/z (%):
868 (80) [M]� , 766 (5) [MÿCCPh]� , 709 (8) [MÿCCPhÿ SiMe2]� ;
C56H50P2Si3 (869.22): calcd C 77.38, H 5.80; found: C 77.31, H 5.97.
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Bis[3,5-diphenyl-6-(4''-phenyl-6''-tert-butyl-1'',2''-azaphosphinine-3''-yl)di-
methylsilylphosphinine-2-yl]dimethylsilane (9) and bis[3,5-diphenyl-6-(3''-
phenyl-6''-trimethylsilylphosphinine-2''-yl)dimethylsilylphosphinine-2-yl]-
dimethylsilane (10): A solution of diazaphosphinine 1 (0.21 g, 1.0 mmol)
and bis(phosphinine) 6 (0.43 g, 0.5 mmol) in toluene (5 mL) was heated to
115 8C for 2.5 h. After this period, the formation of 9 was completed,
trimethysilylacetylene (0.98 g, 1.0 mmol) was added, and the reaction
mixture was heated to 90 8C for 1 h. After the solution was cooled, Celite
(1.5 g) was added and the solvent and excess trimethylsilylacetylene were
removed under vacuum. As described above, tetrakis(phosphinine) 10 was
purified by chromatography with hexane/toluene (80:20) as eluent. After
evaporation of the solvents, 10 was recovered as a pale yellow solid (0.36 g,
63%); m.p. 170 8C (decomp).


Compound 9 : 31P NMR (81.01 MHz, CDCl3, 25 8C): d� 304 (v d, AA'XX',
4J(PA,PX)� 8 Hz, J(PA,PX')� J(PX,PX')� 0 Hz, 4J(PA, PA')� not estimated,
PA of azaphosphinine), 276 (vd, 4J(PA,PX)� 8 Hz, PX of phosphinine).


Compound 10 : 31P NMR (81.01 MHz, CDCl3, 25 8C): d� 265 (d, 4J(P,P)�
7 Hz, P1 and P4), 276 (d, 4J(P,P)� 7 Hz, P2 and P3); 1H NMR
(200.13 MHz, CDCl3, 25 8C): d� 0.33 (br s, 18H, 3SiMe2), 0.41 (s, 18H,
2SiMe3), 6.91 ± 7.21 (m, 34H, 6Ph, 4H4), 8.01 (t, 2H, 3J(H,H)� 3J(H,P)�
8.42 Hz, 2 H5); 13C NMR (50.32 MHz, CDCl3, 25 8C): d� 0.7 (d, 3J(C,P)�
6 Hz 2SiMe3), 4.3 ± 4.9 (m, 3SiMe2), 127.8 ± 132.9 (m, CH of Ph, 4C4),
138.20 (d, 2J(C,P)� 11 Hz, 2C5 external units), 146.00 (br s, 6C ipso of Ph),
153.0 ± 153.8 (m, 4C3, 2C5 central units), 163.1 ± 168.7 (m, 4C2, 4 C6); MS
(70 eV, EI):m/z (%): 1153 (8) [M]� , 1079 (2) [MÿSiMe3]� ; C68H72P4Si5


(1153.64): calcd C 70.77, H 6.24; found: C 70.92, H 6.18.


Dimethylsilacalix[3](3,5-diphenylphosphinine-2,6-diyl) (3): Phosphinine 7
(0.56 g, 1,0 mmol) was added to a Schlenk tube containing a solution of
diazaphosphinine 1 (0.42 g, 2.0 mmol) in toluene (10 mL). The resulting
mixture was heated under reflux and the formation of bis(1,2-azaphosphi-
nine) 8 was monitored by 31P NMR spectroscopy. After 2 h, the reaction
was completed and the resulting dark-brown solution was cooled to room
temperature. Toluene (200 mL) and bis(phenylethynyl)dimethylsilane
(0.26 g, 1.0 mmol) were then added and the solution was heated to 110 ±
115 8C . The formation of 3 was monitored by 31P NMR spectroscopy. In
order to maintain a steady concentration of 1 and 7, small volumes (approx.
20 mL) of solvent were evaporated each day. After 7 ± 8 days, the formation
of 3 was completed. The resulting solution was then quickly filtrated on a
short column of silica gel, and Celite (2.0 g) was added. After evaporation
of the solvents, 3 was purified by chromatography on silica gel with hexane/
toluene (85:15) as eluent and recovered as a yellow solid (0.18 g, 20%);
m.p. 200 ± 202 8C; 31P NMR (81.01 MHz, CDCl3, 25 8C): d� 293 (s);
1H NMR (200.13 MHz, CDCl3, 25 8C): d�ÿ0.08 (s, 18H, 3 SiMe2), 7.13 ±
7.37 (m, 33 H, 3 Ph, 3 H4); 13C NMR (50.32 MHz, CDCl3, 25 8C): d� 3.2 (s,
3SiMe2), 127.9 ± 129.5 (m, CH of Ph), 131.6 ± 132 (v dd, SJ(C,P)� 21 Hz,
C4), 146.4 (s, C3' and C5'), 151.9 ± 152.1 (vdd, SJ(C,P)� 9 Hz, C3 and C5),
163.1 ± 164.9 (m, SJ(C,P)� 90 Hz, C2 and C6); MS (70 eV, EI):m/z (%):
912 (100) [M]� , 608 (5) [MÿC19H17PSi]� ; C57H51P3Si3 (913.21): calcd C
75.00, H 5.59; found: C 75.12, H 5.48.


Dimethylsilacalix[4](3,5-diphenylphosphinine-2,6-diyl) (4): Phosphinine 7
(0.56 g, 1,0 mmol) was added to a Schlenk tube containing a solution of
diazaphosphinine 1 (0.42 g, 2.0 mmol) in toluene (10 mL). The resulting
mixture was heated under reflux for 2 h and the formation of bis(1,2-
azaphosphinine)phosphinine 8 was monitored by 31P NMR spectroscopy.
Toluene (200 mL) and phosphinine 7 (0.56 g, 1.0 mmol) were then added
and the solution was heated to 110 ± 115 8C. The formation of 4 was
monitored by 31P NMR spectroscopy. As described above for the synthesis
of 3, small volumes of solvent (approx. 20 mL) were evaporated each day.
After 7 ± 8 days, the formation of 4 was completed. After the reaction
mixture was cooled to room temperature, the brown solution was quickly
filtrated on a short column of silica gel with toluene as eluent. After
evaporation of toluene, acetone (10 mL) was layered onto the oil obtained.
This operation allowed the separation of polyphosphinines, which are
soluble in acetone, from 4, which is insoluble. After filtration and drying
under vacuum, 4 was recovered as a white solid (0.24 g, 20 %) poorly
soluble in common organic solvents; m.p. >220 8C (decomp); 31P NMR
(81.01 MHz, CDCl3, 25 8C): d� 278 (s); 1H NMR (200.13 MHz, CDCl3,
25 8C): d�ÿ0.04 (s, 24H, 4SiMe2), 7.02 ± 7.36 (m, 44H, 8 Ph, 4H4);
13C NMR (50.32 MHz, CDCl3, 25 8C): d� 4.4 ± 4.7 (vdd, SJ(C,P)� 14 Hz,
4SiMe2), 127.7 ± 129.9 (m, CH of Ph), 132.8 ± 133.2 (v t, SJ(C,P)� 20 Hz,
C4), 146.20 (s, C3' and C5'), 153 ± 153.2 (v t, SJ(C,P)� 9 Hz, C3 and C5),


165.65 (d, 1J(C,P)� 88.2 Hz, C2 and C6); MS (70 eV, EI):m/z (%): 1216
(12) [M]� , 912 (100) [MÿC19H17PSi]� ; C76H68P4Si4 (1217.61): calcd C 75.00,
H 5.59; found: C 75.14, H 5.47.


2,5-Bis(phenylethynyldimethylsilyl)thiophene (11): A solution of butyl
lithium (1.6m in hexane; 40 mmol, 25 mL) was added dropwise at room
temperature to a solution of thiophene (1.64 g, 20 mmol), TMEDA (4.64g,
40 mmol) in hexane (20 mL). The resulting mixture was then heated under
reflux for 90 min. After cooling to ÿ20 8C, phenylethynyldimethylchoro-
silane (8.50 g, 43,70 mmol) was added, and the resulting solution was
heated under reflux for 2 h. After cooling to room temperature, hexane and
TMEDA were evaporated, and the residue was chromatographed on silica
gel with hexane/toluene (90:10) as eluent. After evaporation of the
solvents, 11 was recovered as a yellow solid. Yield: 6.8 g (85 %); m.p. 120 ±
122 8C; 1H NMR (200.13 MHz, CDCl3, 25 8C): d� 0.55 (s, 12H, 2SiMe2),
7.25 ± 7.50 (m, 10H, 2 Ph), 7.51 (s, 2H, H3 and H4); 13C NMR (50.32 MHz,
CDCl3, 25 8C): d� 1.0 (s, 2SiMe2), 92.2 (s, C�CPh), 107.4 (s, C�CPh), 123.4
(s, C ipso of Ph), 128.9 (s, CH of Ph), 129.5 (s, CH of Ph), 132.8 (s, CH of
Ph), 137.2 (s, C3 and C4), 143.9 (s, C2 and C5); MS (70 eV, EI):m/z (%): 400
(100) [M]� ; C24H24Si2S (400.69): calcd C 71.94, H 6.04; found: C 72.08, H
6.07.


2,5-Bis(Phenylethynyldimethylsilyl)furan (12): A solution of butyl lithium
(1.6m in hexane; 40 mmol, 25 mL) was added dropwise at room temper-
ature to a solution of furan (1.31 g, 20 mmol) and TMEDA (4.64g,
40 mmol) in hexane. After addition, the mixture was heated to 70 8C for 1 h.
After cooling to ÿ20 8C, phenylethynyldimethylchorosilane (8.50 g,
43.70 mmol) was added, and the resulting mixture was then heated to
70 8C for 2 h. After cooling and evaporation of hexane and TMEDA, the
residue was chromatographed on silica gel with hexane/toluene (90:10) as
eluent. After evaporation of the solvents, 12 was recovered as a yellow oil,
which crystallized upon standing. Yield: 4.45 g (58 %); m.p. 110 ± 112 8C;
1H NMR (200.13 MHz, CDCl3, 25 8C): d� 0.58 (s, 12H, 2 SiMe2), 6.91 (s,
2H, H3 and H4), 7.24 ± 7.55 (m, 10 H, 2Ph); 13C NMR (50.32 MHz, CDCl3,
25 8C): d�ÿ0.6 (s, 2 SiMe2), 91.6 (s, C�CPh), 107.1 (s, C�CPh), 121.9 (s, C3
and C4), 123.5 (s, C ipso of Ph), 128.9 (s, CH of Ph), 129.5 (s, CH of Ph),
132.8 (s, CH of Ph), 162.40 (s, C2 and C5); MS (70 eV, EI):m/z (%): 384
(100) [M]� ; C24H24Si2O (384.63): calcd C 74.95, H 6.29; found: C 74.77, H
6.28.


2,5-(4''-Phenyl-6''-tert-butyl-1'',2''-azaphosphinine-3''-yl)dimethylsilylthio-
phene (13) and dimethylsilacalix[4]-1,3-(3'',5''-diphenylphosphinine-2'',6''-
diyl)-2,4-(thiophene-2'',5''-diyl) (15): A solution of diazaphosphinine 1
(0.84 g, 4.0 mmol) and 2,5-bis(phenylethynyldimethysilyl)thiophene
(0.80 g, 2.0 mmol) in toluene was heated under reflux for 2 h. After this
period, the formation of 2,5-bis(1,2-azaphosphininyl)thiophene 13 was
completed. Toluene (380 mL) and a second equivalent of diyne (0.80 g,
2.0 mmol) were added, and the resulting solution was further heated under
reflux. Periodically, small amounts of solvents (40 mL) were evaporated to
maintain a steady concentration of 1 and 11. After 7 ± 8 days, the reaction
was completed, and the resulting solution was filtrated on a short silica gel
column with toluene as eluent. After evaporation of toluene, acetone
(15 mL) was added to precipitate macrocycle 15 and to solubilize the
polyphosphinines formed. After filtration and drying, 15 was recovered as a
white solid (0.35 g, 20 %). M.p. >220 8C (decomp).
Compound 13 : 31P NMR (81.01 MHz, CDCl3, 25 8C): d� 304.
Compound 15: 31P NMR (81.01 MHz, CDCl3, 25 8C): d� 272 (s); 1H NMR
(200.13 MHz, CDCl3, 25 8C): d� 0.29 (d, 24H, 4J(H,P)� 1.73, 4SiMe2),
7.14 ± 7.33 (m, 26 H, 4 Ph, 2H3 and 2H4 of thiophene, 2 H4 of phosphinine);
13C NMR (50.32 MHz, CDCl3, 25 8C): d� 1.9 (d, 3J(C,P)� 12 Hz, 4SiMe2),
128.1 ± 132.8 (m, CH of Ph and 2 C4 of phosphinine), 135.3 (s, 2C3 and 2C4
of thiophene), 145.9 (s, C3' and C5' of Ph), 148.7 (s, C2 and C5 of
thiophene), 154.5 (d, 2J(C,P)� 11 Hz, C3 and C5 of phosphinines), 163.1 (d,
1J(C,P)� 89 Hz, C2 and C6 of phosphinines); MS (70 eV, EI):m/z (%): 888
(100) [M]� 444 (30) [M/2]� ; C50H50P2S2Si4 (889.37): calcd C 67.57, H 5.63;
found: C 67.49, H 5.69.


2,5-(4''-Phenyl-6''-tert-butyl-1'',2''-azaphosphinine-3''-yl)dimethylsilylfuran
(14) and of dimethylsilacalix[4]-1,3-(3'',5''-diphenylphosphinine-2'',6''-diyl)-
2,4-(furan-2'',5''-diyl) (16): A solution of diazaphosphinine 1 (0.61 g,
2.92 mmol) and 2,5-bis(phenylethynyldimethysilyl)furan 12 (0.56 g,
1.46 mmol) in toluene (15 mL) was heated under reflux for 2 h. After this
period, the formation of 2,5-bis(1,2-azaphosphininyl)furan 14 was com-
pleted. Toluene (380 mL) and a second equivalent of diyne (0.56 g,
1.46 mmol) were then added, and the resulting solution was further heated
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under reflux. Periodically, small amounts of solvents (40 mL) were
evaporated to maintain a steady concentration of 14 and 12. After 7 ±
8 days, the reaction was completed, and the resulting solution was filtrated
on a short silica-gel column with toluene as eluent. After evaporation of
toluene, acetone (15 mL) was added to precipitate 16 and to solubilize the
polyphosphinines formed. After filtration and drying, 16 was recovered as a
white solid. Yield: 0.25 g (20 %); m.p. >220 8C (decomp).
Compound 14 : 31P NMR (81.01 MHz, CDCl3, 25 8C): d� 304 (s).
Compound 16 : 31P NMR (81.01 MHz, CDCl3, 25 8C): d� 278.30 (s);
1H NMR (200.13 MHz, CDCl3, 25 8C): d� 0.22 (s, 24H, 4 SiMe2), 6.60 (s,
4H, 2 H3 and 2H4 of furan), 7.16 ± 7.32 (m, 22 H, 4Ph, 2H4 of phosphinine);
13C NMR (50.32 MHz, CDCl3, 25 8C): d� 0.5 (d, 3J(C,P)� 12 Hz, 4SiMe2),
120.8 (s, 2C3 and 2 C4 of furan), 128.1 (CH of Ph), 128.4 (CH of Ph), 129.6
(CH of Ph), 132.9 (d, 3J(C,P)� 20 Hz, 2C4 of phosphinine), 145.95 (s, 2C3'
and 2 C5' of Ph), 154.7 (d, 2J(C,P)� 11 Hz, 2C3 and 2C5 of phosphinine),
161.8 (d, 1J(C,P)� 89.4 Hz, 2 C2 and 2 C6 of phosphinine), 164.7 (s, 2C2 and
2C5 of furan); MS (70 eV, EI):m/z (%): 856 (100) [M]� ; C50H50P2O2Si4


(857.24): calcd C 70.09, H 5.84, found: C 69.92, H 5.93.


X-ray structure determination of 3, 4, 15, and 16:
Crystals suitable for X-ray diffraction studies were grown by slow diffusion
of hexane into toluene solutions of the compounds. Data were collected at
123� 0.5 K on an Enraf Nonius CAD4 diffractometer equipped with a
graphite monochromator. The crystal structures were solved and refined
with the Nonius MOLEN package. All structures were solved by direct
methods. The hydrogen atoms were included as fixed contributions in the
final stages of least-squares refinement and anisotropic temperature factors
were used for all other atoms. Relevant crystallogaphic details for each
compound are summarized in Tables 1 and 2. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Center as
supplementary publication no. CCDC-112 703 and CCDC-112 706. Copies
of the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).


Acknowledgments


The authors thank the CNRS and the Ecole Polytechnique for supporting
this research.


[1] a) Multiple Bonds and Low Coordination in Phosphorus Chemistry
(Eds.: M. Regitz, O. J. Scherer), Thieme, Stuttgart, 1990 ; b) K. B.
Dillon, F. Mathey, J. F. Nixon, Phosphorus: The Carbon Copy, Wiley,
Chichester, 1998.


[2] a) R. Appel, in Multiple Bonds and Low Coordination in Phosphorus
Chemistry (Eds.: M. Regitz, O. J. Scherer), Thieme, Stuttgart, 1990,
pp. 157 ± 219; b) M. Regitz, in Multiple Bonds and Low Coordination
in Phosphorus Chemistry (Eds.: M. Regitz, O. J. Scherer), Thieme,
Stuttgart, 1990, pp. 58 ± 111; c) J. F. Nixon, Coord. Chem. Rev. 1995,
145, 201; d) M. Regitz, Chem. Rev. 1990, 90, 191.


[3] a) A. Jouaiti, M. Geoffroy, G. Bernardinelli, Tetrahedron Lett. 1992,
33, 5071; b) A. Jouaiti, M. Geoffroy, G. Terron, G. Bernardinelli, J.
Chem. Soc. Chem. Commun. 1992, 155; c) A. Jouaiti, M. Geoffroy, G.
Terron, G. Bernardinelli, Tetrahedron Lett. 1993, 34, 3413; d) A.
Jouaiti, M. Geoffroy, G. Bernardinelli, J. Chem. Soc. Dalton Trans.
1994, 1685; e) A. Jouaiti, M. Geoffroy, G. Terron, G. Bernardinelli, J.
Am. Chem. Soc. 1995, 117, 2251; f) A. Jouaiti, M. Geoffroy, G.
Bernardinelli, Chem. Commun. 1996, 437; g) M. van de Sluis, J. B. Vit,
F. Bickelhaupt, Organometallics, 1996, 15, 174; h) M. van der Sluis, V.
Beverwijk, A. Termaten, E. Gavrilova, F. Bickelhaupt, H. Kooijman,
N.Veldman, A. Spek, Organometallics, 1997, 16, 1144.


[4] See for example: a) K. K. Baldridge, M. S. Gordon, J. Am. Chem. Soc.
1988, 110, 4204; b) L. Nyulaszi, G. Keglevich, Heteroatom Chem. 1994,
5, 131; c) B. Goldfuss, P. v. R. Schleyer, F. Hampel, Organometallics,
1996, 15, 1755; d) P. von R. Schleyer, P. K. Freeman, H. Jiao, B.
Goldfuss, Angew. Chem. 1995, 107, 332; Angew. Chem. Int. Ed. Engl.
1995, 34, 337.


[5] For reviews on phosphinine chemistry see: a) G. Märkl, in Multiple
Bonds and Low Coordination in Phosphorus Chemistry (Eds.: M.
Regitz, O. J. Scherer), Thieme, Stuttgart, 1990, pp. 220 ± 257; b) G. G.
Hewitt, in Comprehensive Heterocyclic Chemistry II, Vol. 5 (Eds.:
A. R. Katritzky, C. W. Rees, E. F. V. Scriven) Pergamon, New York,
1996, p. 639; c) K. B. Dillon, F. Mathey, J. F. Nixon, Phosphorus: The
Carbon Copy, Wiley, Chichester, 1998. pp. 235 ± 256.


[6] F. Mathey, Coord. Chem. Rev. 1994, 137, 1.
[7] A. Schmidpeter, in Multiple Bonds and Low Coordination in


Phosphorus Chemistry (Eds.: M. Regitz and O. J. Scherer), Thieme,
Stuttgart, 1990, pp. 258 ± 286.


[8] J. Waluk, H.-P. Klein, A. J. Ashe III, J. Michl, Organometallics, 1989, 8,
2804.


[9] For references on the use of phosphaferrocenes and phosphinines as
ligands in homogeneous catalysis see: for phosphaferrocenes: a) C. E.
Garrett, G. C. Fu, J. Org. Chem. 1997, 62, 4534; b) S. Qiao, D. A. Hoic,
G. C. Fu, Organometallics, 1998, 17, 773; c) S. Qiao, G. C. Fu, J. Org.
Chem. 1998, 63, 4168; d) C. Ganter, C. Glinsböckel, B. Ganter, Eur. J.
Inorg. Chem. 1998, 1, 1163. For phosphinines: a) B. Breit, Chem.
Commun. 1996, 2071; b) B. Breit, R. Winde, K. Harms, J. Chem. Soc.
Perkin Trans. 1, 1997, 2681; c) F. Knoch, F. Kremer, U. Schmidt, U.
Zenneck, P. Le Floch, F. Mathey, Organometallics, 1996, 25, 831; d) P.
Le Floch, F. Knoch, F. Kremer, F. Mathey, J. Scholz, W. Scholz, K-H.
Thiele, U. Zenneck, Eur. J. Inorg. Chem. 1998, 1, 119.


[10] For references on the use of phosphinines in coordination chemistry:
a) C. Elschenbroich, M. Nowotny, A. Behrendt, W. Massa, S. WocÏadlo,
Angew. Chem. 1992, 104, 1388; Angew. Chem. Int. Ed. Engl. 1992, 31,
1343; b) C. Elschenbroich, M. Nowotny, J. Kroker, A. Behrendt, W.
Massa, K. Harms, S. Wocadlo, J. Pebler, J. Am. Chem. Soc. 1994, 116,
6217; c) C. Elschenbroich, M. Nowotny, J. Kroker, A. Behrendt, W.
Massa, S. Wocadlo, J. Organomet. Chem. 1993, 459, 157; d) P.
Le Floch, L. Ricard, F. Mathey, A. Jutand, C. Amatore, Inorg. Chem.
1995, 34, 11; e) F. Mathey, P. Le Floch, Chem. Ber. 1996, 129, 263; f) P.
Rosa, L. Ricard, P. Le Floch, F. Mathey, G. Sini, O. Eisenstein, Inorg.
Chem. 1998, 37, 3154; g) P. Le Floch, S. Mansuy, L. Ricard, F. Mathey,
A. Jutand, C. Amatore, Organometallics, 1996, 15, 3267; h) F. Mathey,
P. Le Floch, Coord. Chem. Rev. 1998, 179 ± 180, 771.


[11] See for example: a) P. Le Floch, D. Carmichael, L. Ricard, F. Mathey,
J. Am. Chem. Soc. 1993, 115, 10665; b) H.-G. Trauner, P. Le Floch,
J. M. Le Four, L. Ricard, F. Mathey, Synthesis, 1995, 719; c) P. Rosa, P.
Le Floch, L. Ricard, F. Mathey, J. Am. Chem. Soc. 1997, 119, 9417.


[12] a) C. A. McAuliffe, in Comprehensive Coord. Chem. (Eds.: G.
Wilkinson, R. D. Gillard, J. A. McCleverty), Pergamon, Oxford,
1982, 2, 989; b) M. Pabel, S. B. Wild in Comprehensive Heterocyclic
Chemistry II , Vol. 9 (Eds.: A. R. Katritzky, C. W. Rees, E. F. V.
Scriven), Pergamon, New York, 1996, 947.


[13] a) F. Laporte, F. Mercier, L. Ricard, F. Mathey, J. Am. Chem. Soc.
1994, 116, 3306; b) F. Mercier, F. Laporte, L. Ricard, F. Mathey, M.
Schröder, M. Regitz, Angew. Chem. 1997, 109, 2640; Angew. Chem.
Int. Ed. Engl. 1997, 36, 2364.


[14] a) W. Egan, R. Tang, G. Zon, K. Mislow, J. Am. Chem. Soc. 1970, 92,
1443; b) W. Egan, R. Tang, G. Zon, K. Mislow, J. Am. Chem. Soc. 1971,
93, 6205; c) J. D. Andose, A. Rauk, K. Mislow, J. Am. Chem. Soc. 1974,
96, 6904; d) A. N. Hughes, K. E. Edgecombe, Heterocycles, 1992, 33,
563; e) D. B. Chesnut, L. D. Quin, J. Am. Chem. Soc. 1994, 116, 5779;
f) L. Nyulaszi, J. Phys. Chem. 1995, 99, 586; g) A. Glukhotsev, A.
Dransfeld, P. von R. Schleyer, J. Phys. Chem. 1996, 100, 13447; h) L.
Nyualszi, J. Phys. Chem. 1996, 100, 6194.


[15] a) N. Avarvari, P. Le Floch, F. Mathey, J. Am. Chem. Soc. 1996, 118,
1978; b) N. Avarvari, P. Le Floch, L. Ricard, F. Mathey, Organo-
metallics, 1997, 16, 4089; c) N. MeÂzailles, N. Avarvari, L. Ricard, F.
Mathey, P. Le Floch, Inorg. Chem. 1998, 37, 5313.


[16] N. Avarvari, N. MeÂzailles, L. Ricard, P. Le Floch, F. Mathey, Science,
1998, 280, 1587.


[17] M. Mascal, J. L. Richardson, A. Blake, W.-S. Li, Tetrahedron Lett.
1997, 38, 7639.


[18] C. Wieser-Jeunesse, D. Matt, M. R. Yaftian, M. Burgard, J. Harrow-
field, C. R. Acad. Sci. Ser. 2, 1998, 1, 479.


[19] a) B. König, M. Rödel, P. Bubenitschek, P. G. Jones, Angew. Chem.
1995, 107, 752; Angew. Chem. Int. Ed. Engl. 1995, 34, 661; b) B. König,
M. Rödel, P. Bubenitschek, P. G. Jones, I. Thondorf, J. Org. Chem.
1995, 60, 7406.







FULL PAPER F. Mathey, P. Le Floch et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2118 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 72118


[20] a) G. R. Newkome, Y. J. Joo, F. R. Fronczek, J. Chem. Soc. Chem.
Commun. 1987, 854; b) R. M. Musau, A. Whiting, J. Chem. Soc. Chem.
Commun. 1993, 1029; c) R. M. Musau, A. Whiting, J. Chem. Soc.
Perkin Trans. 1, 1994, 2881; d) P. A. Gale, J. L. Sessler, V. Kral, V.
Lynch, J. Am. Chem. Soc. 1996, 118, 5140; e) J. Nakayama, N. Katano,
Y.Sugihara, A. Ishii, Chem. Lett. 1997, 897; f) P. A. Gale, J. L. Sessler,
V. Kral, Chem. Commun. 1998, 1; g) V. Kral, P. A. Gale, Jr, P.
Anzenbacher, K. Jursikova, V. Lynch, J. L. Sessler, Chem. Commun.
1998, 9; h) E. Vogel, C. Fröde, A. Breihan, H. Schmickler, J. Lex,
Angew. Chem. 1997, 109, 2722; Angew. Chem. Int. Ed. Engl. 1997, 36,


2609; i) B. König, M. Rödel, Chem. Ber. 1997, 130, 421; j) F. H. CarreÂ,
R. J. P. Corriu, T. Deforth, W. E. Douglas, W. S. Siebert, W. Wein-
mann, Angew. Chem. 1998, 110, 654; Angew. Chem. Int. Ed. 1998, 37,
652; k) E. Vogel, J. Heterocycl. Chem. 1996, 33, 1461.


[21] M. E. Freeburger, L. Spialter, J. Org. Chem. 1970, 35, 652.
[22] a) H. Lang, U. Lay, Z. Anorg. Allg. Chem. 1991, 596, 7; b) B.


Wrackmeyer, G. Kehr, J. Süss, Chem. Ber. 1993, 126, 2221.
[23] B. L. Feringa, R. Hulst, R. Rikers, Synthesis, 1998, 316.


Received: December 28, 1998 [F1515]








Pressure-Induced Cycloadditions of Dicyanoacetylene to Strained Arenes:
The Formation of Cyclooctatetraene, 9,10-Dihydronaphthalene, and Azulene
Derivatives; A Degenerate [1,5] Sigmatropic ShiftÐComparison between
Theory and Experiment
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Abstract: The reaction of dicyanoace-
tylene (DCA) with the partially hydro-
genated dimethano-bridged anthracene
and pentacene derivatives 3 and 18 lead
to the (1:1) Diels ± Alder adducts 5 and
19, respectively, and to the 9,10-dihy-
dronaphthalene derivatives 6 and 21,
respectively. These compounds are in-
tensely colored, most likely due to a
charge-transfer absorption. Photolysis
of the (1:1) adducts 5 and 19 produces
the corresponding cyclooctatetraene de-
rivatives 7 and 8, which are not planar
despite the torsional constraints caused
by the fusion of the eight-membered
ring to norbornane and norbornene


units. The mechanisms of formation of
the dihydronaphthalene derivatives 6
and 21 were elucidated by the use of
high pressure; this allowed the (2:1)
adducts 11 and 20 to be detected as
intermediates in the reaction of DCA
with 5 or 19 to give 6 and 21, respec-
tively. A degenerate rearrangement con-
sisting formally of a [1,5] vinyl shift in 6


or 21 could be detected by their temper-
ature-dependent 1H NMR spectra. The
mechanisms of the [1,5]-sigmatropic-
shift reactions in 6 and 24 have been
examined at the Becke3LYP/6-31G*
level of theory. Stepwise mechanisms
are predicted, and the calculated activa-
tion barrier is in good agreement with
the measured DH=. The finding that the
irreversible rearrangement of 6 accom-
panied by the elimination of HCN to
give the azulene derivative 14 proceeds
only on heating of 6 to 80 8C in a polar
solvent is good evidence for a polar
mechanism in this case.


Keywords: ab initio calculations ´
charge transfer ´ Diels ± Alder cyclo-
additions ´ high-pressure chemistry
´ NMR spectroscopy ´ sigmatropic
rearrangements


Introduction


The planarization of the 1,3,5-cycloheptatriene skeleton,
which usually exists in a boat conformation, could be achieved
by fixation of one of the torsional angles to 08 by fusion of a
rigid norbornane unit at C-1 and C-7 of the cycloheptatriene
ring.[1] According to Dreiding molecular model considerations
it should be possible to fix 1,3,5,7-cyclooctatetraene (COT) in
a planar conformation by fusion of two norbornane units with


the carbon atoms C-1, C-2 and C-4, C-5 of the eight-
membered ring. The introduction of two torsional constraints
is necessary to avoid a rapid p-bond shift to foil planarization
of the eight-membered ring.[1, 2] Planar COT derivatives are
interesting compounds with respect to the question of their
antiaromaticity.[2, 3] Hitherto, only two derivatives are known,
which according to crystal structure analyses contain planar
eight-membered rings with p bonds tending toward local-
ization.[4] Recently, the parent planar COT has been observed
by means of transition-state spectroscopy. Accordingly, the
singlet lies well below the triplet D8h COT in agreement with
ab initio predictions that COT violates Hund�s rule.[3] Here we
report the synthesis and the structural properties of a dicyano
derivative of 1. Furthermore, in the reaction of dicyanoace-
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tylene with the strained arene derivatives 3 and 18,
we discovered the formation of the unexpected dark
blue 9,10-dihydronaphthalene derivatives 6 and 21.
These undergo degenerate [1,5] sigmatropic shifts
that are rapid on the NMR time scale. Ab initio
calculations at the Becke3LYP/6-31G* hybrid HF-
DFT level suggest a stepwise process for the
degenerate [1,5] shift.


Results and Discussion


Synthesis and reactions of 1,2,3,4,5,6,7,8-octahydro-
1,4:5,8-dimethanoanthracene (3): Octahydrodi-
methanoanthracene 3 is prepared by a highly stereo-
selective Diels ± Alder reaction of 2,3-bismethyl-
enenorbornane[5] with norbornene followed by
DDQ oxidation of the major adduct endo,exo-2[6]


(DDQ� 2,3-dichloro-5,6-dicyano-1,4-benzoquinone;
Scheme 1). The syn configuration of the two meth-
ano bridges in endo,exo-2 was assigned by crystal
structure analysis of the corresponding epoxide 4
(Figure 1) obtained either by repeated recrystalliza-
tion of endo,exo-2 in air or by air oxidation of
endo,exo-2 in CH2Cl2 (40 8C, 24 h, yield: 44 %). This
is another remarkable example of the epoxidation
of a polycyclic strained olefin that simply proceeds
by its reaction with molecular oxygen without any


Figure 1. Crystal structure analysis of 4 (50 % ellipsoids)


catalyst.[7] Conventional epoxidation of endo,exo-2 with m-
CPBA also produces 4.


The reaction of 3 with dicyanoacetylene (DCA) leads to the
(1:1) Diels ± Alder adduct 5 and to the unexpected dark blue
(2:1) adduct 6 (Scheme 1). The course of the reaction can be
controlled by the concentration of DCA and, to some extent,
by pressure. At atmospheric pressure (ca. 1 bar) the (1:1)
adduct 5 is the major product after 70 % conversion of 3,
whereas at high pressure (9 kbar) the (2:1) adduct 6 domi-
nates even after 36 % conversion of 3. The synthesis of the
cyclooctatetraene derivative 7 starting from 5 was feasible in
light of the known synthesis of 1,2-dicyanocyclooctatetraene


Abstract in German: Die Reaktion von Dicyanacetylen
(DCA) mit den partiell hydrierten, dimethanoüberbrückten
Anthracen- und Pentacenderivaten 3 und 18 liefert die 1:1-
Diels-Alder-Addukte 5 bzw. 19 sowie die 9,10-Dihydrona-
phthalinderivate 6 bzw. 21. Die intensive Blaufärbung von 6
und 21 stammt von einer Absorption, die höchstwahrscheinlich
einem Charge-Transfer-Übergang zuzuordnen ist. Die Photo-
lyse der 1:1-Addukte 5 und 19 führt zu den entsprechenden
Cyclooctatetraenderivaten 7 und 18, die trotz der durch die
anellierten Norbornan- und Norborneneinheiten verursachten
Torsionsspannung nicht planar sind. Der Mechanismus für die
Bildung der Dihydronaphthaline 6 und 21 lieû sich mit Hilfe
von hohem Druck aufklären. In der zu 6 bzw. 21 als
Endprodukte führenden Reaktion von DCA mit 5 oder 19
bei hohem Druck war es möglich, die 2:1-Addukte 11 und 20
als Zwischenprodukte nachzuweisen. Durch temperaturabhän-
gige 1H-NMR-Spektroskopie wurde eine entartete Umlagerung
der Systeme 6 und 21 beobachtet, die formal als eine
sigmatrope [1,5]Vinylverschiebung aufzufassen ist. Nach
DFT-Berechnung (Becke3LYP/6-31G*) handelt es sich bei
dieser Umlagerung um einen mehrstufigen Prozeû. Die
berechnete Aktivierungsbarriere stimmt gut mit dem experi-
mentell bestimmten DH=-Wert überein. Die Beobachtung, daû
die von einer HCN-Eliminierung begleitete, irreversible Um-
lagerung von 6 in das Azulenderivat 14 nur bei der Thermolyse
von 6 in polaren Lösungsmitteln stattfindet, spricht für einen
polaren Mechanismus dieser Reaktion.


Scheme 1. Formation and reactions of octahydrodimethanoanthracene 3. a) 1 bar,
160 8C, endo,exo-2 and endo,endo-2 formed in the ratio of 88:12, yield of endo,exo-2
(colorless crystals, m.p. 35 8C) after recrystallization from ethanol: 50%; 7.9 kbar, 75 8C,
6 h, endo,exo-2 and endo,endo-2 formed in the ratio of 96:4; conversion of the diene:
30%. b) m-Chloroperbenzoic acid, 5 8C, 16 h, CH2Cl2, yield: 80%; O2, 40 8C, 24 h,
CH2Cl2, yield: 44 %. c) DDQ, 80 8C, 2 h, toluene, yield:>99 %. d) 1 bar, 127 8C, 17 h, 3, 5
and 6 formed in the ratio of 30:56:14 (1H NMR), yield: 49 % of 5 (colorless crystals, m.p.
192 8C) and 11% of 6 (dark blue crystals, m.p. 159 8C, decomp); 9 kbar, 83 8C, 17 h, 3, 5
and 6 formed in the ratio of 64:13:23 (1H NMR). e) hn (300 nm), 45 min, hexane, acetone
(10:1), yield: 68 % of 7 (red-orange crystals, m.p. 1518C).
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by the photochemically induced rearrangement of 2,3-dicya-
nobarrelene.[8] The photolysis of 5 (separated from 6 by liquid
chromatography) produces the desired COT derivative 7 in
68 % yield (Scheme 1).


The crystal structure analysis shows that the eight-mem-
bered ring in 7 is not planar, contrary to the predictions,[1] with
alternating bond lengths characteristic for conjugated poly-
enes. Accordingly, the distortion of the fused bismethylene-
norbornane unit by 16.78 (dihedral angle h16,6,7,19i) is
sufficient to avoid a planar COT structure. The structural
parameters obtained by the crystal structure analysis of 7 are
in reasonable agreement with those obtained by semiempir-
ical PM3 calculations.[9] Table 1 shows a comparison between
experimental and calculated bond lengths and dihedral


angles. The dihedral angles in the eight-membered ring of 7
that are responsible for its boat conformation are comparable
with the corresponding angle of the parent cyclooctatetraene
(h1,2,3,4i� 568).[10] From the PM3 calculations, the cyano
groups at C-4 and C-5 in 7 should not exhibit a significant
effect on the COT structure. Also according to PM3
calculations (Figure 2), the more rigid torsional constraints
in 8, 9, and 10 lead to a significant but not complete
planarization of the COT skeleton. We have tried to test
these predictions with the synthesis of 8 and 10 ; we succeeded
in the case of 8, but failed in the case of 10. These experiments
will be discussed later.


The structure of the dark blue (2:1) adduct was elucidated
by crystal structure analysis and found to be the cis-9,10-
dihydronaphthalene derivative 6 (Figure 3). The mechanism
of formation of 6 could be determined by high-pressure
studies. The reaction of 5 with DCA at 1 bar and 127 8C leads
to 6 only; this indicates that the (1:1) adduct 5 is an
intermediate in the reaction 3�DCA!6. At 12 kbar 5 reacts
with DCA readily at room temperature to produce the
colorless homo-Diels ± Alder adduct 11 (Scheme 2), which
undergoes a rearrangement (retro-Diels ± Alder reaction) to
the blue dihydronaphthalene derivative 6 either at room
temperature (half-life of 11 at 20 8C: ca. 28 d) or at 608 C (half-
life: 42 min, DG=� 24.1 kcal molÿ1).


Compound 6 undergoes a degenerate rearrangement 6>
6'', which is rapid on the NMR time scale at room temperature,
leading to a pairwise exchange of the signals assigned to the
four chemically nonequivalent norbornene or exo-methyl-
enenorbornane bridgehead hydrogen atoms. From the tem-
perature-dependent line shape of these signals the activation
parameters can be determined (Figure 3, Table 2).


Figure 2. a) Crystal structure of 7 (50 % ellipsoids). b), c), d), e) Structures
of 7, 8, 9, and 10, respectively, calculated by PM3.


Analogous but nondegenerate rearrangements have been
observed by L. A. Paquette et al.[11] and G. Maier et al.[12] in
the thermolyses of other cis-9,10-dihydronaphthalene deriv-
atives (cis-9,10-dimethyl-9,10-dihydronaphthalene: DH=�
25.4� 0.5 kcal molÿ1, DS=�ÿ2.1� 1.6 cal molÿ1 Kÿ1, 61.3 8C;
cis-9,10-dicarbomethoxy-9,10-dihydronaphthalene: DH=�
25.7� 0.4 kcal molÿ1, DS=�ÿ6.3� 1.2 cal molÿ1 Kÿ1, 81.2 8C,
and 1,2,3,4,5,6,7,8-octamethyl-cis-9,10-dimethoxymethyl-9,10-
dihydro-naphthalene: DG=� 25 kcal molÿ1, 20 8C). The en-
thalpies of activation of these rearrangements are substan-
tially higher than those found for the degenerate rearrange-
ment in 6 (Table 2). This difference may be the result of the
steric effect of the fused norbornene units on the 9,10-
dihydronaphthalene system and of the electronic effect of the
four cyano groups on the potential intermediate of this
rearrangement (vide infra). In the polar solvent CD3OD a
higher enthalpy of activation is found for the rearrangement
of 6 than in the less polar solvents CD2Cl2 and [D8]toluene;
this is compensated by its larger entropy of activation, so that
the Gibbs enthalpy of activation in CD3OD is comparable
with that determined in CD2Cl2 or [D8]toluene. Since precise
measurement of absolute temperatures in the NMR spec-
trometer is difficult, DH= and DS= determined from the
temperature dependence of the NMR signals frequently have
large errors in contrast to the DG= values, which are


Table 1. Experimental and calculated (PM3) bond lengths and dihedral
angles of 7.


bond lengths [�] dihedral angles [8]
exptl calcd exptl calcd


C1ÿC2 1.340 1.355 h1,2,3,4i 54.2 52.4
C2ÿC3 1.450 1.442 h3,4,5,6i 59.5 59.6
C3ÿC4 1.345 1.342 h5,6,7,8i 47.5 38.6
C4ÿC5 1.498 1.475 h7,8,1,2i 43.9 45.0
C5ÿC6 1.335 1.347 h16,6,7,19i 16.7 13.5
C6ÿC7 1.477 1.476 h9,1,2,12i 0.9 0.2
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determined at one temperature only, mostly at the temper-
ature of coalescence.[13] In the case of 6, however, the kinetic
measurements rely on the coalescence of two pairs of signals
occurring at different temperatures owing to the different DnÄ


values of the exchanging signals (3-H, 13-H: DnÄ � 100 Hz,
6-H, 10-H: DnÄ � 50 Hz). Furthermore, the solvent depend-
ence of activation parameters were determined in the same
temperature range with the same NMR spectrometer, so that
the differences in the activation parameter seem to be
significant here. Entropy ± enthalpy compensation in solva-


tion is frequently observed and
agrees with the intuition that a
stronger enthalpic interaction
between molecules results in a
reduction of the configurational
freedom of the system and,
thus, in a reduction of entropy.
Corrrespondingly, weaker in-
termolecular enthalpic interac-
tions produce a looser molec-
ular association and an increase
in entropy.[14] In the case of the
degenerate rearrangement of 6,
the observation that enthalpy
and entropy of activation are
larger in CD3OD than in
CD2Cl2 or [D8]toluene indicates
that the ground state is more
polar than the transition state.


On thermolysis at 80 8C in a
polar solvent such as acetoni-
trile (half-life: 110 min) or
methanol (half-life: 120 min),
6 undergoes an irreversible re-
arrangement accompanied by
an HCN elimination to give
the azulene derivative 14[15] in
quantitative yield (Figure 4).
However, in the less polar sol-
vent toluene 6 is stable up to
150 8C. In order to explain this
remarkable reaction we suggest
a reversible disrotatory electro-
cyclic ring-opening of 6 to give
the all-cis-cyclodecapentaene
12 followed by a disrotatory
orbital symmetry-allowed elec-
trocyclization to form the dipo-
lar intermediate 13 in the rate-
determining step (Scheme 3);
this explains the solvent de-


pendence of the overall reaction. Finally HCN is eliminated
from 13, probably in a stepwise process, to produce the
observed azulene 14.


Figure 4. Crystal structure analysis of 14 (50 % ellipsoids)


Figure 3. a) Crystal structure analysis of 6 (50 % ellipsoids). b) Temperature-dependent 1H NMR (300 MHz,
CD2Cl2) of the bridgehead hydrogen atoms 3-H, 13-H at d� 2.60 and 6-H, 10-H at d� 3.08; the experimental
spectra and the spectra calculated by line-shape analysis with the rate constants k [sÿ1] of the mutual exchange at
various temperatures T [K] are superimposed.


Scheme 2. Reaction scheme of the formation of 6. a) 1 bar, 127 8C, 17 h, 5 and 6 formed in the ratio of 42:58
(1H NMR), yield 45% of 6 ; 12 kbar, 20 8C, 90 h, 5, 11 and 6 formed in the ratio of 49:40:11, yield: 35 % of 11
(colorless crystals), 9% of 6. b) 1 bar, 60.0 8C, 110 min, conversion: 84.8 %, k1� (2.74� 0.19)� 10ÿ4 sÿ1, DG=�
24.1 kcal molÿ1).


Table 2. Activation parameters DH= and DG= in kcal molÿ1 and DS=


in cal molÿ1 Kÿ1 of the degenerate rearrangement in 6 obtained by temper-
ature-dependent 1H NMR spectroscopy in different solvents.


DH= DS= DG=


CD2Cl2 7.7� 0.5 ÿ 12� 2 10.2� 0.7
[D8]Toluene 7.3� 0.5 ÿ 14� 2 10.3� 0.6
CD3OD 12.0� 0.4 4� 2 11.1� 0.6
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The dark blue color of 6 is surprising, because the two
isolated substituted 1,3-cyclohexadiene chromophores should
absorb only ultraviolet light, as they do in the case of the other
9,10-dihydronaphthalene derivatives.[11, 12] From the UV/visi-
ble spectrum of 5,5-dichloro-1,2,3,4-tetracyano-1,3-cyclopen-
tadiene (lmax� 338 nm, log e� 3.53) the isolated chromophore
1,2,3,4-tetracyano-1,3-cyclohexadiene is expected to absorb
only ultraviolet light.[16] Since the molar extinction coeffi-
cients e are not concentration dependent, we assume that the
color of 6 comes from a charge-transfer (CT) band that results
from the intramolecular interaction of the relatively electron-
rich tetraalkyl-substituted cy-
clohexadiene moiety with the
electron-poor tetracyano-sub-
stituted cyclohexadiene moiety.
The observed negative solvato-
chromism of the CT band (the
blue shift of the CT absorption
maximum caused by the change
from the less polar solvent such
as CH2Cl2 to the more polar
solvent acetonitrile, Table 3),
shows the same trend as that
of the intermolecular tetracya-
nobenzene/arene charge-transfer complex observed by Hubig
and Kochi[17] and may be explained accordingly by means of
Marcus theory and the solvent-continuum model.[18] Alter-
natively, the absorption of visible light may also be the result
of the photochemical excitation of a conjugated valence-bond
isomer such as 12, whose equilibrium concentration is below
the limits of NMR detection.


Reactions of DCA with benzo[1,2:4,5]dicyclobutene 15 and
5,7,12,14-tetrahydro-5,14:7,12-dimethanopentacene 18: The
reaction of DCA with the strained arene derivatives 15 and
18 were investigated with the objective to find out whether the
cycloaddition of DCA proceeds to the 1,4 position of the
benzene unit of 15 and 18 in a similar fashion to that of


octahydrodimethanoanthra-
cene 3. It is interesting to note
that durene, a tetraalkylated
benzene derivative with similar
substitution patterns to 3, 15, or
18, reacts with DCA to form the
symmetrical (1:1) Diels ± Alder
adduct.[19] In the case of 18 the
cycloaddition of DCA to the
central benzene ring can com-


pete with those to the terminal benzene rings. As 15 and 18
show similar reactions to 3, it is interesting to synthesize and
investigate the correspondingly substituted COT and 9,10-
dihydronaphthalene derivatives that have more rigid torsional
constraints than 7 or 6. At 1 bar and 125 8C 15[20] reacts with
DCA to give the benzocyclobutene derivative 17 as the only
product. At 11 kbar the reaction between DCA and 15 occurs
readily at 53 8C producing the Diels ± Alder adduct 16 besides
17 (Scheme 4). The Diels ± Alder adduct 16, separated from
its isomer 17 by liquid chromatography, is thermally labile and
undergoes an intramolecular retro-Diels ± Alder reaction to


give 17 on heating at 53 8C (half-life: 2.5 h). Attempts to
catalyze the cycloaddition of DCA to 15 by means of a Lewis
acid, such as AlCl3 or TiCl4, failed. The reaction of DCA with
15 in the presence of AlCl3 or TiCl4 leads to products of higher
molecular weight that could not be identified. In the
photolysis of 16 under conditions comparable with that of 5
only polymers and not the expected COT derivative 10 were
formed. The reaction of DCA with 15 demonstrates again that
pressure is a useful parameter to control consecutive reac-
tions. The cycloaddition in the first step is accelerated by
pressure, whereas the rearrangement (retro-Diels ± Alder
reaction) in the second step is much less affected by pressure
so that the primary adduct 16 (not detectable at atmospheric
pressure) can be isolated from the high-pressure reaction.


The utility of high pressure in synthesis can be also
demonstrated with the reaction between DCA and tetrahy-
drodimethanopentacene 18 (Scheme 5).[21] At 1 bar and
130 8C only the (1:1) Diels ± Alder adduct 19 is formed,
whereas at 12 kbar the reaction between DCA and 18 occurs
at 50 8C producing in addition to 19 the adducts 20, as
colorless crystals, and 21, as a green-blue amorphous solid.
The 9,10-dihydronaphthalene derivative 21 undergoes a rapid
degenerate rearrangement on the NMR time scale at
room temperature, analogous to that of 6. The activation
parameters were again determined from the analysis of the


Scheme 3. Reaction scheme for the formation of 14.


Table 3. Solvent dependence of lmax (log e) in the UV/Vis spectrum of 6.


CH3OH C2H5OH CH3CN CH2Cl2 C6H6


267 (3.83) ± 263 (4.02) ± ±
281 (3.86) 280 (3.90) ± 280 (3.99) 280 (3.96)
305s (3.71) ± 307 (4.09) ± ±
339 (3.60) 341 (3.60) 337 (3.72) 340 (3.67) 330 (3.66)
± 384 (3.57) 368s (3.42) ± ±
399 (3.52) 399 (3.58) 399 (2.74) 395 (1.75) ±
545 (2.66) 547 (2.59) 539 (2.97) 575 (2.77) 573 (2.76)


Scheme 4. Addition of DCA to benzodicyclobutene 15. a) 1 bar, 125 8C, 17 h, 15 and 17 formed in the ratio 46:54
(1H NMR), yield: 39% of 17 (colorless crystals, m.p. 108 8C); 11 kbar, 53 8C, 20 h, yield: 7% of 16 (colorless
crystals, m.p. 101 8C) and 3% of 17. b) 1 bar, 53 8C, 5 h, conversion: 75.7 %, k1� (7.7� 0.2)� 10ÿ5 sÿ1, DG=�
24.4 kcal molÿ1).
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temperature-dependent line shape of the exchanging
1H NMR signals: DH=� (9.6� 0.5) kcal molÿ1, DS=�ÿ (5�
2) calmolÿ1 Kÿ1, and DG=� (10.7� 0.7) kcal molÿ1 at ÿ60 8C
in CD2Cl2; these values are in good agreement with those
determined for the degenerate rearrangement in 6 (Table 2).
Evidently, the replacement of the ethano bridges in 6 by the
more rigid benzo groups in 21 has no significant effect on the
structure and degenerate rearrangement of the 9,10-dihydro-
naphthalene unit incorporated in both systems. Photolysis of
the (1:1) adduct 19 leads to the red-brown COT derivative 8,
whose spectral properties agree very well with those of the
corresponding COT derivative 7. Since no crystals suitable for
a crystal structure analysis could be grown to date, the
question remains open, whether the more rigid torsional
constraints in 8 caused by the benzo substitution lead to a
further planarization of the eight-membered ring.


Density functional theory calculations of the degenerate [1,5]
vinyl shift : The degenerate rearrangement of 6 is formally a
sigmatropic [1,5] vinyl shift.[22] It may occur through an
orbital-symmetry-allowed concerted pathway. Alternatively,
stepwise diradical or zwitterionic processes are possible. We
have examined the mechanism of the [1,5]-shift reactions of 6
(R�CN), and also of a model system, 24 (R�H), at the
Becke3LYP/6-31G* hybrid HF-DFT level (Scheme 6); this
gives excellent energetics for both concerted and stepwise
diradical mechanisms of other pericyclic reactions,[23] includ-
ing Diels ± Alder reactions[24] and [1,3] sigmatropic shifts.[25]


The method also gives excellent geometries for transition
structures of pericyclic reactions as shown by comparison of
predicted kinetic isotope effects to high-precision experimen-
tal results.[26]


Computational methodology :
All calculations were per-
formed with Gaussian 94 at
the Becke3LYP/6-31G* lev-
el.[27, 28] All geometries were
fully optimized. Owing to the
prohibitive computational cost,
vibrational frequency calcula-
tions were not carried out. Re-
stricted and unrestricted Becke
3LYP/6-31G* were used for
closed-, and open-shell species,
respectively. Energies are not
corrected for zero-point vibra-
tional energy (ZPE).


The [1,5] sigmatropic shift of
model system 24 (R�H) is
predicted to occur through a
stepwise mechanism. The Becke
3LYP/6-31G* optimized geom-
etries of the reactant 24, tran-
sition structure 25=, and inter-
mediate 26 are shown in Fig-
ure 5. The geometries of both
25= and 26 were optimized with
unrestricted DFT (UBecke
3LYP), and that of 24 was


obtained with restricted DFT (RBecke3LYP). Bond forma-
tion in transition structure 25= is advanced; the forming CÿC
bond length is 1.927 �. Conversely, the CÿC bond which is
broken during the reaction is stretched by only 0.07 � in the
transition structure. The lengths of the forming and breaking
CÿC bonds are similar to those found in the transition
structure for the [5,5] sigmatropic rearrangement of (Z,Z)-
1,3,7,9-decatetraene, a reaction which is predicted to occur by
a diradical mechanism at the same level of theory.[29]


Scheme 6. Potential mechanisms of the degenerate rearrangements 6> 6''
and 24> 24''.


Scheme 5. Addition of DCA to tetrahydrodimethanopentacene 18. a) 1 bar, 130 8C, 41 h, conversion: 58%,
yield: 22 % of 19 ; 12 kbar, 50 8C, 44 h, conversion: 75 %, yield: 32% of 19, 1.5% of 20 (colorless crystals) and 3%
of 21 (green-blue crystals). b) hn (300 nm), 35 min, hexane, acetone (10:1), yield: 69% of 8 (red-brown
amorphous solid, m.p. 115 8C). c) 1 bar, 55 8C, 6 h, conversion: 73.2 %, k1� (6.5� 1.1)� 10ÿ5 sÿ1, DG=�
24.6 kcal molÿ1).
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Intermediate 26 is formed via the transition structure 25=


with a predicted DE=of 20.8 kcal molÿ1. The formation of 26 is
endothermic by 18.5 kcal molÿ1. The bonds that are formed
and broken during the reaction are both 1.644 � in length in
the intermediate, and the species has approximately Cs


symmetry with two allyl moieties. Both zwitterionic and
diradical stepwise mechanisms are possible, though a diradical
mechanism should be favored in the gas phase. The hS2Oi
values for 25= and 26 are both 0.0. The complete lack of spin-
contamination suggests that the structures are closed-shell


singlets, which would be expected for a zwitterionic mecha-
nism. The Becke3LYP/6-31G* optimized reactant 6, transi-
tion structure 22=, and intermediate 23 for the [1,5] sigma-
tropic shift of 6 are shown in Figure 6. Both 22= and 23 were
located at the UBecke3LYP/6-31G* level, and the geometry
of 6 was optimized at the RBecke3LYP/6-31G* level.


Like the [1,5] shift of model system 24, the reaction of 6 is
predicted to occur by a stepwise mechanism. The geometry of
transition structure 22= is similar to that of 25=. However, 22=


occurs slightly earlier on the reaction pathway. The length of


Figure 5. Becke3LYP/6-31G* reactant 24, transition structure 25=, and intermediate 26 for the [1,5]-sigmatropic-shift model system. All bond lengths are in
�.


Figure 6. Becke3LYP/6-31G* reactant 6, transition structure 22=, and intermediate 23 for the [1,5] sigmatropic shift. All bond lengths are in �.
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the forming CÿC bond in 22= is 1.985 �, compared with a
forming CÿC bond length of 1.927 � in 25=. In addition, the
breaking CÿC bond in 22= is stretched to a smaller extent than
the corresponding CÿC bond in 25=. Intermediate 23 is
formed via the transition structure 22=with a predicted DE=of
12.5 kcal molÿ1, while the DErxn. for the formation of 23 is only
9.5 kcal molÿ1. The DFT DE= is in good agreement with the
experimental DH= (ÿ60 8C, MeOH) of 12.0� 0.4 kcal molÿ1.
In the gas phase, a diradical mechanism for the [1,5] shift of 6
should be more favorable than a zwitterionic mechanism.
However, the hS2Oi values in UB3LYP calculations for 22=


and 23 are also both 0.0, indicative of no diradical character.
Even in the gas phase calculations, the Becke3LYP dipole
moments for 6, 22=, and 23 are 8.2, 10.4, and 11.0 Debye,
respectively (Table 4). Intermediate 23 and transition struc-


ture 22= are both even more polar than reactant 6. The gas-
phase energy of 23 is also only 9.5 kcal molÿ1 above 6. As
solvent polarity increases, intermediate 23 will be stabilized to
a much larger extent than 6. If this differential stabilization is
large enough, 23 could become the more stable species. This
would lead to an increase in the measured activation barrier,
which could explain the experimental observations. However,
from the observation of the spectral properties of 6, com-
pound 23 is not the ground state of the equilibrating system
6> 6'' in methanol. Therefore, the effect of solvation on the
stabilities of 6 and 23 is currently being evaluated with
SCIPCM single-point calculations.


Conclusion


The reactions of DCA with the partially hydrogenated
dimethanoanthracene or pentacene derivatives 3 and 18 lead
to the (1:1) Diels ± Alder adducts 5 and 19, respectively, and to
the 9,10-dihydronaphthalene derivatives 6 or 21, both of
which are intensely coloredÐmost likely due to a charge-
transfer absorption of visible light. Photolysis of the (1:1)
adducts 5 and 19 produces the corresponding cycloocta-
tetraene derivatives 7 and 8, which are not planar despite the
torsional constraints contrary to the predictions from molec-
ular-model considerations,[1] but in agreement with semi-
empirical quantum mechanical calculations. The mechanism
of formation of the dihydronaphthalene derivatives 6 and 21
could be elucidated by the use of high pressure; this allowed
the (2:1) adducts 11 and 20 to be detected as intermediates in
the reactions of DCA with 5 or 19 leading to 6 and 21,
respectively. A degenerate rearrangement consisting formally


of a [1,5] vinyl shift in 6 and 21 could be detected with the
temperature dependence of their 1H NMR spectra. The
mechanisms of these [1,5]-sigmatropic-shift reactions of 6 and
24 have been examined at the Becke3LYP/6-31G* level of
theory. Stepwise mechanisms are predicted, and the transition
structure 22= and the intermediate 23 are calculated to be
more polar than the starting material 6. The gas-phase
activation barrier calculated for the [1,5] shift of 6 is in
good agreement with the measured DH= in solution. The
finding that the irreversible rearrangement of 6 accompanied
by the elimination of HCN to give the azulene derivative
14 proceeds only on heating of 6 to 80 8C in a polar solvent
is a good evidence for the polar mechanism for this reac-
tion.


Experimental Section


IR: Perkin-Elmer FTIR 1600. UV: Perkin-Elmer Lambda9. 1H NMR,
13C NMR, DEPT and two dimensional experiments (H,H-COSY, C,H-
COSY, NOESY, HMQC and HMBC): Bruker AMX 300; the undeuterated
amount of the solvent was used as an internal standard; x is used for exo
and n is used for endo. MS: Fison Instruments VG ProSpec 3000 (70 eV).
GLC-MS: Hewlett-Packard 5971 A MSD (70 eV), quartz capillary column
OV1 (50 m). GLC: Carlo Erba Strumentazione, quartz capillary column
OV17 (25 m). Crystal structure analysis: Siemens P4-diffractometer,
Siemens SMART-CCD-diffractometer. Column chromatography: Roth
silicagel 0.063 ± 0.2 mm. TLC: Macherey & Nagel Kieselgel Fertigplatten
Polygram SIL-G/UV254. All melting points are uncorrected. Ampoules
were sealed in vacuo after two freeze (iso-propanol/dry ice) and thaw cycles
using argon as an inert gas. High-pressure equipment (up to 14 kbar): A. W.
Birks, Department of Mechanical and Industrial Engineering at the
Queen�s University of Belfast; A. Hofer Mülheim, Ruhr. General
procedure for high-pressure reactions: In the autoclave filled with
pressure-transducing medium the sealed PTFE-tube containing the reac-
tion solution was pressurized to 5 kbar, then heated to the reaction
temperature and finally pressurized to the desired pressure.


1,2,3,4,5,6,7,8,8a,9,10,10a-Dodecahydro-1,4:5,8-dimethanoanthracene (en-
do,exo-2)
A) at 1 bar : A mixture of norbornene (11.7 g, 0.12 mol) and 2,3-bis-exo-
methylenenorbornane (2.15 g, 18 mmol)[5] was heated in a sealed ampoule
at 160 8C for 22 h. The excess of norbornene was removed by vacuum
distillation. GLC-analysis of the residue showed an endo,exo-2/endo,endo-2
ratio of 88:12. Repeated recrystallization (twice) at ÿ20 8C from ethanol
gave 1.85 g of colorless crystals of endo,exo-2 (yield: 50 %).
B) at 7.9 kbar : A solution (100 mL) containing 2,3-bis-exo-methylenenor-
bornane (95 mg, 0.8 mmol), norbornene (500 mg, 5.32 mmol), and n-
dodecane (113 mg) as internal standard in toluene (2.5 g) sealed in a PTFE-
tube was heated to 75 8C for 6 h at a pressure of 7.9 kbar. GLC analysis
showed a conversion of 30 % and an endo,exo-2/endo,endo-2 ratio of 96:4.
M.p. 35 8C; 1H NMR (300 MHz, CDCl3): d� 0.85 (m, 2H; 2-Hn, 3-Hn), 0.95
(m, 2 H; 11-Hx, 12-Hx), 1.12 (m, 2 H; 6-Hn, 7-Hn), 1.25 (m, 1 H; 11-Hn),
1.45 ± 1.55 (m, 7H; 2-Hx, 3-Hx, 6-Hx, 7-Hx, 8a-H, 10a-H, 12-Hn), 1.68 (m,
2H; 9-Hn, 10-Hn), 1.88 (m, 2 H; 5-H, 8-H), 2.25 (m, 2 H; 9-Hx, 10-Hx), 2.65
(m, 2H; 1-H, 4-H); 13C NMR (75 MHz, CDCl3): d� 25.75 (C-2, C-3), 28.43
(C-9, C-10), 29.83 (C-6, C-7), 33.61 (C-12), 44.40 (C-8a, C-10a), 44.43 (C-5,
C-8), 45.78 (C-1, C-4), 46.54 (C-11), 139.63 (C-4a, C-9a); IR (KBr): nÄ � 2949
(CH), 2864 cmÿ1 (CH); MS (70 eV), m/z (%): 214 (17) [M�], 186 (100)
[M�ÿC2H4].


1,2,3,4,5,6,7,8-Octahydro-1,4:5,8-dimethanoanthracene (3): A solution of
DDQ (670 mg, 3 mmol) in toluene (5 mL) was added to a solution of
endo,exo-2 (260 mg, 1.2 mmol) in toluene (2 mL), and the deep red mixture
is stirred at 80 8C for 2 h. The reaction mixture is purified by column
chromatography (30 g silica gel, hexane). Yield of 3 : (255 mg, >99%) as
colorless crystals; m.p. 117 8C; 1H NMR (300 MHz, CDCl3): d� 1.13 (m,
4H; 2-Hn, 3-Hn, 6-Hn, 7-Hn), 1.46 (m, 2 H; 11-Hx, 12-Hx), 1.70 (m, 2H; 11-
Hn, 12-Hn), 1.83 (m, 4 H; 2-Hx, 3-Hx, 6-Hx, 7-Hx), 3.23 (s, 4H; 1-H, 4-H, 5-H,


Table 4. Energies [Hartrees], dipole moments [Debye], and hS2Oi for 6
and 22 ± 26.


Energy m hS2Oi
6 ÿ 1144.24477 8.2 0.0


24 ÿ 775.28878 0.6 0.0
25 ÿ 775.25570 0.6 0.0
26 ÿ 775.25925 0.7 0.0
22 ÿ 1144.22510 10.4 0.0
23 ÿ 1144.22958 11.0 0.0
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8-H), 6.95 (s, 2H; 9-H, 10-H); 13C NMR (75 MHz, CDCl3): d� 27.24 (C-2,
C-3, C-6, C-7), 43.58 (C-1, C-4, C-5, C-8), 49.75 (C-11, C-12), 113.33 (C-9,
C-10), 145.20 (C-4a, C-8a, C-9a, C-10a); IR (KBr): nÄ � 2980 (CH), 2967
(CH), 2860 cmÿ1 (CH); UV/Vis (CH3CN): lmax (log e)� 230 (3.64), 277
(3.58), 282 nm (3.54); MS (70 eV): m/z (%): 210 (37) [M�], 182 (100) [M�ÿ
C2H4], 154 (88) [M�ÿ 2 C2H4]; C16H18: calcd 210.1409, found 210.1408
(MS).


4a,9a-Epoxy-1,2,3,4,4a,5,6,7,8,8a,9,9a,10,10a-tetradecahydro-1,4 :5,8-di-
methanoanthracene (4):
Method A : A solution of m-chloroperoxybenzoic acid (670 mg, 70%,
2.7 mmol) in CH2Cl2 (7 mL) was added to a solution of endo,exo-2 (572 mg,
2.65 mmol) in CH2Cl2 (5 mL) at 0 8C. The mixture was stirred
at 5 8C for 16 h. The solution was diluted with CH2Cl2 (20 mL)
and washed with NaOH (1m, 2� 10 mL) and water (10 mL). The
solution was dried over Na2SO4 and filtered. After evaporation of the
solvent 490 mg of 4 (2.1 mmol, yield: 80%) was obtained as colorless
crystals.
Method b): A stream of air saturated with CH2Cl2 was bubbled through a
glass tube into the refluxing solution of endo,exo-2 (216 mg, 1 mmol) in
CH2Cl2 (4 mL) for 24 h. After evaporation of the solvent in vacuo the
residue is purified by column chromatography on silica gel (100 g, hexane/
ethyl acetate 10:1). Yield: 100 mg of 4 (44 %); m.p. 119 8C; 1H NMR
(300 MHz, CDCl3): d� 0.55 (m, 1 H; 15-Hx), 0.92 (m, 1 H; 16-Hx), 1.12 (m,
4H; 3-Hx, 10-Hx, 6-Hn, 7-Hn), 1.3 ± 1.5 (m, 8 H; 6-Hx, 7-Hx, 13-Hx, 13-Hn,
14-Hx, 14-Hn, 15-Hn, 16-Hn), 1.55 (m, 2 H; 4-H, 9-H), 1.76 (m, 2 H; 5-H,
8-H), 2.20 (m, 2 H; 3-Hn, 10-Hn), 2.35 (m, 2 H; 1-H, 12-H); 13C NMR
(75 MHz, CDCl3): d� 24.35 (C-13, C-14), 28.28 (C-3, C-10), 29.61 (C-6,
C-7), 30.87 (C-15), 32.11 (C-16), 41.69 (C-1, C-12), 41.87 (C-4, C-9), 43.43
(C-5, C-8), 57.67 (C-2, C-11); IR (KBr): nÄ � 2950 (CH), 2874 (CH),
1196 cmÿ1 (CÿO).


Addition of dicyanoacetylene to 3
A) at 1 bar : A solution of 3 (420 mg, 2 mmol) and dicyanoacetylene
(200 mg, 2.6 mmol) in benzene (3 mL) was heated in a sealed ampoule at
127 8C for 17 h. After evaporation of the solvent in vacuo, the dark blue
residue showed a composition of 3 :5 :6� 30:56:14 (1H NMR analysis). The
mixture was separated by column chromatography on silica gel (50 g,
hexane/ethyl acetate 10:1). 1st fraction: 3 (120 mg), 2nd fraction: 280 mg of
5 (yield: 49 %) colorless crystals, and 3rd fraction: 50 mg of 5 (yield: 11%)
dark blue crystals.
B) at 9 kbar : A solution of 3 (84 mg, 0.4 mmol) and dicyanoacetylene
(50 mg, 0.65 mmol) in toluene (1 mL) was heated in a sealed PTFE tube to
83 8C for 17 h at a pressure of 9 kbar. After evaporation of the solvent in
vacuo, the black residue showed a composition of 3 :5 :6� 64:13:23
(1H NMR analysis). Work-up analogous to a) leads to 27 mg of 3, 9 mg
of 5 (yield: 8 %), and 33 mg of 6 (yield: 28 %).
Compound 5 : M.p. 192 8C; 1H NMR (300 MHz, CDCl3): d� 1.20 (m, 2H;
6-Hn, 13-Hn), 1.55 ± 1.8 (m, 10 H; 6-Hx, 7-Hx, 7-Hn, 13-Hx, 14-Hx, 14-Hn, 15-
H, 18-H), 2.85 (m, 2H; 5-H, 12-H), 3.1 (m, 2H; 1-H, 8-H), 6.0 (s, 2 H; 3-H,
10-H); 13C NMR (75 MHz, CDCl3): d� 24.26 (C-7, C-14), 28.07 (C-6, C-13),
38.60 (C-1, C-8), 38.72 (C-5, C-12), 41.34 (C-15, C-18), 69.48 (C-2, C-9),
113.12 (C-19, C-20), 121.11 (C-3, C-10), 141.47 (C-16, C-17), 164.91 (C-4,
C-11); IR (KBr): nÄ � 2965 (CH), 2909 (CH), 2872 (CH), 2210 cmÿ1 (C�N);
UV/Vis (CH3OH): lmax (log e)� 242 (3.70), 249 (3.67), 345 nm (2.54); MS
(70 eV): m/z (%): 286 (100) [M�], 258 (67) [M�ÿC2H4], 230 (50) [M�ÿ
2C2H4]; C20H18N2: calcd 286.1470, found 286.1459 (MS).
Compound 6 : M.p. 159 8C (decomp); 1H NMR (300 MHz, CD2Cl2,
ÿ80 8C): d� 0.76 ± 1.88 (m, 12H; 4-H, 5-H, 11-H, 12-H, 19-H, 20-H), 2.36
(m, 1H; 3-H), 2.69 (m, 1H; 13-H), 2.93 (m, 1 H; 6-H), 3.09 (m, 1H; 10-H),
3.50 (s, 1H; 1-H), 6.12 (s, 1 H; 8-H); 1H NMR (300 MHz, CDCl3, 20 8C):
d� 1.10 (m, 2 H; 4-Hn, 12-Hn), 1.2 ± 1.35 (m, 4H; 5-Hn, 11-Hn, 19-Hx, 20-
Hx), 1.5 ± 1.8 (m, 6 H; 19-Hn, 20-Hn, 4-Hx, 5-Hx, 11-Hx, 12-Hx), 2.6 (m, 2H;
3-H, 13-H), 3.05 (m, 2H; 6-H, 10-H), 3.45 (s, 1H; 1-H), 6.1 (s, 1 H; 8-H); see
also Table 5; 13C NMR (75 MHz, CDCl3): d� 23.21 (C-4, C-12), 27.25 (C-5,
C-11), 39.62 (C-1), 40.03 (C-19, C-20), 42.26 (C-6, C-10), 43.37 (C-3, C-13),
113.47 (C-2, C-14), 114.29 (C-8), 146.04 (C-7, C-9), 110.03, 110.07, 113.53,
116.36, 117.70, 128.94, 137.86 (C-15, C-16, C-17, C-18, C-21, C-22, C-23,
C-24); IR (KBr): nÄ � 2967 cmÿ1 (CH), 2217 cmÿ1 (C�N); UV/Vis
(CH3OH): lmax (log e)� 267 (3.83), 281 (3.86), 305 (3.71), 339 (3.60), 399
(3.52), 545 nm (2.66); MS (70 eV): m/z (%): 362 (26) [M�], 334 (100) [M�ÿ
C2H4], 306 (42) [M�ÿ 2 C2H4]; C24H18N4: calcd 362.1531, found 362.1554
(MS).


Photolysis of 5
Method A : A solution of 5 (440 mg, 1.54 mmol) in acetone (37 mL) was
diluted with hexane (370 mL) and divided into 80 mL portions. Each
portion degassed with Argon was filled in a 100 mL ampoule (pyrex, Æ�
3 cm). Each ampoule was placed in a water cooled quartz photolysis vessel
and irradiated with sixteen 300 nm lamps (25 W) in a Rayonet reactor for
45 min. The combined orange photolyzed solutions were concentrated in
vacuo. The residue, consisting of a red-brown oil, was dissolved in CH2Cl2


(2 mL). The addition of hexane (5 mL) lead to the formation of a second
layer. Compound 7 crystallized during the slow diffusion of hexane into the
CH2Cl2 layer. Yield: 300 mg of 7 (68 %) red-orange crystals.
Method B : A solution of 5 (30 mg, 0.1 mmol) in acetone (30 mL) was
irradiated in analogy to method A. After 30 min 5 had completely
disappeared and only 7 was detected by TLC and 1H NMR analysis.
Compound 7: M.p. 151 8C; 1H NMR (300 MHz, CDCl3): d� 0.85 (m, 2H;
10-Hn, 11-Hn), 1.1 (m, 1H; 13-Hx), 1.25 (m, 3 H; 17-Hn, 20-Hn, 20-Hx), 1.6
(m, 5 H; 10-Hx, 11-Hx, 13-Hn, 18-Hn, 18-Hx), 1.85 (m, 1H; 17-Hx), 2.55 (m,
1H; 9-H), 2.73 (m, 1 H; 12-H), 2.77 (m, 1H; 19-H), 3.45 (m, 1H; 16-H), 5.70
(s, 1H; 8-H), 6.4 (s, 1H; 3-H); 13C NMR (75 MHz, CDCl3): d� 24.49, 24.54,
24.73 (C-10, C-11, C-18), 30.95 (C-17), 37.19 (C-20), 42.39 (C-13), 45.99 (C-
12), 48.09 (C-16), 48.17 (C-9), 48.30 (C-19), 101.64 (C-5), 109.65 (C-4),
116.09 (C-15), 116.82 (C-14), 124.65 (C-8), 144.35 (C-2), 149.13 (C-3),
151.77 (C-1), 152.62 (C-7), 173.17 (C-6); IR (KBr): nÄ � 2963 (CH), 2941
(CH), 2870 (CH), 2213 (C�N), 1636 (C�C), 1595 cmÿ1 (C�C); UV/Vis
(CH3OH): lmax (log e)� 207 (4.16), 235 (4.31), 256 (4.36), 420 nm (2.51);
MS (70 eV): m/z (%): 286 (100) [M�], 258 (77) [M�ÿC2H4], 230 (63)
[M�ÿ 2C2H4]; C20H18N2: calcd 286.1470, found 286.1498.


Addition of dicyanoacetylene to 5
A) at 1 bar : A solution of 5 (80 mg, 0.28 mmol) and dicyanoacetylene
(100 mg, 1.3 mmol) in benzene (1 mL) was heated in a sealed ampoule at
127 8C for 17 h. After distillation of the reaction mixture in vacuo, the dark
blue residue consisted of 5 and 6 in a ratio of 42:58 (1H NMR analysis). The
mixture was separated by column chromatography on silica gel (20 g,
hexane/ethyl acetate 10:1). 1st fraction: 5 (30 mg), 2nd fraction: 46 mg of 6
(yield: 45 %) dark blue colored crystals.
B) at 12 kbar : A solution of 5 (100 mg, 0.35 mmol) and dicyanoacetylene
(50 mg, 0.65 mmol) in toluene (2 mL) was sealed in a PTFE tube and
pressurized to 12 kbar for 90 h at 20 8C. After distillation of the reaction
mixture in vacuo at 20 8C the black residue had a composition of 5 :11:6�
49:40:11 (1H NMR analysis). The mixture was separated by column
chromatography on silica gel (30 g, hexane/ethyl acetate 6:1). 1st fraction: 5
(38 mg), 2nd fraction: 11 mg of 6 (yield: 9 %), 3rd fraction: 44 mg of 11
(yield: 35 %) colorless crystals.
Compound 11: M.p. 126 8C (decomp); 1H NMR (300 MHz, CDCl3): d�
1.18 (m, 4H; 11-Hn, 17-Hn, 18-Hn, 20-Hx), 1.46 (m, 2H; 10-Hn, 19-Hx), 1.67
(m, 3H; 10-Hx, 11-Hx, 17-Hx), 1.82 (m, 1H; 18-Hx), 2.14 (dm, 2J(19-Hx, 19-
Hn)� 11 Hz, 1H; 19-Hn), 2.30 (dm, 2J(20-Hx, 20-Hn)� 12 Hz, 1 H; 20-Hn),
2.40 (m, 1H; 1-H), 2.62 (s, 1 H; 3-H), 2.69 (m, 1 H; 12-H), 2.93 (m, 1H;
9-H), 3.00 (m, 1 H; 16-H), 6.30 (s, 1H; 14-H); 13C NMR (75 MHz, CDCl3):
d� 24.96 (C-11), 25.13 (C-17), 27.20 (C-10), 29.08 (C-18), 32.40 (C-20),
32.80 (C-7), 34.95 (C-12), 38.55 (C-1), 38.66 (C-19), 40.59 (C-9), 41.79 (C-
16), 48.69 (C-3), 54.49 (C-8), 56.49 (C-6), 59.50 (C-13), 74.74 (C-2), 109.97,
111.38, 112.32 (C-21, C-22, C-23, C-24), 115.83 (C-14), 132.75 (C-5), 137.89
(C-4), 148.97 (C-15); IR (KBr): nÄ � 2965 (CH), 2222 cmÿ1 (C�N); MS


Table 5. Specific rate constants k of the degenerate rearrangement of 6
determined by line-shape analysis of the signals at d� 2.67 and 2.99 in
CD3OD and 2.60 and 3.08 in CD2Cl2, assigned to 3-H, 13-H and 6-H, 10-H,
respectively, and d� 2.47 in [D8]toluene, assigned to 6-H, 10-H, in the
temperature-dependent 1H NMR spectra of 6.


in CD3OD in CD2Cl2 in [D8]toluene
T [8C] k [sÿ1] T [8C] k [sÿ1] T [8C] k [sÿ1]


ÿ 20 2500 ÿ 40 800 ÿ 40 475
ÿ 40 200 ÿ 65 100 ÿ 50 299.4
ÿ 45 120 ÿ 70 75 ÿ 60 135.3
ÿ 50 52 ÿ 80 20 ÿ 70 42.7
ÿ 55 32 ÿ 80 17.1
ÿ 65 10
ÿ 80 1
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(70 eV): m/z (%): 362 (20) [M�], 335 (100) [M�ÿHCN], 307 (100) [M�ÿ
HCNÿC2H4], 279 (66) [M�ÿHCNÿ 2C2H4]; C24H18N4: calcd 362.1531,
found 362.1496 (MS).


Thermolysis of 11: A solution of 11 (3 mg, 8.3 mmol) and 3 (ca. 0.6 mg) as
standard in CDCl3 (0.8 mL) was heated in a sealed NMR tube to 60.0�
0.2 8C. The time-dependent progress of the reaction was determined by
1H NMR analysis of the signals at d� 6.30 and 6.95, which were assigned to
11 and 3, respectively. The specific rate constant k1 of the rearrangement
11!6 was calculated from the time-dependent decrease of 11 against the
internal standard by the use of the kinetic law of irreversible first-order
reactions (Table 6).


Thermolysis of 6
Method A : A solution of 6 (25 mg, 69 mmol) in methanol (20 mL) was
heated in a sealed ampoule at 100 8C for 3 h. After cooling to 20 8C within
16 h, 14 crystallized from the reaction mixture as red needles. Yield: 12 mg
of 14 (52 %).
Method B : Solutions of 6 (each 3 mg, 8.3 mmol) in acetonitrile, methanol,
CH2Cl2 or toluene (each 2 mL) were sealed in ampoules and were
thermolyzed under different conditions: The acetonitrile and methanol
solutions at 80 8C for 1 h and the CH2Cl2 and toluene solutions at 150 8C for
30 min. Each solution was concentrated in vacuo and the progress of the
reaction was analyzed by 1H NMR spectroscopy. In the samples of the
acetonitrile and methanol solution the ratio between 6 and 14 was
determined to be (68:32) and (70:30), respectively. From these ratios the
half-life of 6 at 80 8C was estimated to be 110 min (in acetonitrile) and
120 min (in methanol). In the samples of the CH2Cl2 and toluene solution
no formation of 14 could be detected even after thermolysis at 150 8C for
30 min.
Compound 14 : M.p.> 300 8C; 1H NMR (300 MHz, CDCl3): d� 1.38 (m,
4H; 15-Hn, 16-Hn, 20-Hn, 21-Hn), 1.75 (dm, 2J(18-Hx, 18-Hn)� 9.6 Hz, 2H;
18-Hx, 23-Hx), 1.96 (dm, 2 H; 18-Hn, 23-Hn), 2.18 (m, 2 H; 16-Hx, 20-Hx),
2.31 (m, 2 H; 15-Hx, 21-Hx), 3.64 (m, 2 H; 17-H, 19-H), 4.99 (m, 2H; 14-H,
22-H), 8.15 (s, 1 H; 6-H); 13C NMR (75 MHz, CDCl3): d� 25.18 (C-15,
C-21), 26.51 (C-16, C-20), 46.80 (C-14, C-22), 47.82 (C-18, C-23), 48.17 (C-
17, C-19), 96.86 (C-1, C-3), 112.55 (C-12), 115.75 (C-11, C-13), 123.99 (C-2),
133.31 (C-6), 136.01 (C-9, C-10), 154.36 (C-5, C-7), 161.06 (C-4, C-8); IR
(KBr): nÄ � 2950 (CH), 2875 (CH), 2216 cmÿ1 (C�N); UV (CH3OH): lmax


(log e)� 263 (4.56), 310 (4.77), 337 (4.05), 367 (3.95), 525 nm (3.58); MS
(70 eV): m/z (%): 335 (100) [M�], 307 (64) [M�ÿC2H4], 279 (59) [M�ÿ
2C2H4]; C23H17N3: calcd 335.1422, found. 335.1422 (MS).


Addition of dicyanoacetylene to 15 :
A) at 1 bar : A solution of 15 (130 mg, 1 mmol) and dicyanoacetylene
(100 mg, 1.3 mmol) in benzene (1.2 mL) was heated in a sealed ampoule at
125 8C for 17 h. After concentration of the reaction mixture in vacuo the
brown residue had a composition of 15 :17� 46:54 (1H NMR analysis). The
mixture was separated by column chromatography on silica gel (20 g,
hexane/ethyl acetate 3:1). 1st fraction: 15 (50 mg), 2nd fraction: 80 mg of 17
(yield: 39 %), colorless crystals.
B) at 12 kbar : A solution of 15 (210 mg, 1.61 mmol) and dicyanoacetylene
(160 mg, 2.1 mmol) in hexane (3 mL) was heated in a sealed in a PTFE tube
to 53 8C for 20 h at 11 kbar. After concentration of the reaction mixture in
vacuo a grey residue was obtained. The excess of 15 (160 mg) was removed
by sublimation and the residue was separated by column chromatography
on silica gel (12 g, hexane/ethyl acetate 10:1). 1st fraction: 24 mg of 16
(yield: 7 %), colorless crystals, 2nd fraction: 9 mg of 17 (yield: 3%).
Compound 16 : M.p. 101 8C; 1H NMR (300 MHz, CDCl3): d� 2.84 ± 3.15
(m, 8H; 4-H, 5-H, 9-H, 10-H), 6.10 (t, 4J (2-H, 4-H)� 2.2 Hz, 2H; 2-H,
7-H); 13C NMR (75 MHz, CDCl3): d� 24.67, 25.30 (C-4, C-5, C-9, C-10),
66.07 (C-1, C-6), 113.05 (C-13, C-14), 126.96 (C-2, C-7), 135.36 (C-11, C-12),
156.63 (C-3, C-8); IR (KBr): nÄ � 3259 (CÿH), 2922 (CÿH), 2208 cmÿ1


(C�N); UV/Vis (CH3OH): lmax (log e)� 213 (4.00), 251 (3.70), 296 (2.90),


307 (2.90), 334 nm (2.46); MS (70 eV): m/z (%): 206 (66) [M�], 167 (100)
[M�ÿC3H3], 140 (90) [M�ÿC3H3ÿHCN]; C14H10N2: calcd 206.0844,
found. 206.0817 (MS).


Compound 17: M.p. 108 8C; 1H NMR (300 MHz, CDCl3): d� 1.97 (t, 4J (12-
H, 14-H)� 3 Hz, 1H; 14-H), 2.54 (td, 3J (11-H, 12-H)� 6 Hz, 2 H; 12-H),
3.05 (t, 2H; 11-H), 3.33 (t, 4 H; 9-H, 10-H), 7.33 (s, 1 H; 5-H); 13C NMR
(75 MHz, CDCl3): d� 19.61 (C-12), 29.23 (C-9), 30.15 (C-10), 33.56 (C-11),
70.63 (C-14), 81.58 (C-13), 109.67, 115.10 (C-7, C-8), 113.06 (C-1), 113.66 (C-
2), 128.47 (C-5), 145.27 (C-6), 148.92 (C-3), 151.67 (C-4); IR (KBr): nÄ �
3293 (C�CÿH), 3273 (C�CÿH), 2944 (CH), 2226 cmÿ1 (C�N); MS (70 eV):
m/z (%): 206 (60) [M�], 167 (100) [M�ÿC3H3], 140 (90) [M�ÿC3H3ÿ
HCN]; C14H10N2: calcd 206.0844, found. 206.0843 (MS).


Thermolysis of 16 : A solution of 16 (2 mg, 10 mmol) in [D6]benzene
(0.7 mL) was heated in a sealed NMR tube to 53� 1 8C. The time-
dependent progress of the reaction was determined by 1H NMR analysis of
the signals at d� 5.38 and 6.32 assigned to 16 and 17, respectively. The
specific rate constant k1 of the rearrangement 16!17 was calculated from
the time-dependent ratio of 16 and 17, by the use of the kinetic law of
irreversible first-order reactions (Table 7).


Addition of dicyanoacetylene to 18 :


A) at 1 bar : A solution of 18 (73 mg, 0.24 mmol) and dicyanoacetylene
(25 mg, 0.33 mmol) in toluene (3 mL) was heated in a sealed ampoule at
130 8C for 41 h. After concentration of the reaction mixture in vacuo the
brown residue was separated by column chromatography on silica gel (20 g,
hexane/ethyl acetate 10:1). 1st fraction: 31 mg of 18, 2nd fraction: 20 mg of
19 (yield: 22%), colorless crystals.


B) at 12 kbar : A solution of 18 (200 mg, 0.65 mmol) and dicyanoacetylene
(100 mg, 1.3 mmol) in toluene (5 mL) sealed in a PTFE tube was heated to
50 8C for 44 h at 12 kbar. After concentration of the reaction mixture in
vacuo, the black residue was separated by column chromatography on silica
gel (50 g, hexane/ethyl acetate 10:1). 1st fraction: 50 mg of 18, 2nd fraction:
80 mg of 19 (yield: 32%), colorless crystals, 3rd fraction: 10 mg of 21 (yield:
3%), green-blue amorphous solid. The 4th fraction obtained by elution
with a more polar solvent (hexane/ethyl acetate 3:1) yielded 20 (yield:
5 mg, 1.5 %) as colorless crystals.


Compound 19 : M.p. 216 8C (decomp); 1H NMR (300 MHz, CDCl3): d�
2.11 (dt, 2J(15-Hx, 15-Hn)� 9.9 Hz, 3J(15-Hx, 5-H)� 3J(15-Hx, 14-H)�
1.5 Hz, 2 H; 15-Hx, 18-Hx), 2.38 (dt, 3J(15-Hn, 5-H)� 3J(15-Hn, 14-H)�
1.6 Hz, 2H; 15-Hn, 18-Hn), 3.74 (m, 2H; 7-H, 14-H), 4.01 (m, 2H; 5-H, 12-
H), 5.61 (s, 2H; 6-H, 13-H), 6.87 (dm, 3J(1-H, 2-H)� 7.3 Hz, 2H; 1-H, 8-H),
6.99 (m, 3J(2-H, 3-H)� 7.7 Hz, 4J(2-H, 4-H)� 1.2 Hz, 2 H; 2-H, 9-H), 7.07
(m, 3J(3-H, 4-H)� 7.0 Hz, 4J(1-H, 3-H)� 1.2 Hz, 2 H; 3-H, 10-H), 7.37 (dm,
2H; 4-H, 11-H); 13C NMR (75 MHz, CDCl3): d� 44.84 (C-7, C-14), 45.31
(C-5, C-12), 52.93 (C-15, C-18), 70.26 (C-5a, C-12a), 112.71 (C-19, C-20),
121.61 (C-1, C-8), 122.53 (C-4, C-11), 122.55 (C-6, C-13), 125.98 (C-3, C-10),
127.22 (C-2, C-9), 141.40 (C-16, C-17), 142.51 (C-7a, C-14a), 143.97 (C-4a,
C-11a), 159.03 (C-6a, C-13a); IR (KBr): nÄ � 3070 (CH), 2994 (CH), 2970
(CH), 2213 (C�N), 753 cmÿ1 (CÿH); MS (70 eV): m/z (%): 382 (100) [M�],
355 (17) [M�ÿHCN]; C28H18N2: calcd 382.1470, found 382.1458 (MS).


Compound 21: M.p. 239 8C (decomp); 1H NMR (300 MHz, CD2Cl2): d�
2.20 (dt, 2J(27-Hx, 27-Hn)� 9.1 Hz, 3J(27-Hx, 1-H)� 3J(27-Hx, 20-H)�
1.6 Hz, 2 H; 27-Hx, 28-Hx), 2.34 (dt, 3J(27-Hn, 1-H)� 3J(27-Hn, 20-H)�
1.5 Hz, 2H; 15-Hn, 18-Hn), 2.72 (s, 1H; 3-H), 3.50 (m, 2H; 1-H, 9-H), 3.95
(s, 2 H; 16-H, 20-H), 6.28 (s, 1H; 18-H), 6.98 (m, 4H; 12-H, 13-H, 23-H, 24-
H), 7.10 (m, 2H; 11-H, 25-H), 7.18 (m, 2H; 14-H, 22-H); 13C NMR
(75 MHz, CD2Cl2): d� 44.47 (C-3), 50.93 (C-16, C-20), 51.66 (C-1, C-9), 58
(C-27, C-28), 111.61, 111.70, 114.55, 115.06 (C-29, C-30, C-31, C-32), 117.60
(C-18), 118.29, 120.14 (C-4, C-5, C-6, C-7), 122.04 (C-14, C-22), 123.05 (C-
11, C-25), 126.34 (C-12, C-24), 126.72 (C-13, C-23), 128.70 (C-2, C-8),
139.50 (C-17, C-19), 145.69 (C-10, C-26), 150.21 (C-15, C-21); MS (70 eV):


Table 6. Time dependence of reaction 11!6 in CDCl3 at 60.0 8C followed
by 1H NMR.[a]


t [s] 0 1800 3000 4200 5400 6600
11 [%] 100 60.2 41.3 27.7 26.2 15.2


[a] k1� (2.74� 0.19)� 10ÿ4 sÿ1 ; r� 0.9902


Table 7. Time dependence of reaction 16!17 in [D6]benzene at 53 8C
followed by 1H NMR.[a]


t [s] 0 10 800 14400 18 000 22200
16 [%] 100 41.1 31.6 24.3 18.2


[a] k1� (7.7� 0.2)� 10ÿ5 sÿ1 ; r� 0.9991
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m/z (%): 458 (92) [M�], 431 (53) [M�ÿHCN], 382 (100) [M�ÿC4N2];
C32H18N4: calcd 458.1531, found 458.1526 (MS).
Compound 20 : 1H NMR (300 MHz, CD2Cl2): d� 1.20 (s, 1H; 6-H), 1.80 (dt,
2J(20-Hx, 20-Hn)� 11.6 Hz, 3J(20-Hx, 7-H)� 3J(20-Hx, 12-H)� 1.6 Hz, 1H;
20-Hx), 2.07 (dt, 2J(15-Hx, 15-Hn)� 10.1 Hz, 3J(15-Hx, 5-H)� 3J(15-Hx, 14-
H)� 1.5 Hz, 1 H; 15-Hx), 2.45 (dt, 3J(15-Hn, 5-H)� 3J(15-Hn, 1H; 14-H)�
1.5 Hz, 15-Hn), 2.75 (dt, 3J(20-Hn, 7-H)� 3J(20-Hn, 12-H)� 1.7 Hz, 1 H; 20-
Hn), 3.35 (m, 1H; 5-H), 3.55 (m, 1 H; 12-H), 3.82 (m, 1 H; 14-H), 3.88 (m,
1H; 7-H), 6.25 (s, 1H; 13-H), 6.85 ± 7.10, 7.30 (m, 8 H; 1-H, 2-H, 3-H, 4-H,
8-H, 9-H, 10-H, 11-H); 13C NMR (75 MHz, CD2Cl2): d� 42.68 (C-12), 43.66
(C-20), 45.73 (C-5), 46.10 (C-19), 47.82 (C-7), 48.78 (C-14), 50.21 (C-15),
52.95 (C-6), 58.53 (C-18), 59.05 (C-6a), 65.01 (C-11a), 75.89 (C-5a), 110.60,
111.63, 112.37, 115.92 (C-21, C-22, C-23, C-24), 118.10 (C-13), 121.68,
122.42, 122.54, 123.09, 126.31, 126.67, 126.79, 127.81 (C-1, C-2, C-3, C-4, C-8,
C-9, C-10, C-11), 132.45 (C-17), 139.17 (C-16), 143.71 (C-4a), 144.98 (C-
13a), 145.96 (C-14a), 146.23 (C-11a), 147.90 (C-7a).


Photolysis of 19 : A solution of 19 (80 mg, 0.21 mmol) in acetone (20 mL)
was diluted with hexane (200 mL) and divided in 70 mL portions. Each
portion was degassed with Argon and was filled in a 100 mL ampoule
(pyrex, Æ� 3 cm). Each ampoule was placed in a water cooled pyrex
photolysis vessel and irradiated with sixteen 300 nm lamps (25 W) in a
Rayonet reactor for 45 min. The combined orange solutions were
concentrated in vacuo to leave a red-brown amorphous solid. Polymeric
impurities were removed by filtration over silica gel (20 g) with hexane/
methyl-tert-butylether (5:1) as the eluent. Yield: 55 mg of 8 (69 %), red-
orange amorphous solid. M.p. 126 ± 128 8C; 1H NMR (300 MHz, CD2Cl2):
d� 1.75 (dt, 2J(28-Hn, 28-Hx)� 9.0 Hz, 3J(28-Hn, 20-H)� 3J(28-Hn, 27-
H)� 1.6 Hz, 1H; 28-Hn), 2.14 (dt, 3J(28-Hx, 20-H)� 3J(28-Hx, 27-H)�
1.5 Hz, 1 H; 28-Hx), 2.27 (dt, 2J(17-Hx, 17-Hn)� 8.0 Hz, 3J(17-Hx, 9-H)�
3J(17-Hx, 16-H)� 1.5 Hz, 1H; 17-Hx), 2.64 (dt, 3J(17-Hn, 9-H)� 3J(17-Hn,
16-H)� 1.7 Hz, 1H; 17-Hn), 3.57 (m, 1H; 9-H), 3.63 (m, 1H; 16-H), 3.78
(m, 1 H; 27-H), 4.38 (m, 1H; 20-H), 5.94 (s, 1H; 8-H), 6.20 (s, 1 H; 3-H),
6.95 ± 7.35 (m, 8 H; 11-H, 12-H, 13-H, 14-H, 22-H, 23-H, 24-H, 25-H);
13C NMR (75 MHz, CD2Cl2): d� 49.31 (C-28), 53.80 (C-16), 54.56 (C-27),
54.61 (C-20), 56.15 (C-9), 61.36 (C-17), 104.18 (C-5), 110.85 (C-4), 115.91
(C-19), 116.22 (C-18), 126.07 (C-8), 121.24, 121.81, 121.91, 122.18, 125.23,
125.23, 127.75, 127.97 (C-11, C-12, C-13, C-14, C-22, C-23, C-24, C-25),
142.48 (C-26), 145.03 (C-21), 147.62 (C-10), 148.23 (C-3), 148.31 (C-15),
148.97 (C-7), 150.94 (C-2), 158.76 (C-1), 171.03 (C-6); IR (KBr): nÄ � 2967
(CÿH), 2941 (CÿH), 2861 (CH), 2210 (C�N), 1636 (C�C), 757 cmÿ1 (CÿH);
MS (70 eV): m/z (%): 382 (100) [M�], 355 (13) [M�ÿHCN]; C28H18N2:
calcd 382.1470, found 382.1484 (MS).


Thermolysis of 20 : A solution of 20 (2 mg, 4.4 mmol) and 1,1,2,2-tetra-
chloroethane (0.7 mg) as internal standard in CD2Cl2 (0.8 mL) was
heated in a sealed NMR tube to 55� 1 8C. The time-dependent
progress of the reaction was determined by 1H NMR analysis of the signals
at d� 6.25 and 6.04, assigned to 20 and 1,1,2,2-tetrachlorethane, respec-
tively. The specific rate constant k1 of the rearrangement 20!21 was
calculated from the time-dependent decrease of 20 against the internal
standard by the use of the kinetic law of irreversible first-order reactions
(Table 9).


X-Ray crystal structure determinations


Compound 4 : C16H22O; crystal dimensions 0.43� 0.35� 0.01 mm3; meas-
ured on a Siemens P4-diffractometer with MoKa radiation; T� 293 K. Cell
dimensions a� 6.367(3), b� 10.284(5), c� 18.786(8) �, b� 96.81(4)8, V�
1221.3(1.0) �3; monoclinic crystal system; Z� 4; 1calcd� 1.253 gcmÿ3 ; m�
0.08 mmÿ1; space group P21/c ; data collection: 2314 reflections
of which 1521 were considered independent (Rmerg� 0.0649, 2.188�V�
22.348) and 535 observed [F0� 4 s(F)]; structure solution with
direct methods (SHELXS) and refinement on F (SHELXTL 4.2);
parameters 155; hydrogen atom positions were calculated and
refined as riding groups with common isotropic U values. R� 0.0757,
wRw� 0.0572, wÿ1�s2(F)� (0.0001�F 2); maximum residual electron
density 0.24 e�ÿ3.


Compound 6 : C24H18N4; crystal dimensions 0.19� 0.13� 0.05 mm3; meas-
ured on a Siemens SMART-CCD-diffractometer with MoKa radiation; T�
298 K. Cell dimensions a� 9.3401(7), b� 9.8337(8), c� 11.1736(9) �, a�
83.874(2), b� 82.936(2), g� 73.270(2)8, V� 972.62(13) �3; triclinic crystal
system; Z� 2; 1calcd� 1.238 g cmÿ3; m� 0.075 mmÿ1; space group P1Å, data


Table 8. Specific rate constants k of the degenerate rearrangement of 21
determined by line-shape analysis of the signals at d� 3.50 and 3.95
assigned to 1-H, 9-H and 16-H, 20-H, respexctively, in the temperature-
dependent 1H NMR spectra of 21 in CD2Cl2.[a]


T [8C] ÿ 23 ÿ 33 ÿ 43 ÿ 48 ÿ 53 ÿ 63 ÿ 73 ÿ 83
k [sÿ1] 1676 780 310 130 85 23 8 4


[a] At ÿ60 8C: DH=� (9.6� 0.5) kcal molÿ1, DS=� (ÿ5� 2) calmolÿ1 Kÿ1,
DG=� (10.7� 0.7) kcal molÿ1.


Table 9. Time dependence of reaction 20!21 in CD2Cl2 at 55 8C followed
by 1H NMR.[a]


t [s] 0 7200 14 400 21600
20 [%] 100 61.7 30.4 26.8


[a] k1� (6.5� 1.1)� 10ÿ5 sÿ1 ; r� 0.972.


Table 10. The cartesian coordinates for Becke3LYP/6-31G* optimized
geometry of 6.


atom
label


atomic
number


x y z


1 6 1.410504 1.381294 ÿ 1.996139
2 6 ÿ 1.345474 ÿ 0.666548 ÿ 0.243923
3 6 ÿ 3.100525 ÿ 0.451805 ÿ 1.738240
4 6 ÿ 3.425079 ÿ 1.935578 0.182889
5 6 ÿ 4.174087 ÿ 0.866540 ÿ 0.671786
6 6 ÿ 2.012298 ÿ 2.005765 ÿ 0.500509
7 6 ÿ 1.999664 0.269429 ÿ 0.976927
8 1 ÿ 3.099433 ÿ 2.588766 ÿ 2.348048
9 1 ÿ 3.357015 ÿ 1.668200 1.241796


10 1 ÿ 5.050135 ÿ 1.297533 ÿ 1.168150
11 6 ÿ 2.412072 ÿ 1.815698 ÿ 1.985680
12 6 ÿ 1.783955 1.696415 ÿ 0.772885
13 1 ÿ 1.550580 ÿ 1.746743 ÿ 2.656649
14 1 ÿ 3.504547 0.071989 ÿ 2.607820
15 1 ÿ 3.917430 ÿ 2.912123 0.123377
16 1 ÿ 4.517539 ÿ 0.011388 ÿ 0.081861
17 1 ÿ 1.436611 ÿ 2.899640 ÿ 0.250127
18 1 ÿ 2.526346 2.415674 ÿ 1.111872
19 6 ÿ 0.678225 2.077328 ÿ 0.109901
20 6 ÿ 0.259791 3.400539 0.488656
21 6 ÿ 0.354625 ÿ 0.246714 0.835911
22 6 0.357015 1.027158 0.329211
23 6 0.654807 ÿ 1.331990 1.171907
24 1 ÿ 0.916278 ÿ 0.013372 1.750919
25 6 1.207231 1.882888 1.343346
26 6 ÿ 0.656869 3.332279 1.996086
27 1 ÿ 0.635211 4.282626 ÿ 0.034681
28 6 1.275126 3.242101 0.602791
29 6 0.341272 2.273465 2.570576
30 1 1.793308 3.218263 ÿ 0.357858
31 1 2.163869 1.422674 1.602427
32 1 0.988965 2.715136 3.334763
33 1 ÿ 1.704508 3.050441 2.132682
34 1 ÿ 0.508976 4.310880 2.466320
35 1 ÿ 0.160459 1.424363 3.042635
36 1 1.732117 4.021592 1.221286
37 6 0.365560 ÿ 2.193786 2.267990
38 6 1.778454 ÿ 1.486948 0.414543
39 6 1.992619 ÿ 0.587160 ÿ 0.729897
40 6 2.728754 ÿ 2.522307 0.680915
41 6 1.267336 0.567408 ÿ 0.834288
42 6 2.939320 ÿ 0.970589 ÿ 1.731964
43 7 1.500488 2.051075 ÿ 2.944593
44 7 3.712340 ÿ 1.292943 ÿ 2.538758
45 7 3.507692 ÿ 3.357578 0.899117
46 7 0.067308 ÿ 2.859000 3.176343
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collection 3374 relections, of which 2408 were considered independent
(Rmerg� 0.0297, 2.178�V� 22.508) and 1568 observed [F0� 4s(F)]; ab-
sorption correction with Siemens SADABS programme: Rmerg before/after:
0.0334/0.0277, max/min transmission: 1.00/0.47; structure solution with
direct methods (SHELXS) and refinement on F 2 (SHELXTL 5.03);
parameters 253; hydrogen atom positions were calculated and refined as
riding groups with the 1.2-fold isotropic U values of the corresponding C
atoms. R1� 0.0667, wR2(all data)� 0.2048, wÿ1� s2(F 2


o )� (0.1257�P)2,
where P� [(max F 2


o )� (2 F 2
c )]/3; maximum residual electron density


0.206 e�ÿ3.


Compound 7: C20H18N2; crystal dimensions 0.66� 0.35� 0.11 mm3; meas-
ured on a Siemens P4 diffractometer with MoKa radiation; T� 298 K. Cell
dimensions a� 10.453(1), b� 14.593(1), c� 10.4524(6) �, b� 91.142(6)8,
V� 1594.09(24) �3; monoclinic crystal system; Z� 4; 1calcd� 1.193 gcmÿ3 ;
m� 0.07 mmÿ1; space group P21/c ; data collection: 5251 reflections
of which 2816 were considered independent (Rmerg� 0.0204, 1.958�V�
25.08) and 2289 observed [F0� 4 s(F)]; structure solution with direct
methods (SHELXS) and refinement on F 2 (SHELXTL 5.03); parameters
200; hydrogen atom positions were calculated and refined as riding
groups with 1.2-fold isotropic U values of the corresponding C atoms. R1�
0.0701, wR2(all data)� 0.1799, wÿ1� s2(F 2


o � (0.1159�P)2� 0.1524�P,


where P� [(max F 2
o )� (2 F 2


c )]/3; maximum residual electron density
0.378 e�ÿ3.


Compound 14 : C23H17N3; crystal dimensions 0.32� 0.28� 0.15 mm3; meas-
ured on a Siemens SMART-CCD-diffractometer with MoKa radiation; T�
298 K. Cell dimensions a� 10.1026(2), b� 11.3405(2), c� 15.5570(3) �,
b� 96.5200(10)8, V� 1770.81(6) �3; monoclinic crystal system; Z� 4,
1calcd� 1.258 g cmÿ3 ; m� 0.075 mmÿ1; space group P21/n ; data collection:
11261 reflections of which 2743 were considered independent (Rmerg�
0.0427, 2.238�V� 24.108) and 2206 observed [F0� 4s(F)]; absorption
correction with Siemens SADABS programme: Rmerg before/after: 0.0845/
0.0416, max/min transmission: 1.00/0.61; structure solution with
direct methods (SHELXS) and refinement on F 2 (SHELXTL 5.03);
parameters 236; hydrogen atom positions were calculated and refined as
riding groups with 1.2-fold isotropic U values of the corresponding C atoms.
R1� 0.0602, wR2(all data)� 0.1635, wÿ1�s2(F 2


o )� (0.0825�P)2� 0.64�
P, where P� [(max F 2


o )� (2F 2
c )]/3; maximum residual electron density


0.344 e�ÿ3.


Cartesian coordinates for Becke3LYP/6-31G* optimized geometries of 6
and 22 ± 26 : The cartesian coordinates for Becke3LYP/6-31G* optimized
geometries of 6 and 22 ± 26 are given in Tables 10 ± 15.


Table 11. The cartesian coordinates for Becke3LYP/6-31G* optimized
geometry of 24.


atom
label


atomic
number


x y z


1 1 ÿ 1.308731 ÿ 2.237659 1.393317
2 6 1.311984 0.052745 ÿ 0.072819
3 6 2.439670 1.063295 1.681760
4 6 3.182481 1.591223 ÿ 0.589283
5 6 2.927585 2.262937 0.796979
6 6 2.808996 0.088748 ÿ 0.325188
7 6 1.088021 0.638899 1.127022
8 1 4.404693 0.125680 1.225386
9 1 2.579306 2.028261 ÿ 1.391487


10 1 3.850043 2.691365 1.205946
11 6 3.330071 ÿ 0.073220 1.124198
12 6 ÿ 0.257174 0.983699 1.573601
13 1 3.093510 ÿ 1.051473 1.553512
14 1 2.483750 1.251727 2.758197
15 1 4.234597 1.677114 ÿ 0.885470
16 1 2.183692 3.064260 0.751609
17 1 3.192314 ÿ 0.609588 ÿ 1.072997
18 1 ÿ 0.400476 1.719768 2.363460
19 6 ÿ 1.294427 0.424045 0.927957
20 6 ÿ 2.769148 0.764084 0.944571
21 6 0.179609 ÿ 0.298351 ÿ 1.030889
22 6 ÿ 1.074225 ÿ 0.627002 ÿ 0.175713
23 6 0.542808 ÿ 1.444813 ÿ 1.957464
24 1 ÿ 0.021875 0.594556 ÿ 1.644735
25 6 ÿ 2.486100 ÿ 0.576442 ÿ 0.872686
26 6 ÿ 2.990811 1.739073 ÿ 0.251748
27 1 ÿ 3.153339 1.137311 1.897966
28 6 ÿ 3.415056 ÿ 0.518159 0.366582
29 6 ÿ 2.753730 0.818752 ÿ 1.494439
30 1 ÿ 3.342356 ÿ 1.391019 1.020284
31 1 ÿ 2.648763 ÿ 1.410382 ÿ 1.559420
32 1 ÿ 3.646520 0.774493 ÿ 2.128192
33 1 ÿ 2.308896 2.593526 ÿ 0.216189
34 1 ÿ 4.016756 2.126846 ÿ 0.235800
35 1 ÿ 1.936109 1.172130 ÿ 2.128878
36 1 ÿ 4.467825 ÿ 0.372617 0.098459
37 1 1.021009 ÿ 1.210342 ÿ 2.905781
38 6 0.338833 ÿ 2.716703 ÿ 1.579709
39 6 ÿ 0.265565 ÿ 2.998510 ÿ 0.277354
40 1 0.638948 ÿ 3.546564 ÿ 2.215538
41 6 ÿ 0.882400 ÿ 2.027710 0.416450
42 1 ÿ 0.198739 ÿ 4.006942 0.125386


Table 12. The cartesian coordinates for Becke3LYP/6-31G* optimized
geometry of 25.


atom
label


atomic
number


x y z


1 6 2.172348 0.268127 1.215195
2 6 1.005541 ÿ 0.213154 1.869349
3 1 1.059856 ÿ 0.641428 2.866836
4 6 ÿ 0.196419 ÿ 0.213758 1.151791
5 1 3.119182 0.337566 1.745614
6 6 2.070747 0.585814 ÿ 0.112385
7 1 2.923590 0.933057 ÿ 0.688526
8 6 0.754044 0.412310 ÿ 0.768722
9 6 ÿ 1.111005 ÿ 1.293536 ÿ 1.131564


10 1 0.755292 0.723410 ÿ 1.820985
11 6 0.915433 ÿ 2.351027 ÿ 0.658238
12 1 ÿ 1.089740 ÿ 0.600566 1.642744
13 6 0.152163 ÿ 1.035887 ÿ 0.555313
14 6 ÿ 0.401203 0.983831 0.108191
15 6 ÿ 0.415414 2.427149 0.662046
16 6 ÿ 2.438888 2.204034 ÿ 0.353760
17 6 ÿ 2.071506 ÿ 0.260108 ÿ 1.219998
18 6 ÿ 1.133149 ÿ 2.747349 ÿ 1.551416
19 6 ÿ 1.723289 0.895935 ÿ 0.572945
20 1 ÿ 3.036818 ÿ 0.401513 ÿ 1.701318
21 1 ÿ 0.154076 4.431693 ÿ 0.177545
22 1 0.319136 2.605392 1.449266
23 1 ÿ 2.221373 1.874168 1.835405
24 6 ÿ 1.719474 3.280048 ÿ 1.226425
25 6 ÿ 1.904252 2.574428 1.055027
26 1 ÿ 3.523580 2.171934 ÿ 0.488561
27 1 ÿ 2.273724 4.225806 ÿ 1.191243
28 1 ÿ 1.651181 2.975028 ÿ 2.275122
29 6 ÿ 0.322650 3.410115 ÿ 0.536026
30 1 0.506077 3.163471 ÿ 1.207036
31 1 ÿ 2.170992 3.593046 1.361135
32 1 ÿ 2.122674 ÿ 3.188526 ÿ 1.699534
33 6 ÿ 0.237384 ÿ 3.359904 ÿ 0.444047
34 1 ÿ 0.225508 ÿ 3.892866 ÿ 3.194367
35 1 1.782710 ÿ 2.435182 ÿ 0.000862
36 6 1.224990 ÿ 2.571744 ÿ 2.172643
37 1 ÿ 0.682329 ÿ 3.297898 0.554367
38 6 ÿ 0.180130 ÿ 2.876156 ÿ 2.785857
39 1 1.907747 ÿ 3.418959 ÿ 2.303344
40 1 1.704521 ÿ 1.696818 ÿ 2.623813
41 1 ÿ 0.454622 ÿ 2.184607 ÿ 3.588211
42 1 0.050952 ÿ 4.398308 ÿ 0.648392
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Table 14. The cartesian coordinates for Becke3LYP/6-31G* optimized
geometry of 22=.


atom
label


atomic
number


x y z


1 6 2.179216 0.260492 1.242201
2 6 1.012240 ÿ 0.229724 1.915354
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46 7 4.002247 1.491630 ÿ 1.552711
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Table 15. The cartesian coordinates for Becke3LYP/6-31G* optimized
geometry of 23=.


atom
label


atomic
number


x y z


1 6 2.938551 0.000000 ÿ 0.016008
2 6 2.313286 0.000000 1.251817
3 6 3.061204 0.000000 2.455111
4 6 0.845163 0.000000 1.261919
5 6 4.366709 0.000000 ÿ 0.132205
6 6 2.118528 0.000000 ÿ 1.149469
7 6 2.618232 0.000000 ÿ 2.474579
8 6 0.662327 0.000000 ÿ 0.914187
9 6 ÿ 1.225041 ÿ 1.165473 0.281766


10 1 0.078761 0.000000 ÿ 1.836552
11 6 0.681156 ÿ 2.550524 0.166295
12 6 0.249459 0.000000 2.591020
13 6 0.238597 ÿ 1.078997 0.169213
14 6 0.238597 1.078997 0.169213
15 6 0.681156 2.550524 0.166295
16 6 ÿ 1.588025 2.618569 0.361225
17 6 ÿ 1.980112 0.000000 0.303715
18 6 ÿ 1.588025 ÿ 2.618569 0.361225
19 6 ÿ 1.225041 1.165473 0.281766
20 1 ÿ 3.062510 0.000000 0.393923
21 1 0.657212 4.168974 ÿ 1.299718
22 1 1.73350 2.706222 0.408687
23 1 ÿ 0.286601 2.779269 2.160896
24 6 ÿ 1.323742 3.224195 ÿ 1.060363
25 6 ÿ 0.356897 3.162606 1.138507
26 1 ÿ 2.580872 2.830509 0.763215
27 1 ÿ 1.694990 4.254117 ÿ 1.086253
28 1 ÿ 1.839982 2.668487 ÿ 1.848727
29 6 0.231642 3.167122 ÿ 1.187369
30 1 0.566695 2.579284 ÿ 2.047436
31 1 ÿ 0.325740 4.256929 1.164630
32 1 ÿ 2.580872 ÿ 2.830509 0.763215
33 6 ÿ 0.356897 ÿ 3.162606 1.138507
34 1 ÿ 1.694990 ÿ 4.254117 ÿ 1.086253
35 1 1.733507 ÿ 2.706222 0.408687
36 6 0.231642 ÿ 3.167122 ÿ 1.187369
37 1 ÿ 0.286601 ÿ 2.779269 2.160896
38 6 ÿ 1.323742 ÿ 3.224195 ÿ 1.060363
39 1 0.657212 ÿ 4.168974 ÿ 1.299718
40 1 0.566695 ÿ 2.579284 ÿ 2.047436
41 1 ÿ 1.839982 ÿ 2.668487 ÿ 1.848727
42 1 ÿ 0.325740 ÿ 4.256929 1.164630
43 7 ÿ 0.272939 0.000000 3.628271
44 7 3.669412 0.000000 3.450316
45 7 5.524397 0.000000 ÿ 0.234545
46 7 2.969226 0.000000 ÿ 3.587400








Peptide Dendrimers from Natural Amino Acids


Yoonkyung Kim, Fanwen Zeng, and Steven C. Zimmerman*[a]


Abstract: The high-yielding cyanoethylation ± hydrogenation strategy was used to
prepare simple AB2 monomers from natural amino acids. Third-generation peptide
dendrimers were assembled from these monomers on a polyethylene glycol (PEG)
resin by standard Boc peptide coupling methods. Preliminary conformational studies
were conducted on these chiral peptide dendrimers by size-exclusion chromatog-
raphy, optical activity measurements, and investigation of the solid-state properties.
These peptide dendrimers have potential applications as drug-delivery agents,
asymmetric catalysts, peptido- and protein mimetics, and new biomaterials.


Keywords: amino acids ´ dendrim-
ers ´ peptides ´ solid-phase synthesis


Introduction


Recent advances in dendrimer syntheses have made available
dendrimers with a wide range of sizes, functionalities, and
properties.[1] Of the many monomer structures possible, those
that contain natural or unnatural amino acids are particularly
appealing because they are chiral and have the potential to
produce dendrimers with enhanced biocompatibility and
diversity. These properties may render such dendrimers
suitable for use as drug-delivery agents, asymmetric catalysts,
and peptido- and protein mimetics. Furthermore, defined
three-dimensional structures might be attained through
specific folding of the constituent amino acid units. The
construction of a combinatorial library[2] of these dendrimers
by variation of the amino acid monomers and dendrimer
generation number might create a pool of proteinlike
synthetic macromolecules which could be screened for
desired properties.


Since Denkewalter�s report of a polylysine dendrimer in
1983,[3] only a few dendrimers have been reported that are
made from natural amino acid based building blocks.[4] We
disclose herein an efficient and general method to prepare
monomers containing natural amino acids and the corre-
sponding third-generation peptide dendrimers. Preliminary
studies of the chiroptical[5] and solid-state properties of these
dendrimers are reported.


Results and Discussion


Our goal in designing a monomeric unit for the natural amino
acid based dendrimers was to minimally modify the natural
amino acid structures in an effort to maximize the structural
resemblance to natural proteins. Thus, the high-yielding
cyanoethylation[6] ± hydrogenation procedure of Meijer and
co-workers[7] was adopted to make branched monomers from
natural amino acids. To obviate the tedious purifications
involved in many dendrimer syntheses, a liquid-phase peptide
synthesis method using polyethylene glycol (PEG) as a
support was employed.[8] Chapman and co-workers recently
reported the iterative divergent synthesis of an eighth-
generation polylysine dendrimer using this approach.[9]


The synthetic utility of our approach was demonstrated
using l-valine and l-leucine, amino acids containing relatively
bulky side chains, which provide a stringent test of the
synthetic methodology. Double Michael addition of acryloni-
trile to amino acid 1 in a refluxing aqueous sodium hydroxide
(NaOH) solution gave bis(cyanoethyl)amino acid 2
(Scheme 1).[10] Hydrogenation of 2 with Raney Co catalyst
afforded the bis(aminopropyl)amino acid 3 as a crude product
in quantitative yield. Diamino acids 3 were easily obtained on
a 100 g scale through the above two-step process.[11] Tert-
butoxycarbonyl (Boc) protection of the amino groups, pre-
cipitation with dicyclohexylamine (DCHA), and removal of
DCHA gave Boc-protected diamino acids 4. Subsequently,
esterification of 4 with pentafluorophenol afforded analyti-
cally pure activated monomers 5 for the peptide dendrimer
synthesis.


The peptide dendrimers were synthesized on a poly-
(ethylene glycol) monomethyl ether (MeO-PEG-OH)
resin (6)[12] derivatized with glycine to form 7. Each
generation of dendrimer growth comprises a deprotec-
tion, coupling, and capping reaction (i.e., 7!8!9!10,
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Scheme 1. Synthesis of activated amino acid monomers 5 : a) 1n NaOH
(1.00 equiv), 0 8C, then add acrylonitrile (3.00 equiv), 25 8C, 6 h; 100 8C, 24 h
(2a, 100 %; 2 b, 89 %); b) H2, Raney Co, MeOH, 1000 psi, 70 8C, 7 h; c) 2n
NaOH (2.10 equiv), (Boc)2O (2.20 equiv), tBuOH, 0 8C, 16 h; DCHA
(1.02 equiv), 1:10 Et2O/hexane, 25 8C, 5 min; d) 2n H2SO4 (1.20 equiv),
EtOAc, 0 8C, 10 min (4a, 41% for three steps; 4 b, 46% for three steps);
e) pentafluorophenol (1.09 equiv), DCC (1.03 equiv), EtOAc, 0!25 8C,
17 h (5 a, 95%; 5b, 53 %).


Scheme 2). The reactions were monitored by 1H NMR
spectroscopy; the average molecular weights were obtained
from MALDI-TOF mass spectrometry. The Boc groups were
removed by treatment with 1:1 trifluoroacetic acid (TFA)/
methylene chloride (CH2Cl2). The coupling reaction[13] was
performed in a 4:1 mixture of N,N-dimethylformamide
(DMF) and CH2Cl2 by preactivation of monomer 5 with
1-hydroxybenzotriazole (HOBt) and diisopropylethylamine
(DIEA) introduced in the in situ neutralization protocol.[14]


Any uncoupled free amino groups were capped with acetic
anhydride (Ac2O). Third-generation resin-bound peptide


Scheme 3. Cleavage of dendrimers from PEG resin: a) 1n NaOH, MeOH,
25 8C, 6 h (11b, 51%; 12 a, 84 %; 12b, 75%).


dendrimers 10 a and 10 b obtained through three such
iterations were purified by size-exclusion chromatography
(SEC).


Cleavage from the resin with a dilute methanolic sodium
hydroxide solution (Scheme 3) produced dendrimers 12 a and


12 b, which were characterized
by 1H NMR spectroscopy, in-
cluding COSY experiments,
13C-APT, MALDI-TOF mass
spectrometry, and SEC. The
third-generation dendrimers
were pure as judged by
1H NMR (>95 %). Compound
10 b was converted in a final
iteration to the fourth-genera-
tion resin-bound dendrimer 13.
Despite attempts to optimize
the yield of this last cycle, 13
contained defects (1H NMR).


Some of the peptide den-
drimers were further examined
by SEC and chiroptical meth-
ods. Interestingly, in the SEC,
12 a (lower molecular weight,
MW) eluted earlier than 12 b
(higher MW) (Figure 1), a fact
suggesting that 12 b has a more
compact structure, possibly as a
result of folding. Alternatively,
the valine-based dendrimer
may exhibit a larger hydrody-


Scheme 2. Peptide dendrimer synthesis on PEG support: a) Boc-Gly-OH (3.00 equiv), DCC (3.00 equiv),
DMAP (0.25 equiv), CH2Cl2, 25 8C, 15 h (99 %); b) 1:1 TFA/CH2Cl2, 25 8C, 3 h; c) 5 (3.00 equiv), HOBt
(3.00 equiv), DIEA (4.00 equiv), 4:1 DMF/CH2Cl2, 25 8C, 12 h; d) Ac2O (4.00 equiv), DIEA (1.00 equiv),
CH2Cl2, 25 8C, 20 h; e) see Experimental Section for details.







Amino Acid Dendrimers 2133 ± 2138


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2135 $ 17.50+.50/0 2135


Figure 1. SEC traces in THF for the
third-generation dendrimers 12 a and
12b. SEC was performed on a Waters
Styragel HR3 column (MW range
500 ± 30000; flow rate: 1 mL minÿ1).


namic radius because it is better
solvated. Chiroptical studies of
the valine- and leucine-derived
dendrimers were performed
(Table 1). In contrast to the
extensive studies of chiral den-
drimers by McGrath, Meijer,
Seebach, and others,[5] in this
case there are a limited number
of comparisons possible, but the
overall molar chirality in-
creased from second- to third-
generation in the leucine den-
drimer, while the value per
chiral subunit actually de-
creased.


The third- and fourth-generation PEG-bound dendrimers
slowly crystallized at room temperature from a 1:1 mixture of
dimethyl sulfoxide (DMSO) and chloroform (CHCl3).[15] A
polarized optical micrograph of a representative crystalline
sample of 13 is shown in Figure 2A. Supporting evidence for
the crystalline behavior was obtained by differential scanning
calorimetry (DSC, Figure 2B). Although the crystalline
nature of these compounds might suggest a discrete folded
structure for the peptide dendrimer, FreÂchet reported crys-
tallinity in a polybenzyl ether dendrimer attached to a PEG
group; suggesting that the PEG group may be responsible for
the crystallinity.[16] Preliminary small-angle X-ray scattering


studies indicate overall crystallinity of the PEG-bound
dendrimers, but do not show evidence of structural order in
the peptide dendrimer segment alone. Efforts to enhance the
crystallinity of peptide dendrimers through the modification
of dendrimer structures are currently under investigation.


Conclusion


In summary, we developed a general method to prepare
simple branched amino acid monomers in a highly efficient
fashion and synthesized the corresponding optically active
peptide dendrimers using an established liquid-phase peptide
synthesis strategy. The fact that the approach works well with
valine and leucine bodes well for the construction of peptide
dendrimer libraries using additional amino acids. The struc-
tural resemblance of our dendrimers to proteins and the
ability to construct libraries may provide a novel approach to
the discovery of new biomaterials.


Experimental Section


Materials : Glassware was flame-dried and cooled to room temperature in a
nitrogen atmosphere before use. All reactions were carried out under a dry
nitrogen atmosphere. CH2Cl2 was freshly distilled from calcium hydride.


Table 1. Chiroptical data for peptide dendrimers in CH2Cl2.


Compound MW Generation c[a] [a]23
D


[b] [F]D
[c] [F]D/n[d]


4a[e] 431.57 1 1.8 ÿ 28.7 ÿ 124 ÿ 124
11a 1115.51 2 n.d. n.d. n.d. n.d.
12a 2369.27 3 1.5 ÿ 44.1 ÿ 1044 ÿ 149


4b[e] 445.60 1 2.0 � 10.5 � 47 � 47
11 b 1157.59 2 1.4 � 14.9 � 172 � 58
12 b 2467.46 3 1.5 � 10.5 � 259 � 37


[a] Concentration in g100 cmÿ3. [b] Specific rotation in 10ÿ1 8cm2 gÿ1.
[c] Molar rotation in 108cm2 molÿ1. [d] Molar rotation per chiral center n.
[e] Unlike the second- and third-generation dendrimers, first-generation
dendrimers did not contain the additional glycine unit in the molecule.


Figure 2. A) Cross-polarized optical micrograph at 25 8C and B) DSC trace measured on a Perkin ± Elmer DSC7
at a heating rate of 5 8C minÿ1 for the fourth-generation leucine-based dendrimer attached to PEG, 13.
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DMF was dried over calcium sulfate, then distilled under reduced pressure,
and stored over 4 � molecular sieves. Ethyl acetate (EtOAc) was stored
over 4 � molecular sieves before use. DIEA was distilled from ninhydrin,
then from potassium hydroxide, and stored over 4 � molecular sieves.
DCHA was distilled over NaOH and stored over 4 � molecular sieves.
TFA was purchased from Aldrich as HPLC grade and redistilled. Ac2O was
stored over phosphorous pentoxide (P2O5) for 3 h, then stirred over dry
K2CO3 for 3 h, distilled and stored over 4 � molecular sieves. Raney Co
was provided by Grace Davison Chemical and rinsed three times with
methanol before use. Polyethylene glycol monomethyl ether (MeO-PEG-
OH) was purchased from Aldrich as Mn 5000 and dried over P2O5 in vacuo
before use. All other reagents and solvents were of commercial grade and
were used without further purification.


Methods : Hydrogenation was performed with a large rocker equipped with
a thermocouple at the high-pressure laboratory in the School of Chemical
Sciences, University of Illinois. Nuclear magnetic resonance (NMR)
spectra were recorded on Varian Unity 400 or 500NB spectrometer.
Chemical shifts are reported in parts per million (d). When neat
[D6]DMSO or 1:1 [D6]DMSO/CDCl3 was used as a solvent, chemical
shifts were measured relative to the center of the residual protio multiplet
(1H d� 2.50; 13C d� 39.51). When D2O was used as a solvent, chemical
shifts were measured relative to the center of the residual water peak (1H
d� 4.80), and chemical shifts of 13C NMR spectra were uncorrected.
Chemical shifts of 19F NMR spectra were uncorrected. COSY experiments
were performed for complete spectral assignments, if needed. Analytical
thin-layer chromatography (TLC) was performed on 0.2 mm silica glass
coated sheets (E. Merck) with F254 indicator. The products were visualized
on TLC plates with UV light and ninhydrin. Flash column chromatography
was performed on Merck 40 ± 63 mm silica gel. Analytical SEC was
performed on a Waters Styragel� HR3 column (MW range 500 ± 30000)
coupled with Waters 410 differential refractometer and PD2000 dual-angle
laser light scattering detectors, by means of a Hitachi L-6000 pump, with
THF as eluent at a flow rate of 1.0 mL minÿ1. Molecular weights were
determined by SEC against polystyrene standards. Preparative SEC was
performed on Bio-Beads� S-X1 beads (BIO-RAD), 200 ± 400 mesh, with
toluene as eluent. Melting points were recorded on a Thomas ± Hoover
melting point apparatus and were uncorrected. Mass spectra were
measured by either fast atom bombardment (FAB) on a 70-SE-4F
spectrometer or matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) on a PerSeptive Biosystems Voyager DE-STR spectrom-
eter. trans-3-Indoleacrylic acid was used as the matrix for MALDI-TOF
mass spectra. Elemental analyses were performed at the School of
Chemical Sciences, University of Illinois.


Dendrimers are designated using the notation [G-n(aa1, aa2, aa3)]-xm,
where n refers to the generation number, aa1, aa2, and aa3 refer to the
nature of the modified diamino acid monomer 4 for each layer starting
from the core to the periphery of the dendrimer, and x refers to the
functional group at the periphery of dendrimers.


General procedure for reaction of amino acids and acrylonitrile : An
aqueous solution of NaOH (2n, 250 mL, 0.50 mol) was at 0 8C slowly added
to a suspension of each amino acid (0.50 mol) in water (250 mL).
Subsequently, acrylonitrile (99 mL, 1.50 mol) was added at 0 8C and the
mixture was stirred overnight while it warmed slowly to room temperature.
The mixture was heated at reflux temperature for 24 h to complete the
reaction; it was subsequently cooled to 0 8C, and then carefully neutralized
with an aqueous solution of HCl (2n) to pH 5 ± 6. The excess of
acrylonitrile was removed under reduced pressure at 40 8C. Each com-
pound was further purified as described below.


[N,N-Bis-(2-cyanoethyl)]-ll-valine (2a): The reaction was performed
following the general procedure described above with l-valine (58.6 g,
0.50 mol). After removal of acrylonitrile, the mixture in water was
extracted with ether (3� 150 mL), and the combined organic extracts
were washed with brine (200 mL), then dried over Na2SO4, and concen-
trated to give 2 a (112 g, 0.50 mol) as a fairly pure oil. (The product can
be recrystallized by adding hexane to the ether solution at ÿ78 8C,
then filtering quickly when cold.) Yield: 100 %; 1H NMR (400 MHz,
[D6]DMSO): d� 2.95 (m, 2 H, NCH2), 2.80 (d, J� 10.5 Hz, 1 H,
CHCH(CH3)2), 2.66 (m, 2H, NCH2), 2.59 (m, 4H, CH2CN), 1.85 (d-septet,
J� 10.6, 6.5 Hz, 1H, CHCH(CH3)2), 0.97 (d, J� 6.7 Hz, 3 H, CH(CH3)2),


0.85 (d, J� 6.5 Hz, 3 H, CH(CH3)2); 13C NMR (100 MHz, [D6]DMSO):
d� 173.1, 119.9, 69.9, 46.5, 27.2, 19.8, 19.6, 17.0; HRMS (FAB) calcd for
C11H18N3O2 [MH�]: 224.1399, found: 224.1400.


[N,N-Bis-(2-cyanoethyl)]-ll-leucine (2 b): The reaction was performed
following the general procedure described above with l-leucine (65.6 g,
0.50 mol). After removal of acrylonitrile, the mixture in water was
extracted with ether (3� 150 mL), and the combined organic extracts
were washed with brine (200 mL), then dried over Na2SO4, and concen-
trated to ca. 150 mL. Solid precipitated from the viscous oil upon standing
3 ± 4 days at room temperature. The product 2b (105.6 g, 0.45 mol) was
filtered and collected as a pure solid. Yield: 89%; m.p. 64 ± 66 8C; 1H NMR
(400 MHz, [D6]DMSO): d� 12.50 (s, 1H, CO2H), 3.38 (m, 1 H,
CHCH2CH(CH3)2), 2.88 (m, 4H, NCH2), 2.57 (m, 4H, CH2CN), 1.80 (m,
1H, CHCH2CH(CH3)2), 1.47 (m, 2 H, CHCH2CH(CH3)2), 0.90 (d, J�
6.9 Hz, 3 H, CH(CH3)2), 0.87 (d, J� 6.5 Hz, 3 H, CH(CH3)2); 13C NMR
(100 MHz, [D6]DMSO): d� 174.6, 119.8, 60.9, 47.0, 38.8, 24.0, 23.1, 21.8,
17.6; HRMS (FAB) calcd for C12H20N3O2 [MH�]: 238.1556, found:
238.1556.


General procedure for hydrogenation : Compound 3 was synthesized by a
modified procedure of de Brabander-van den Berg et al.[7] Raney Co (cat)
was added to a solution of 2 (0.50 mol) in methanol (500 mL). The mixture
was saturated with anhydrous gaseous ammonia at 0 8C for 20 min.
Hydrogenation was performed in a large rocker. The reaction mixture
was rocked under 1000 psi of H2 at 70 8C for 7 h, then slowly cooled to room
temperature. The mixture was saturated with N2, then filtered through a
plug of Celite, and concentrated under reduced pressure to give a thick red
oil contaminated with Co ions. The crude product was highly hygroscopic
and was used for the next step without further purification.


[N,N-Bis-(3-aminopropyl)]-ll-valine (3a): Reaction of 2a (105 g, 0.47 mol)
gave 3a (110 g, 0.47 mol) as a red oil contaminated with a trace amount of
cobalt. Yield of crude product: 100 %; 1H NMR (400 MHz, D2O): d� 2.81
(d, J� 9.8 Hz, 1H, CHCH(CH3)2), 2.77 (m, 2 H, NCH2), 2.76 (t, J� 7.1 Hz,
4H, CH2NH2), 2.38 (m, 2H, NCH2), 1.93 (d-septet, J� 9.5, 6.5 Hz, 1H,
CHCH(CH3)2), 1.69 (m, 4 H, NCH2CH2), 0.89 (d, J� 6.7 Hz, 3 H,
CH(CH3)2), 0.85 (d, J� 6.3 Hz, 3H, CH(CH3)2); 13C NMR (100 MHz,
D2O): d� 180.3, 73.8, 48.7, 39.3, 27.6, 27.3, 19.7 (19.715), 19.7 (19.689).


[N,N-Bis-(3-aminopropyl)]-ll-leucine (3b): Reaction of 2b (102 g,
0.43 mol) gave 3b (105.5 g, 0.43 mol) as a red oil contaminated with a
trace amount of cobalt. Yield of crude product: 100 %; 1H NMR (400 MHz,
D2O): d� 3.23 (m, 1 H, CHCH2CH(CH3)2), 2.74 (m, 4 H, CH2NH2), 2.71
(m, 2H, NCH2), 2.47 (m, 2 H, NCH2), 1.68 (m, 4H, NCH2CH2), 1.62 (m, 1H,
CHCH2CH(CH3)2), 1.47 (m, 1H, CHCH2CH(CH3)2), 1.24 (m, 1 H,
CHCH2CH(CH3)2), 0.87 (d, J� 6.3 Hz, 6H, CH(CH3)2); 13C NMR
(100 MHz, D2O): d� 180.7, 65.7, 48.8, 39.1 (39.109), 39.1 (39.050), 27.5,
25.6, 23.3, 21.6.


General procedure for Boc protection : An aqueous solution of NaOH (2n,
21 mL, 42 mmol) was added dropwise at 0 8C to a solution of 3 (20 mmol) in
tert-butyl alcohol (30 mL). Subsequently, di-tert-butyl dicarbonate (9.6 g,
44 mmol) was added in one portion. The mixture was sonicated for 10 min
and stirred at room temperature for 16 h. The reaction was neutralized by
an aqueous solution of KHSO4 (1.1n) at 0 8C, tert-butyl alcohol was
removed under reduced pressure, water (100 mL) was added, and the
aqueous layer was extracted with EtOAc (5� 100 mL). Combined organic
layers were washed with brine (200 mL), dried over Na2SO4, concentrated
under reduced pressure, and dried in vacuo to give a hygroscopic foamy
solid. The solid was dissolved in Et2O (50 mL), DCHA (1.02 equiv of dried
solid) was added with vigorous stirring, and precipitation occurred within
5 min to give a thick mixture. The mixture was diluted with hexane
(500 mL), stirred vigorously for 30 min, then left at 4 8C overnight, and
filtered to collect a white solid, which was further washed with hexane to
remove any remaining DCHA. The solid was suspended in EtOAc
(35 mL), and then an ice-cold aqueous solution of H2SO4 (2n, 1.20 equiv
of dried solid) was added. The mixture was shaken vigorously until it
became a clear solution. The organic layer was separated. Cold water
(17 mL) was added to the aqueous layer, and it was extracted with EtOAc
(2� 35 mL). The above DCHA removal process was completed within
15 min. Combined organic layers were washed with water (2� 35 mL) and
brine (35 mL), dried over Na2SO4, then concentrated under reduced
pressure, and dried in vacuo to give 4 as a white solid.
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[N,N-Bis-(3-N-tert-Boc-aminopropyl)]-ll-valine (4a): Reaction of 3 a
(6.49 g, 28.1 mmol) gave 4 a (4.92 g, 11.4 mmol) as a white solid. Yield:
41%; m.p. 62 ± 68 8C; 1H NMR (400 MHz, [D6]DMSO): d� 12.18 (s, 1H,
CO2H), 6.75 (t, J� 5.3 Hz, 2 H, NH), 2.90 (m, 4 H, CH2NH), 2.69 (d, J�
10.5 Hz, 1 H, CHCH(CH3)2), 2.58 (m, 2 H, NCH2), 2.23 (m, 2H, NCH2),
1.87 (d-septet, J� 10.6, 6.6 Hz, 1 H, CHCH(CH3)2), 1.49 (m, 4 H,
NCH2CH2), 1.36 (s, 18H, C(CH3)3), 0.89 (d, J� 6.6 Hz, 3 H, CH(CH3)2),
0.83 (d, J� 6.5 Hz, 3H, CH(CH3)2); 13C NMR (100 MHz, [D6]DMSO): d�
172.7, 155.5, 77.3, 69.4, 48.0, 38.1, 28.3, 26.8, 19.9, 19.6, 17.0; HRMS (FAB)
calcd for C21H42N3O6 [MH�]: 432.3074, found: 432.3075; elemental analysis
calcd for C33H64N4O6 (612.90, DCHA salt): C 64.67, H 10.53, N 9.14; found:
C 64.20, H 10.78, N 9.05 (contains 0.3 mol H2O).


[N,N-Bis-(3-N-tert-Boc-aminopropyl)]-ll-leucine (4b): Reaction of 3 b
(17.5 g, 71.4 mmol) gave 4 b (14.6 g, 32.8 mmol) as a white solid. Yield:
46%; m.p. 68 ± 72 8C; 1H NMR (400 MHz, [D6]DMSO): d� 6.74 (t, J�
5.2 Hz, 2 H, NH), 3.30 (t, J� 7.1 Hz, 1H, CHCH2CH(CH3)2), 2.91 (td, J�
6.3, 5.8 Hz, 4H, CH2NH), 2.56 (ABq-t, Jab� 12.2 Hz, J� 7.9 Hz, 4 H,
NCH2), 1.67 (m, 1H, CHCH2CH(CH3)2), 1.52 (m, 4H, NCH2CH2), 1.42
(m, 2 H, CHCH2CH(CH3)2), 1.37 (s, 18H, C(CH3)3), 0.88 (d, J� 6.7 Hz, 3H,
CH(CH3)2), 0.86 (d, J� 6.6 Hz, 3H, CH(CH3)2); 13C NMR (100 MHz,
[D6]DMSO): d� 173.6, 155.5, 77.3, 60.9, 48.5, 39.3, 38.0, 28.2, 28.1, 24.4,
22.6, 22.2; HRMS (FAB) calcd for C22H44N3O6 [MH�]: 446.3230, found:
446.3229; elemental analysis calcd for C34H66N4O6 (626.92, DCHA salt): C
65.14, H 10.61, N 8.94; found: C 64.76, H 10.67, N 8.72.


General procedure for preparation of pentafluorophenyl activated esters :
A solution of DCC (2.13 g, 10.3 mmol) in EtOAc (10 mL) at 0 8C under N2


was cannulated into a solution of 4 (10 mmol) and pentafluorophenol
(2.01 g, 10.9 mmol) in EtOAc (40 mL). The mixture was stirred for 17 h
while it warmed slowly to room temperature. The reaction flask was cooled
to 0 8C, then quickly filtered through a plug of Celite, and the filtrate was
concentrated under reduced pressure. The resulting residue was purified by
flash column chromatography on a deactivated silica gel (prewashed with
1% triethylamine in the chromatographic solvent mixture). Triethylamine
was removed completely by dissolving the product in EtOAc (100 mL),
washing with water (10� 100 mL) and brine (100 mL), drying over Na2SO4,
and concentrating under reduced pressure. The compound was dried in
vacuo to afford 5 as a colorless oil.


[N,N-Bis-(3-N-tert-Boc-aminopropyl)]-ll-valine pentafluorophenyl ester
(5a): Reaction of 4a (1.23 g, 2.85 mmol) gave 5a (1.62 g, 2.71 mmol) as a
colorless oil. The crude product was chromatographed in 2:1 hexane/
EtOAc. Yield: 95%; 1H NMR (400 MHz, [D6]DMSO): d� 6.78 (t, J�
5.4 Hz, 2 H, NH), 3.30 (d, J� 10.7 Hz, 1 H, CHCH(CH3)2), 2.94 (m, 4H,
CH2NH), 2.70 (m, 2H, NCH2), 2.29 (m, 2H, NCH2), 2.06 (d-septet, J� 10.8,
6.4 Hz, 1 H, CHCH(CH3)2), 1.56 (m, 4H, NCH2CH2), 1.36 (s, 18 H,
C(CH3)3), 1.00 (d, J� 6.3 Hz, 3H, CH(CH3)2), 0.95 (d, J� 6.4 Hz, 3H,
CH(CH3)2); 13C NMR (100 MHz, [D6]DMSO): d� 167.5, 155.6, 141.6,
139.1, 136.3, 124.3, 77.4, 69.2, 47.8, 37.9, 28.4, 28.2, 27.2, 19.2; 19F NMR
(376 MHz, [D6]DMSO): d�ÿ153.5 (d, J� 20.3 Hz, 2F, F-2 of pentafluor-
ophenol), ÿ159.0 (t, J� 23.8 Hz, 1F, F-4 of pentafluorophenol), ÿ163.7 (t,
J� 21.8 Hz, 2F, F-3 of pentafluorophenol); HRMS (FAB) calcd for
C27H41F5N3O6 [MH�]: 598.2916, found: 598.2918; elemental analysis calcd
for C27H40F5N3O6 (597.62): C 54.26, H 6.75, N 7.03; found: C 54.30, H 6.99, N
6.92.


[N,N-Bis-(3-N-tert-Boc-aminopropyl)]-ll-leucine pentafluorophenyl ester
(5b): Reaction of 4 b (3.13 g, 7.02 mmol) gave 5b (2.27 g, 3.71 mmol) as a
colorless oil. The crude product was chromatographed in 4:1 hexane/
EtOAc. Yield: 53%; 1H NMR (400 MHz, [D6]DMSO): d� 6.75 (t, J�
5.1 Hz, 2 H, NH), 3.81 (t, J� 7.4 Hz, 1H, CHCH2CH(CH3)2), 2.93 (td, J�
6.3, 6.2 Hz, 4 H, CH2NH), 2.68 (m, 2 H, NCH2), 2.44 (m, 2 H, NCH2), 1.73
(m, 1H, CHCH2CH(CH3)2), 1.60 (m, 2 H, CHCH2CH(CH3)2), 1.50 (m, 4H,
NCH2CH2), 1.36 (s, 18H, C(CH3)3), 0.95 (d, J� 6.6 Hz, 3 H, CH(CH3)2),
0.92 (d, J� 6.5 Hz, 3H, CH(CH3)2); 13C NMR (100 MHz, [D6]DMSO): d�
168.8, 155.5, 141.7, 138.7, 136.2, 124.1, 77.3, 60.8, 48.2, 38.4, 37.8, 28.6, 28.2,
24.3, 22.6, 21.9; 19F NMR (376 MHz, [D6]DMSO): d�ÿ153.9 (d, J�
20.1 Hz, 2F, F-2 of pentafluorophenol), ÿ159.2 (t, J� 23.6 Hz, 1F, F-4 of
pentafluorophenol), ÿ163.8 (t, J� 20.9 Hz, 2F, F-3 of pentafluorophenol);
HRMS (FAB) calcd for C28H43F5N3O6 [MH�]: 612.3072, found: 612.3072;
elemental analysis calcd for C28H42F5N3O6 (611.64): C 54.98, H 6.92, N 6.87;
found: C 55.02, H 7.01, N 6.80.


General procedure for peptide dendrimer synthesis on PEG : Poly(ethylene
glycol) monomethyl ether (MeO-PEG-OH) was derivatized with Boc-
protected glycine to give 7 following the procedure of Zalipsky et al.[17]


Amino groups were deprotected by stirring the PEG-bound dendrimer in
1:1 TFA/CH2Cl2 (5 ± 10 mL per 1 g resin) at room temperature for 3 h.
Peptide coupling was carried out in 4:1 DMF/CH2Cl2 by preactivating
monomer 5 with HOBt and DIEA for 5 min, then cannulating this mixture
under N2 into a solution of the peptide dendrimer in 4:1 DMF/CH2Cl2.
Actual amounts of reagents used relative to the number of the coupling
sites are the following: 3 equiv for the monomer 5 ; 3 equiv for HOBt;
3 equiv plus the equivalent amount of TFA salt present for DIEA (4 equiv
for the first-generation, 9 equiv for the second generation, and 19 equiv for
the third-generation); 10 mL per gram resin for 4:1 DMF/CH2Cl2. The
coupling reaction was completed in 12 ± 24 h. Longer reaction times
increased the amount of the unidentified side products. The uncoupled free
amino groups were capped by stirring the PEG-bound dendrimer with
Ac2O (4 equiv) and DIEA (1 equiv) in CH2Cl2 at room temperature for
20 h. After each reaction, the mixture was poured into a 100-fold excess of
cold anhydrous ether, filtered, and washed with ether to obtain the product.
Additional washing with cold ethanol was necessary after each coupling
step to remove any remaining HOBt. Before cleavage of PEG, third-
generation dendrimers 10 were purified further, by preparative SEC in
toluene. The mass balances for each step were essentially quantitative.


General procedure for the cleavage of PEG : The dendrimers were cleaved
from the resin through the modified procedure of Chapman and Mahan.[9b]


Third-generation PEG-bound dendrimer 10 (50 mmol) was dissolved in
MeOH (250 mL), then an aqueous solution of NaOH (1n, 63 mL, 63 mmol)
was added at 0 8C. A white precipitate was detected instantly, but the
reaction mixture became a clear, homogeneous solution upon stirring for
2 ± 3 min. Additional MeOH (10 mL) was added and the mixture was
stirred at room temperature for 6 h. The solution became cloudy by diluting
with water (250 mL), then at 0 8C was neutralized with citric acid powder to
pH 6. The cloudy mixture was further diluted with water (300 mL) and left
at 4 8C overnight. The white solid was filtered off and washed with plenty of
water to ensure the removal of PEG. The collected solid was dissolved in
CH2Cl2, dried over Na2SO4, then concentrated under reduced pressure,
and dried in vacuo to give 12 as a white solid.


[G-3(ll-Val1, ll-Val2, ll-Val3)]-(NH-Boc)8 (12 a): Reaction of 10 a (327.3 mg,
44.5 mmol) gave 12 a (88.7 mg, 37.4 mmol) as a white solid. Yield: 84%; Rf :
0.45 [silica gel, 1:20 AcOH/EtOAc]; 1H NMR (500 MHz, 1:1 [D6]DMSO/
CDCl3, 25 8C): d� 12.23 (br s, 1H, CO2H), 7.85 (br s, 1 H, NH of Gly), 7.70
(s, 6H, NH of Val1 and Val2), 6.35 (s, 8H, NH of Val3), 3.72 (ABq-d, Jab�
17.6 Hz, J� 5.2 Hz, 2 H, CH2 of Gly), 3.20 ± 2.99 (m, 12H, CH2NH of Val1


and Val2), 2.95 (m, 16H, CH2NH of Val3), 2.65 (d, 1H, CHCH(CH3)2 of
Val1), 2.63 (m, 14 H, NCH2 of Val1, Val2, and Val3), 2.56 (d, 6 H,
CHCH(CH3)2 of Val2 and Val3), 2.31 (m, 14 H, NCH2 of Val1, Val2, and
Val3), 1.93 (m, 7 H, CHCH(CH3)2 of Val1, Val2 and Val3), 1.51 (m, 28H,
NCH2CH2 of Val1, Val2, and Val3), 1.35 (s, 72H, C(CH3)3), 0.88 (m, 21H,
CH(CH3)2 of Val1, Val2, and Val3), 0.81 ± 0.73 (m, 21H, CH(CH3)2 of Val1,
Val2, and Val3); 13C NMR (125 MHz, 1:1 [D6]DMSO/CDCl3): d� 171.1,
170.8, 155.5, 77.2, 70.0, 69.8, 47.8, 47.6, 38.2, 36.3, 28.1, 27.7, 26.7, 19.8, 19.7,
19.6; MS (MALDI-TOF): 2368.7 [M]� , 2391.7 ([M�Na]�), 2410.1 ([M�
K]�); elemental analysis calcd for C119H230N22O25 ´ 2H2O (2405.31): C 59.42,
H 9.81, N 12.81; found: C 59.65, H 9.77, N 12.56; SEC: Mn� 2.52 kg molÿ1


(TR� 8.11 min).


[G-3(ll-Leu1, ll-Leu2, ll-Leu3)]-(NH-Boc)8 (12 b): Reaction of 10b
(186.8 mg, 25.1 mmol) gave 12 b (46.2 mg, 18.7 mmol) as a white solid.
Yield: 75%; Rf : 0.5 [silica gel, 1:20 AcOH/EtOAc]; 1H NMR (500 MHz, 1:1
[D6]DMSO/CDCl3, 25 8C): d� 7.96 (s, 1H, NH of Gly), 7.73 (s, 6 H, NH of
Leu1 and Leu2), 6.37 (s, 8H, NH of Leu3), 3.74 (ABq-d, Jab� 17.5 Hz, J�
5.0 Hz, 2 H, CH2 of Gly), 3.20 ± 3.08 (m, 23 H, CH2NH of Leu3;
CHCH2CH(CH3)2 of Leu1, Leu2, and Leu3), 3.08 ± 2.88 (m, 12H, CH2NH
of Leu1 and Leu2), 2.50 ± 2.36 (m, 28H, NCH2 of Leu1, Leu2, and Leu3), 1.52
(m, 35H, CHCH2CH(CH3)2 of Leu1, Leu2, and Leu3; NCH2CH2 of Leu1,
Leu2, and Leu3), 1.35 (s, 72 H, C(CH3)3), 1.21 (m, 14 H, CHCH2CH(CH3)2 of
Leu1, Leu2, and Leu3), 0.84 (m, 42 H, CH(CH3)2 of Leu1, Leu2, and Leu3);
13C NMR (125 MHz, 1:1 [D6]DMSO/CDCl3): d� 172.4, 172.3, 172.1, 155.5,
77.3, 61.0, 60.7, 47.7, 47.5, 37.9, 36.4, 35.8, 28.1, 27.8, 24.7, 22.8, 22.0, 21.9; MS
(MALDI-TOF): 2467.7 [M]� , 2490.7 ([M�Na]�), 2508.8 ([M�K]�); SEC:
Mn� 2.31 kgmolÿ1 (TR� 8.19 min).
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Synthesis and Pairing Properties of Oligonucleotides Containing
3-Hydroxy-4-hydroxymethyl-1-cyclohexanyl Nucleosides


Yuris Maurinsh,[a] Helmut Rosemeyer,[b] Robert Esnouf,[a] Andrei Medvedovici,[c]


Jing Wang,[a] Griet Ceulemans,[a] Eveline Lescrinier,[a] Chris Hendrix,[a] Roger Busson,[a]


Pat Sandra,[c] Frank Seela,[b] Arthur Van Aerschot,[a] and Piet Herdewijn*[a]


Abstract: The enantiomeric forms of
cyclohexanyl adenine and thymine nu-
cleosides were obtained by separation of
their diastereomeric esters with (R)-(ÿ)-
methylmandelic acid. The four nucleo-
side analogues were appropriately pro-
tected, converted to their phosphorami-
dites and oligomerized. The resulting
cyclohexanyl nucleic acids (CNAs) rep-
resent a new enantioselective Watson ±
Crick base-pairing system. Homochiral
oligomers of equivalent chirality show
Watson ± Crick pairing, while those of
opposite chirality (d-CNA and l-CNA)


do not. No isochiral or heterochiral
adenine ± adenine or thymine ± thymine
base pairing is observed. Complex for-
mation occurs only between oligomers
in antiparallel orientations. d-CNA hy-
bridizes with natural nucleic acids, and
the strength of the interaction decreases
in the order dsCNA>CNA:RNA>


CNA:DNA. Thus, the d-cyclohexanyl


nucleic acids are RNA-selective. l-CNA
hybridizes either very weakly or not at
all with natural nucleic acids, and the
nature of this association is not clear.
This study of CNAs leads us to hypothe-
size that a) the conformation of a single
nucleoside analogue may be different
from its conformation in an oligonucleo-
tide and b) the conformational stress of
a nucleotide analogue incorporated in
an oligomer may contribute to the
sequence-dependent thermal stability
of oligonucleotide complexes.


Keywords: chirality ´ conformation
analysis ´ DNA recognition ´ oligo-
nucleotides ´ RNA


Introduction


Carbocyclic compounds are obtained by replacing the ring
oxygen atom of a furanose or pyranose sugar with a
methylene group. Compared with their carbohydrate con-
geners, these compounds have, generally, different physico-
chemical and biological properties. Recently, we have synthe-
sized a series of 1,5-anhydro-2,3-dideoxy-d-arabino-hexitol
nucleosides[1, 2] and their carbocyclic analogues.[3] At the
monomeric level the anhydrohexitol nucleosides adopt a C1


conformation. Mainly owing to steric effects, this conforma-
tion is flipped when the ring oxygen atom is replaced by a
methylene group.


Oligonucleotides constructed of anhydrohexitol building
blocks (HNAs) hybridize strongly and sequence-selectively
with RNA. Oligonucleotides with a phosphorylated cyclo-
hexanyl backbone structure were synthesized in order to
study the conformation and hybridization properties of
oligomers containing 1,4-substituted six-membered carbohy-
drate mimics with geometries different from those of HNAs.
We describe here the synthesis, studies of the hybridization,
and conformational analysis of such oligonucleotides. One of
the conclusions of this research is that the conformation of a
nucleoside analogue when it is a monomer may be consid-
erably different from that when it is incorporated in an
oligomer.


Results and Discussion


Separation of enantiomers of cyclohexanyl nucleosides : The
synthesis of racemic 3-hydroxy-4-hydroxymethyl-1-cyclohex-
anyl nucleosides has recently been described.[3] To continue
our studies on the modified oligonucleotides, we needed to
resolve the enantiomers of the thymine and adenine deriva-
tives. As starting material, we used compounds 1 and 2
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(bearing a free 3'-hydroxyl
group), previously obtained as
intermediates (Scheme 1).[3]


Acylation of 1 with (R)-(ÿ)-
methylmandelic acid[4] in the
presence of DCC and DMAP,
followed by separation by flash
chromatography, gave the indi-
vidual diastereoisomers 3(dd)
and 3(ll). The diastereomeric
purity was 99 % for both com-
pounds (determined by HPLC,
Figure 1). The diastereomeric
purity of 3(dd) and 3(ll) was
confirmed by their 1H NMR
spectra. The signals of H-6 and
H-1' in 3(dd) are shifted down-


field 0.25 and 0.35 ppm, respectively, compared to those of
3(ll) (data not shown). Deacylation of 3(dd) with KOH/
MeOH,[4] followed by treatment with 80 % acetic acid to
remove the trityl group, gave 5(dd). In the same way, 5(ll) was
synthesized from 3(ll) ; the UV and NMR spectra of enan-
tiomers 5(dd) and 5(ll) coincide with those reported for the
racemic mixture.[3] The primary 4'-CH2OH groups of both
5(dd) and 5(ll) were protected by monomethoxytrityl (MMTr)
groups to give 8(dd) and 8(ll), the building blocks for
oligonucleotide synthesis.


Abstract in Dutch: De enantio-
mere vormen van cyclohexanyl-
adenine- en -thyminenucleosi-
den werden verkregen door
scheiding van hun diastereome-
re esters met (R)-(ÿ)-methyl-
mandelzuur. Na het invoeren
van beschermgroepen werden
de vier nucleoside-analogen om-
gezet tot hun fosforamidieten en
ingebouwd in oligomeren. Cy-
clohexanylnucleïnezuur (CNA)
vertegenwoordigt een nieuw
enantioselectief Watson ± Crick
baseparingsysteem. Homochira-
le oligomeren van dezelfde chi-
raliteit vertonen Watson ± Crick-
paring, oligomeren van tegen-
gestelde chiraliteit (d-CNA en l-
CNA) niet. Er werd geen isochi-
rale of heterochirale adenine ±
adenine of thymine ± thymine
baseparing geobserveerd. Com-
plexvorming gebeurt in antipa-
rallelle richting en niet parallel.
d-CNA hybridizeert met na-
tuurlijke nucleïnezuren waarbij
de sterkte van de interactie
daalt in de volgorde dsCNA>


CNA:RNA>CNA:DNA. De
d-cyclohexanylnucleïnezuren zijn RNA-selectief. l-CNA hy-
bridizeert ofwel zeer zwak, ofwel niet met natuurlijke nucleï-
nezuren en de aard van deze associatie is niet duidelijk. De
studie van CNA geeft aanleiding tot de hypothese dat a) de
conformatie van een nucleoside-analoog verschillend kan zijn
als enkelvoudig molecuul en na incorporatie in een oligonu-
cleotide en b) conformationale spanning van een nucleotide-
analoog, ingebouwd in een oligomeer, zou kunnen bijdragen
tot de sequentie-afhankelijke thermische stabiliteit van oligo-
nucleotidecomplexen.


Scheme 1. Synthesis of the building blocks for oligonucleotide synthesis and of the diastereomeric intermediates
for the separation of the enantiomers of cyclohexanyl nucleosides. a) (R)-(ÿ)-Methylmandelic acid/DCC/
DMAP/CH2Cl2 followed by chromatographic separation; b) 0.1m KOH/MeOH; c) 80% HOAc; d) trimethylsilyl
chloride (TMSCl), pyr; e) BzCl; f) 2m NH4OH; g) MMTrCl, pyr; h) (iPr)2NEt, (iPr)2NP(Cl)OCE, CH2Cl2.
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Figure 1. Diastereomeric purity of compounds 3(dd) (A) and 3(ll) (B) as
determined by HPLC.


The adenine derivatives were resolved by treatment of 2
with (R)-(ÿ)-methylmandelic acid in the presence of DCC
and DMAP. Attempted separation of the diastereoisomers
4(dd) and 4(ll) by column chromatography was only partially
successful, and a large fraction of the material remained
unresolved. Likewise, HPLC was not very useful for deter-
mination of the diastereomeric purity of 4(dd) and 4(ll)
because of tailing. The apparently pure fractions of 4(dd) and
4(ll) were deprotected in the same manner as the thymine
derivatives to give the adenine nucleosides 6(dd) and 6(ll).
Transient protection[5] was used for 6(dd) and 6(ll) to introduce
N6-benzoyl groups, and subsequent treatment of 7(dd) and 7(ll)
with monomethoxytrityl chloride gave the protected nucleo-
sides 9(dd) and 9(ll). Determination of the optical rotations of
9(dd) ([a]20


D ��4.4) and 9(ll) ([a]20
D �ÿ2.05), however,


showed the poor degree of separation for the adenine
derivatives. Therefore, compounds 9(dd) and 9(ll) were acy-
lated once more with (R)-(ÿ)-methylmandelic acid in the
presence of DCC and DMAP to give 10(dd) and 10(ll). TLC
analysis of these products showed contamination of both
diastereoisomers with their congener but, because the com-
pounds suffer from substantial tailing on silica gel chroma-
tography, no estimate could be made of the diastereomeric
excess. Products 10(dd) and 10(ll) were purified by repeated
chromatotron chromatography (preparative, centrifugally
accelerated, radial, thin-layer chromatography). Final con-
firmation of the enantiomeric purity was given by the
chemical shift values of H-1' and C-1' in 1H NMR and
13C NMR spectra. In neither case could traces of the related
diastereomer be detected (Figure 2). Compounds 10(dd) and
10(ll) were deprotected by selective ester hydrolysis[6] to
recover enantiomers 9(dd) and 9(ll). These compounds were
also purified using chromatotron chromatography (gradient
97:3 to 95:5 of CH2Cl2/MeOH).


The absolute configuration of the cyclohexanyl nucleoside
with an adenine base moiety was proven by chemical
methods. Previously, we had obtained a cyclohexenyl adenine
nucleoside by a stereospecific route starting from (R)-(ÿ)-
carvone (Scheme 2).[7] By hydrogenation of the double
bond,[7] a compound is obtained which is identical to the
compound 6(dd). Figure 3 shows the separation of the racemic
mixture of cA (a 50:50 mixture of the cyclohexanyl adenine


Figure 2. Confirmation of the enantiomeric purity by 13C NMR. A: 10(dd):
C-1 d� 51.02 ; B: Compound 10(ll): C-1 d� 50.47 .


Scheme 2. Synthesis of d(A*) as described in ref. [7] and used as reference
to determine the absolute configuration of the separated enantiomers
d(A*) and l(A*).


Figure 3. SFC analysis of A) the racemic mixture of cA [a 50:50 mixture of
6(dd) and 6(ll)] and B) the 6(dd) enantiomer (see Experimental Section for
SFC conditions).


nucleosides 6(dd) and 6(ll)) by chiral chromatography[8] (Fig-
ure 3A), together with the identification of the fast-eluting
enantiomer as the 6(dd) analogue (Figure 3B), which was
obtained by stereospecific total synthesis.[7] Although not
strictly correct, the sugar nomenclature d and L is used in the
context of the cyclohexanyl nucleosides for clarity, so that
comparison with the configuration of the anhydrohexitol
nucleosides can easily be made. The cyclohexanyl thymine
nucleoside has not yet been prepared by the same stereo-
specific strategy; this would unequivocally establish the
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configuration. We therefore postulated similar chromato-
graphic and physicochemical behaviour of monomers and
oligomers of dA* and dT* to those of lA* and lT*
respectively.


Hybridization properties of cyclohexanyl nucleic acids (car-
bocyclic pyranosyl nucleosides or CNAs): With the phosphor-
amidites of the building blocks 8(dd), 8(ll), 9(dd) and 9(ll),
several modified oligonucleotides were synthesized. All
oligomers were homochiral. All-adenine, all-thymine and
mixed adenine/thymine oligonucleotides were synthesized.
For a preliminary insight into the pairing properties of the
newly obtained oligomers, UV melting curves at 260 nm were
recorded. Hybridization was studied between oligonucleoti-
des of the same sense of chirality and between those of
opposite chirality. Both self-complementary CNA complexes
and complexes between CNAs and natural nucleic acids
(DNA and RNA) were investigated. The samples were
dissolved in a neutral buffer solution containing 0.1m NaCl,
and melting curves were recorded at a heating rate of
0.2 8C minÿ1. To exclude the possibility of false interpretation
of data due to possible self-complementarity of CNA
oligomers (T± T or A ± A base-pair formation), the shape of
the melting curves of single-stranded oligomers was also
investigated. We have previously observed the formation of
thymine ± thymine base pairs in the HNA series,[9] while
adenine ± adenine pairing has been observed for homo-
DNA.[10] However, neither adenine ± adenine nor thymine ±
thymine pairing could be observed in the CNA series, either
between oligonucleotides of equivalent chirality [d(A*)13;
l(A*)13; d(T*)13; l(T*)13] or between compositions of opposite
chirality [d(A*)13 vs. l(A*)13]. The melting curves showed only
a linear and limited increase of UVabsorption as a function of
temperature.


The CNAs form a homochiral, self-complementary system.
Complexes between d(A*)13 and d(T*)13 (Figure 4) and
between l(A*)13 and l(T*)13 gave exactly the same melting
profile and were significantly more stable than the corre-
sponding natural associations (Table 1).[11] The melting curves
(upon heating) consistently showed biphasic profiles indicat-
ing multiple conformational complexes (i.e. , triplex forma-
tion) for both enantiomers. The down curves of the melting
profiles were broad, suggesting different association and
dissociation kinetics. Surprisingly, weak quasiracemate pair-
ing was also observed for d(A*)13:l(T*)13 (Figure 4) and for
l(A*)13:d(T*)13, which has seldom been observed before.[12, 13]


The stability of the association was, however, significantly less
than the stability of homochiral systems and the down curve
especially was rather broad. Moreover, the up melting curve
revealed a clearly different Tm from the down melting curve
(25.5 8C and 17.5 8C, respectively). Owing to these complex-


Figure 4. Melting curves for complexes between d(A*)13 and d(T*)13 (ÐÐ
up, - - - - down) and between d(A*)13 and l(T*)13 (±± ± up, **** down).


ities, the nature of these associations has not been further
investigated.


The association observed for homopurine and homopyr-
imidine oligonucleotides has been confirmed with mixed
adenine/thymine oligomers. Three non-self-complementary
mixed A ± T sequences were evaluated (4'-T2*A*T*A*-
T3*A4*-6', 4'-T4*A3*T*A*T*A2*-6' and 4'-A4*T3*A*-
T*A*T2*-6') for both the d series and the l series. The
homochiral oligonucleotides hybridized strongly (Tm: 51 8C in
0.1m NaCl) with their complements if both strands were of the
same stereochemical configuration but not when the strands
are of opposite chirality (Table 2, Figure 5).


The duplexes were more stable than the reference complex
of complementary DNA strands (Tm: 27.3 8C in 0.1m NaCl).
The synthesis of the third oligonucleotide (4'-A4*T3*A*-
T*A*T2*-6') allowed us to evaluate the hybridization direc-
tion. This oligonucleotide, however, did not hybridize at all
with either its parallel-d or its parallel-l complement (Ta-
ble 2). These results demonstrate the requirement for an
antiparallel orientation between the homochiral CNA strands
in cases where thermal melting behaviour was observed.


Table 3 shows the results of Tm determinations for com-
plexes formed between homopurine and homopyrimidine


Table 1. Tm [8C] determination of complexes formed between CNA
homooligomers.


d(A*)13 l(A*)13 d(T*)13 l(T*)13


d(A*)13 up ± ± 52/64[a] 25.5
down 56 17.5


l(A*)13 up ± ± 25.5 52/64[a]


down 17.5 56
d(T*)13 up 52/64[a] 25.5 ± ±


down 56 17.5
l(T*)13 up 25.5 52/64[a] ± ±


down 17.5 56


[a] Upon heating, the melting curves showed biphasic profiles.


Table 2. Tm [8C] determination of duplexes formed between CNA heterooligomers.


d(6'-A4*T3*A*T*A*T2*-4') l(6'-A4*T3*A*T*A*T2*-4') l(6'-T2*A*T*A*T3*A4*-4')


d(4'-T4*A3*T*A*T*A2*-6') 51.0 ± ±
l(4'-T4*A3*T*A*T*A2*-6') ± 51.0 ±







Cyclohexanyl Oligonucleotides 2139 ± 2150


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2143 $ 17.50+.50/0 2143


Figure 5. Melting curves for mixed A*,T* oligomers: ÐÐ d(6'-A4*T3*A*-
T*A*T2*-4') mixed with d(4'-T4*A3*T*A*T*A2*-6'); - - - - d(6'-A4*T3*A*-
T*A*T2*-4') mixed with l(4'-T4*A3*T*A*T*A2*-6'); ±± ± d(A4T3ATAT2)
mixed with d(T4*A3*T*A*T*A2*); **** r(A4U3AUAU2) mixed with
d(T4*A3*T*A*T*A2*).


oligo-CNAs and natural nucleic acids. For the l-oligonucleo-
tides [l(A*)13 and l(T*)13)], no hybridization could be
detected with the complementary natural nucleic acids [dT13


and r(GU13C) or dA13 and r(GA13C), respectively]. With
regard to hybridization with CNA, natural nucleic acids
discriminate on the basis of chirality. Homoadenine oligomers
composed of dA* hybridized strongly both with its DNA
complement dT13 (Tm 61 8C), and with its RNA complement
r(GU13C) (Tm 52 8C). Similar results were obtained with
homothymine oligomers with a dT* CNA component. A Tm


of 38 8C was observed for a dA13 complement and a Tm of
48 8C for an rA13 complement. At first sight, the fully modified
oligonucleotides composed of dA* seem to be DNA-selective
while the oligonucleotides composed of dT* are RNA-
selective. From hypochromicity values we could already
deduce that the interactions most probably had a triple-
strand origin, which was confirmed by Job plots.[14] In
the mixing curve of d(A*)13 with dT13 (Figure 6) the point of
minimum absorbance corresponds to an approximate 1:2 ratio
of dT13 to d(A*)13. Similar results were obtained for
the mixtures dA13:d(T*)13 and d(A*)13:r(GU13C). For the
r(GA13C):d(T*)13 mixture, however, the mixing curve
showed no clear minimum but only a flat line between
approximately 55 and 95 % of d(T*)13. This may be due to
slow kinetics and/or only small differences in hypochromicity
between the complexes at the wavelength applied for the Job
plots.


Figure 6. UV mixing curve of d(A*)13 with dT13, recorded at 260 nm.


Complexes between CNA homooligomers and natural
nucleic acids are more stable than DNA:RNA and dsRNA
associations. The melting temperatures of r(CU13G):dA13 and
r(CU13G):r(GA13C), used as references, were 15 8C and 39 8C,
respectively (Table 3). Even if the reference oligoribonucleo-
tides are flanked by GC base pairs, the melting temperature is
10 8C lower than observed for d(T*)13:r(GA13C). As men-
tioned previously, complexes of homooligonucleotides com-
posed of dT* units [complexed with dA13 or r(GA13C)] were
less stable than complexes formed between dA* oligomers
and dT13 or r(GU13C). The d(T*)13:dA13 association was also
less stable than the comparable HNA:DNA complex, as
revealed previously.[9] Besides the difference in ratio of both
single-stranded oligomers (1:1 or 1:2) used to build the
complexes, this difference might also result from differences
in conformational stress of the dA* and dT* monomers when
incorporated in oligonucleotides (see below).


To be a successful antisense therapeutic, a modified mixed-
sequence oligonucleotide has to be capable of forming stable
duplexes with natural nucleic acids. To assess this ability for
CNAs, we tested mixed A* ± T* sequences for hybridization
with complementary DNA and RNA (Table 4). Two sequen-
ces were evaluated both as homochiral-d oligomers and as
homochiral-l oligomers (4'-T4*A3*T*A*T*A2*-6' and 4'-
T2*A*T*A*T3*A*4*-6'). For both sequences, the d-CNAs
hybridized more strongly with RNA than with DNA (Ta-
ble 4), and thus were RNA-selective, as has been observed
previously with HNAs.[15] The thermal stabilities of the
duplexes formed with both sequences were similar. It should
be pointed out that both sequences contain six purine and six
pyrimidine bases. The difference in stability may be partially
explained by a difference in interstrand and intrastrand
stacking within CNA:RNA and CNA:DNA (as observed in
A- and B-type dsDNA).[16, 17] Neither of the l-CNA sequences
was able to hybridize with either DNA or RNA complements;
this supports the previous observation of chiral discrimination
by natural nucleic acids for homochiral d-CNA sequences.


To rule out the possibility that l-CNA could hybridize with
natural DNA or RNA in a parallel manner, we also evaluated
the hybridization properties of the inverted l-CNA sequence


Table 3. Tm [8C] determination of complexes formed between CNA
homooligomers and natural oligonucleotides (DNA and RNA).


dT13 dA13 r(5'-GA13C-3') r(5'-GU13C-3')


d(T*)13 ND[a] 37.6 48.2 ND
l(T*)13 ND ± ± ND
d(A*)13 61.1 ND ND 52.2
l(A*)13 ± ND ND ±
r(3'-CU13G-5') ND 15.2 38.7 ND


[a] ND� not determined.
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4'-A4*T3*A*T*A*T2*-6'. However, under no conditions was
the mixed A*,T* l-CNA oligomer capable of interacting with
complementary DNA or RNA.


The CNA:DNA duplex is thermally more stable than the
dsDNA or the RNA:DNA hybrid of the same sequence. A Tm


of 27.3 8C at 0.1m NaCl was found for dsDNA of sequence 3'-
T2ATAT3A4-5' compared with 29.6 or 30.1 8C for the CNA:
DNA duplex (depending on which DNA strand was replaced
by the CNA oligomer). Tms of only 22.0 8C and 15.0 8C were
measured for the respective RNA:DNA hybrids.


Structural investigations of CNA complexes using CD spec-
tral analysis and computational methods : Circular dichroism
is a convenient technique for probing the structure of chiral
polymers and polymer complexes. It may give initial infor-
mation on the helix types that are involved in the complexes
formed between nucleic acids.


The CD spectrum of d(A*)13 shows a positive Cotton effect
at 219 nm and 262 nm and a negative Cotton effect at 205 nm
and 243 nm (Figure 7, A). A maximum around 265 nm and a
minimum around 245 nm has also been observed with HNA
oligoadenylates,[9] although the intensities of the bands are
different. The signal at 262 nm is stronger and the signal at
243 nm weaker for d(A*)13 than for HNA. The spectrum
of d(A*)13 is very similar to the spectrum of poly(rA).
The difference between the CD spectra of d(A*)13


and poly(dA)[18] or 2',3'-dideoxy-b-d-glucopyranosyl(A10)
[ddGlc(A10)][10] is more pronounced than that between the
spectra of d(A*)13 and HNA or poly(rA). This implies the
absence of A ± A base pairing for CNAs [as observed with
ddGlc(A10)], and suggests similarities between the structures
of single-stranded oligoadenylates with a phosphorylated
hexitol backbone, of its carbocyclic congener and of RNA.


The negative and positive Cotton effects in the CD
spectrum of d(T*)13 (Figure 7, curve B) are shifted to higher
wavelengths (255 nm and 280 nm) compared to the CD
spectrum of d(A*)13. The spectrum is of low intensity,
corresponding better to the CD spectrum of poly(dT)[18] than
to the spectrum of HNA oligothymidylate.[9] Likewise,
similarities between the positions of the signals are greater
between d(T*)13 and poly(dT) than between d(T*)13 and
HNA. As the CD spectra for poly(rU) and poly(dT) are
similar, further comparison cannot be made. There is very
little base stacking in oligopyrimidines, and CD spectroscopy
indicates similar conformations for d(T*)13 and for oligothy-


midylates of natural origin. These data further
support the absence of T ± T base pairing in
CNAs, similar to HNAs.


When d(A*)13 and d(T*)13 were mixed, a CD
spectrum was obtained with three positive bands
at 222, 257 and 296 nm, and three negative bands
at 209, 246 and 270 nm (Figure 7, curve C). The
positive CD bands are more intense at lower
wavelength while the negative bands are more
intense at higher wavelengths. This corresponds
roughly with the low-temperature CD spectra of
poly(dA):poly(dT), of poly(rA):poly(dT) and of
poly(rT):poly(dA):poly(rT),[18] though the sim-
ilarities are not particularly striking. These CD


experiments suggest that single-stranded d(A*)13 and d(T*)13


adopt preorganized conformations similar to those of poly-
(rA) and poly(rU), respectively, and that on mixing them
either a double or a triple helix might be formed. Tm


measurements point in the direction of triple helix formation.


Figure 7. CD spectra of: A) d(A*)13 ; B) d(T*)13; C) a mixture of both
strands.


To examine the structures of mixed (A*,T*) CNA sequen-
ces, either self-complexed or complexed with natural nucleic
acids, we first evaluated CD spectra of dsDNA, DNA:RNA
and dsRNA as reference duplexes. The sequences of
these natural nucleic acids were those described before
for CNAs (for the RNAs: 5'-A4U3AUAU2AU2A-3' and
5'-UA2UA2UAUA3U4-3'; for the deoxynucleotide analogues
A is replaced by dA and U by dT). The dsRNA spectrum
clearly differs from the dsDNA spectrum both in the
intensities of the bands and in their wavelengths. For dsDNA,
positive bands at lower wavelengths are more intense than
those at higher wavelengths, and the opposite is observed for
dsRNA. In the spectrum of dsRNA, the negative bands are
very small while an intensely negative CD at about 245 nm is
observed for dsDNA. The CD spectrum for the DNA:RNA
duplex is intermediate between these spectra regarding both
intensity and wavelength shift.


The CD spectrum of dsCNA (Figure 8, curve A) has more
similarities with the spectra of dsRNA and RNA:DNA than
with the spectrum of dsDNA, although the bands are sharper


Table 4. Tm [8C] determination of duplexes formed between CNA heterooligomers and
natural 5'!3' oligonucleotides (DNA and RNA).


d(A4T3ATAT2) d(A2TATA3T4) r(A4U3AUAU2) r(A2UAUA3U4)


4'!6'
d(T4*A3*T*A*T*A2*) 29.6 ND[a] 41.6 ND
l(T4*A3*T*A*T*A2*) ± ND ± ND
d(T2*A*T*A*T3*A4*) ND 30.1 ND 39.0
l(T2*A*T*A*T3*A4*) ND ± ND ±
l(A4*T3*A*T*A*T2*) ND ± ND ±


3'!5'
d(T4A3TATA2) 27.3 ± 22.0 ±
d(T2ATAT3A4) ± 27.3 ± 15.0


[a] ND� not determined.
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and more intense and a shoulder appears at about 288 nm.
The shapes of the curves are not completely superimposable.


The spectrum of d-CNA:RNA (sequence 5'-A2TATA3T4-
3') (Figure 8, curve B) is practically identical with that of
DNA:RNA of the same sequence. Likewise, the spectrum of
d-CNA:DNA (sequence 5'-A2TATA3T4-3') (Figure 8, cur-
ve C) resembles that of DNA:RNA, although deviating


Figure 8. CD spectra of: A) dsCNA; B) d-CNA:RNA; C) d-CNA:DNA
for the sequence 5'-A2TATA3T4-3' and its complement.


somewhat more than the CD spectrum for d-CNA:RNA.
More divergent curves were obtained when the spectra were
measured for l-CNA in the presence of either its DNA or its
RNA complement (Figure 9). This, however, was not surpris-
ing as the mixture contained homochiral CNA with opposite
sense of chirality in the presence of a natural nucleic acid with
which, according to Tm results, no complex was formed. In
summary, the CD spectra suggest that the helix structures
obtained when d-CNA is complexed with RNA or DNA are
very similar to those of RNA:DNA hybrids and of dsRNA.
Likewise, similarities are observed between the structures of
dsCNA and dsRNA.


At first sight, the Tm and CD results seem surprising. We
have previously synthesized the carbocyclic pyranose nucleo-
sides and determined their conformations both in solution and


Figure 9. CD spectra of l-CNA in the presence of either its DNA (A) or its
RNA (B) complement.


in the solid phase (Scheme 3).[3] Both adenine- and thymine-
containing molecules adopted a conformation with an equa-
torially oriented base moiety and axially oriented hydroxy-
methyl group and hydroxyl functions (Scheme 3B). This


Scheme 3. Conformation of cyclohexanyl nucleosides after incorporation
in an oligonucleotide (A) in comparison with the monomer conformation
(B).


conformation was opposite to that found for the anhydrohex-
itol nucleosides,[1, 2] leading us to expect few similarities
between the structures of oligonucleotides built from anhy-
drohexitol nucleotides (HNAs) and those built from their
carbocyclic congeners (CNAs). Instead, we expected CNA to
adopt a quasilinear structure, in the trend of homo-DNA,[10]


and HNA to adopt a helical structure, as found in DNA and
RNA. However, CNA hybridized strongly with both RNA
and DNA, and the CD spectra obtained with CNA complexes
resembled those of HNA complexes. This can be explained by
a chair inversion of the carbocyclic nucleosides when incor-
porated in an oligomer and complexed with complementary
nucleic acid analogues.


Generally, the preferred conformation of the nucleotide
unit in polynucleotides is similar to that found in monomer
single crystals,[19] but this was apparently not the case for
oligomers built from phosphorylated cyclohexanyl nucleo-
sides. To gain better insight into this issue, we analyzed the
conformational preferences of hexitol nucleosides (hNs) and
their carbocyclic congeners (cNs) using computational meth-
ods. For both series nucleosides with both a thymine base
moiety and an adenine base moiety were analyzed, because
we had previously observed that purine and pyrimidine bases
had different effects on nucleoside conformation.[20, 21] The
lowest energy conformations of hT, hA, cT and cA with the
base moieties situated both equatorially and axially were
calculated together with the energy differences between each
pair of conformers with a simple dielectric appropriate for
water solvation (Table 5). The calculations showed that hA
prefers an axial base moiety and that hT prefers an equatorial
base moiety, but that the energy differences between the
conformers are small (1.7 and 5.9 kJ molÿ1, respectively).
Interconversion between chair conformations is possible
energetically, and this has been experimentally demonstrated
for the iodouracil congener when complexed with viral
thymidine kinase (TK).[22] However, both at the monomeric
level[1, 2] and at the oligomeric level,[9, 15, 23] the hexitol nucleo-
sides adopt conformations with an axially oriented base
moiety.


Similar computational methods suggest that the most stable
conformations of the carbocyclic nucleosides are those with
equatorially oriented base moieties for both thymine- and
adenine-containing nucleoside analogues; this result corre-
sponds well with experimental data.[3] However, the energy
difference between the two chair conformations is very small
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for the carbocyclic nucleoside with the adenine base moiety
(2.7 kJ molÿ1) and considerably larger for the nucleoside
analogue with the thymine base moiety (17.8 kJ molÿ1), a fact
suggesting that chair inversion is easier with the adenine
nucleosides than with the thymine nucleosides. The conforma-
tional preference of a nucleoside analogue is determined both
by steric and by stereoelectronic effects, and it is not always
easy to determine their relative contributions. However, with
carbocyclic nucleoside analogues the influence of steric
factors predominates. The study of the energy difference
between the two chair conformations of cyclohexanyl nucleo-
sides with either a pyrimidine or a purine base moiety
confirms the considerable difference in steric influences of
thymine and adenine bases.


On the basis of CD spectra, we expect that cyclohexanyl
oligoadenylates will adopt a helical structure similar to those
of HNA and RNA, as a result of chair inversion of the
carbocyclic monomer when incorporated in an oligonucleo-
tide. The gain in enthalpy resulting from stacking interactions
between the adenine bases can easily compensate for the chair
inversion and the loss in entropy resulting from the formation
of a preorganized single-stranded helical structure. This is less
likely for cyclohexanyl oligothymidylates, both because of the
lower stacking energy for pyrimidine bases and because of the
higher energy difference between the two chair conforma-
tions of the carbocyclic monomer with a thymine base moiety.
It might be expected, therefore, that duplexes containing
pyrimidine-rich CNA oligomers are thermodynamically less
stable than duplexes containing purine-rich CNA oligomers,
and such behaviour was indeed seen in the melting-temper-
ature studies.


Conclusion


Cyclohexanyl nucleic acids (CNAs or carbocyclic pyranosyl
nucleic acids) were synthesized with either thymine or


adenine as the base moiety. The
homochiral oligonucleotides were in-
vestigated in both the d and the l
series. Oligoadenylates, oligothymi-
dylates and mixed thymine-adenine-
containing oligomers were synthe-
sized from building blocks of the
same sense of chirality. Hybridization
studies revealed that hetero-com-
plexes are formed with homochiral
d-CNA but not with l-CNA. The
modified oligonucleotides form iso-
chiral Pu ± Py pairing. In the oligo-
adenylate CNA and oligothymidylate
CNA series heterochiral Pu ± Py pair-
ing is observed. However, these com-
plexes are of lower thermal stability
than the isochiral systems. No homo-
complexes between CNA molecules
were formed, regardless of chirality
(no A ± A or T ± T base pairing).


For the cyclohexanyl nucleic acids
comprising either homopolymeric


thymine or mixed thymine/adenine sequences, self-comple-
mentary duplexes (CNA:CNA) are consistently more stable
than duplexes with RNA (CNA:RNA) which, in turn, are
more stable than hybrids with DNA (CNA:DNA). This order
is not followed when the CNA contains only adenine bases. In
this case, the CNA:DNA complex is more stable than both the
self-complementary complexes and the CNA:RNA com-
plexes. This difference may be explained by a different nature
of association. Hypochromicity data suggest that oligoadeny-
late CNA:RNA and oligoadenylate CNA:DNA complexes
are triplexes, while the corresponding oligothymidylate CNA
complexes are double-helical associations.


Solution-phase analyses revealed that cyclohexanyl nucleo-
sides with either thymine or adenine bases adopt conforma-
tions with equatorial base moieties. The energy difference
between the two chair conformations is, however, consider-
ably higher with thymine as the base than it is with adenine;
this may be attributed to steric effects. Chair inversion of the
adenine nucleoside analogue costs less energy than chair
inversion of the thymine congener, owing to the greater steric
hindrance created by a pyrimidine base relative to a purine
base.


Oligonucleotides constructed of cyclohexanyl nucleosides
and phosphodiester internucleoside linkages probably adopt
quasilinear structures when the nucleobases are oriented
equatorially (Figure 10A). This structure can be obtained with
all the backbone torsion angles in staggered conformations
(a�ÿ608 ; b� 1808 ; g� 608 ; d� 1808 ; e� 1808 ; x� 1808) and,
of course, no stacking interactions and no hybridization with
natural nucleic acids can be expected. Attempts to dock CNA
having equatorially oriented bases with rigid templates of
either A- or B-form DNA (with a Molecular Dynamics
protocol which was recently used successfully for HNA[24])
produced severely strained structures. Therefore, it seems
unlikely that a helical conformation with base stacking in such
a manner as to allow base pairing with either A- or B-form


Table 5. Lowest energy conformations calculated for hT, hA, cT and cA.


Base Lowest energy of con-
former with an axial
base moiety


Lowest energy of con-
former with an equa-
torial base moiety


Conformational preference and energy
difference


B�T ÿ 288.9 kJ molÿ1 ÿ 294.8 kJ molÿ1 Favours equatorial base by 5.9 kJ molÿ1


B�A ÿ 333.9 kJ molÿ1 ÿ 332.2 kJ molÿ1 Favours axial base by 1.7 kJmolÿ1


Base Lowest energy of con-
former with an axial
base moiety


Lowest energy of con-
former with an equa-
torial base moiety


Conformational preference and energy
difference


B�T ÿ 273.2 kJ molÿ1 ÿ 291.0 kJ molÿ1 Favours equatorial base by 17.8 kJ molÿ1


B�A ÿ 318.8 kJ molÿ1 ÿ 321.5 kJ molÿ1 Favours equatorial base by 2.7 kJ molÿ1
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DNA or RNA can be obtained for CNA with equatorially
oriented bases (Figure 10C). Chair inversion of the nucleo-
sides, however, allows base stacking and hybridization with
natural nucleic acids. In this way, duplexes can be formed
between CNA and either DNA or RNA of similar geometries
to those previously described for HNA duplexes with natural
nucleic acids (Figure 10B shows the idealized CNA strand
conformation). Thus, our study of cyclohexanyl nucleosides
demonstrates that the preferred conformation of a single
nucleoside analogue can be different from its conformation in
an oligomer. Chair inversion may also partially explain the
lower thermal stability of oligothymidylate CNA:DNA com-
plexes compared to HNA:DNA and oligoadenylate CNA:
DNA complexes.


The energy gain from the stacking interactions between the
adenine bases of a single-stranded cyclohexanyl oligoadeny-
late can easily compensate for the chair inversion and the loss
in entropy due to preorganization of the oligomer. This is less
likely for the cyclohexanyl oligothymidylates because the
energy gain resulting from stacking of the pyrimidine bases is
less than that for purine bases and because the chair inversion
of a cyclohexanyl thymine nucleoside costs more energy than
inversion of a cyclohexanyl adenine nucleoside. Consequent-
ly, thymine-containing oligomers are expected to be less
thermally stable than adenine-containing oligomers. Thus, in
addition to differences in stacking interactions and hydration
patterns, the sequence-dependent differences in the stability
of oligonucleotide complexes may also be related to differ-
ences in conformational stress between the different nucleo-
sides (i.e., purine and pyrimidine nucleosides) used to build
the oligomer.


Experimental Section


The 1H NMR and 13C NMR spectra were recorded with Varian Gemini
200 MHz and Varian Unity 500 MHz spectrometers with TMS as internal


standards. Liquid secondary ion mass
spectra (LSIMS) were recorded on a
Kratos Concept 1H mass spectrometer
(Kratos Analytical, Manchester, UK)
using thioglycerol (THGLY) and 3-ni-
trobenzylalcohol (NBA) as matrix.
Mass spectra of the monomethoxytri-
tylated compounds were obtained by
doping the matrix with sodium acetate
(NaOAc). The UV spectra were re-
corded with a Philips 8740 UV/Vis
spectrophotometer. Melting points
were determined with a Büchi-Tottoli
apparatus and are uncorrected. Pre-
coated Merck silica gel 60F254 plates
were used for TLC. Column chroma-
tography was performed on Süd
Chemie AG silica gel (0.060 ±
0.200 nm). Solvents were dried with
standard methods. Chromatotron pu-
rification was carried out by means of
a Chromatotron model 8924 from
Harrison Research (Palo Alto, Cali-
fornia) equipped with a Lab Pump Jr.
model RHSY from Metering Inc.
(Oyster Bay, New York) on a 2 mm
sorbent layer of silica gel 60PF254


following the standard protocol.


1-{(1R,3S,4R)-4-Trityloxymethyl-3-[(R)-(O-methylmandelyl)oxy]-cyclo-
hexanyl}-thymine [3(dd)] and 1-{(1S,3R,4S)-4-trityloxymethyl-3-[(R)-(O-
methylmandelyl)oxy]-cyclohexanyl}thymine [3(ll)]: DCC (1.10 g,
5.3 mmol) was added to a solution of compound 1[3] (2.4 g, 4.83 mmol),
(R)-(ÿ)-O-methylmandelic acid (0.88 g, 5.31 mmol) and DMAP (65 mg,
0.53 mmol) in CH2Cl2 (50 mL) at 0 8C. The mixture was allowed to warm to
room temperature over 2 h and filtered. The filtrate was washed with
aqueous H3PO4 (1m, 30 mL), water (30 mL) and saturated aqueous
NaHCO3 (15 mL), dried (MgSO4) and filtered. Column chromatography
(CH2Cl2/MeOH, 99.5:0.5 to 99:1) afforded 1.09 g (35 %) of 3(dd) and 0.84 g
(27 %) of 3(ll) as foams, as well as 0.25 g (8%) of the mixture of 3(dd) and
3(ll).


Compound 3(dd): LSIMS (NBA): 643 [MÿH]ÿ ; 1H NMR (CDCl3): d�
1.1 ± 2.2 (10 H), 3.18 (2H), 3.45 (3H), 4.31 (1H), 4.80 (1H), 5.30 (1 H), 6.36
(1H), 7.24 ± 7.51 (20 H), 8.22 (1H); 13C NMR (CDCl3): d� 12.4, 22.1, 25.6,
30.2, 36.4, 49.1, 57.4, 61.9, 71.6, 82.5, 86.6, 110.3, 127.1, 127.3, 127.5, 128.8,
128.6, 136.2, 136.5, 143.7, 150.2, 163.3, 169.5; anal. calcd for C40H40N206: C
74.51, H 6.25, N 4.34; found C 74.29, H 6.12, N 4.47.


Compound 3(ll): LSIMS (NBA): 643 [MÿH]ÿ ; UV (MeOH): lmax (e)�
270 nm (9800 molÿ1 dm3 cmÿ1); 1H NMR (CDCl3): d� 1.25 ± 2.10 (10 H),
3.15 (2H), 3.47 (3H), 4.67 (1 H), 4.86 (1H), 5.32 (1 H), 6.50 (1H), 7.2 ± 7.5
(20 H), 8.76 (1H); 13C NMR (CDCl3): d� 12.5, 21.6, 25.7, 30.6, 35.8, 49.4,
57.4, 61.8, 71.5, 82.3, 86.7, 110.6, 127.1, 127.8, 128.7, 128.4, 135.9, 136.4, 143.6,
150.5, 163.3, 169.5; anal. calcd for C40H40N2O6: C 74.51, H 6.25, N 4.34;
found C 74.12, H 6.24, N 4.33.


1-[(1R,3S,4R)-4-Hydroxymethyl-3-hydroxycyclohexanyl]thymine [5(dd)]:
A solution of KOH (0.1m) in MeOH (15 mL) was added to a solution of
compound 3(dd) (1.24 g, 1.92 mmol) in MeOH (15 mL). The mixture was
evaporated after 30 min and the residue was dissolved in CH2Cl2 (100 mL),
washed with water (20 mL), dried (MgSO4) and evaporated. The residue
was dissolved in 80% HOAc and heated at 60 8C for 4 h. After removing
HOAc by evaporation and coevaporation with toluene, the residue was
dissolved in MeOH (10 mL), adsorbed on silica gel and put on the top of a
silica gel column. Elution with CH2Cl2/MeOH (95:5 to 9:1) afforded, after
recrystallization (MeOH/Et2O), 0.26 g (53 %) of 5(dd): m.p. 201 ± 202 8C;
LSIMS (THGLY): 253 [MÿH]ÿ , 125 [BÿH]ÿ ; anal. calcd for C12H18N2O4:
C 56.68, H 7.13, N 11.02; found C 56.64, H 7.17, N 10.96.


1-[(1S,3R,4S)-4-Hydroxymethyl-3-hydroxycyclohexanyl]thymine [5(ll)]:
Compound 5(ll) was obtained by deprotection of 3(ll) with KOH/MeOH
followed by treatment with 80% HOAc as described for 5(dd). Yield of 5(ll)
after crystallization (MeOH/Et2O) 64%; m.p. 201 ± 202 8C; LSIMS


Figure 10. Structure of oligonucleotides composed of cyclohexanyl nucleosides and phosphodiester internucleo-
side linkages: idealized structure of a quasilinear CNA oligomer with equatorially oriented bases (A) and of a
helical CNA oligomer with axially oriented bases (B); docking of CNA having equatorially oriented bases with
rigid templates (in bold) of either A- or B-form DNA (C).
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(THGLY): 253 [MÿH]ÿ , 125 [BÿH]ÿ ; anal. calcd for C12H18N2O4: C
56.68, H 7.13, N 11.02; found C 56.74, H 7.16, N 10.97.


1-[(1R,3S,4R)-4-(O-Monomethoxytrityl)oxymethyl-3-hydroxycyclohexa-
nyl]thymine [8(dd)]: A mixture of 5(dd) (0.59 g, 2.32 mmol) and MMTrCl
(0.86 g, 2.78 mmol) in pyridine (30 mL) was stirred at room temperature for
2 h. The reaction was quenched with MeOH (2 mL) and evaporated. The
residue was purified by column chromatography, eluted with CH2Cl2/
MeOH (99:1 to 95:5) to give 0.79 g (65 %) of 8(dd) as a foam. LSIMS: 525
[MÿH]ÿ ; UV (MeOH): lmax (e)� 274 nm (11 000 molÿ1 dm3 cmÿ1);
1H NMR (CDCl3): d� 1.27 ± 2.25 (7H), 2.82 (1H), 3.20 (2H), 3.83 (3H),
4.24 (1H), 4.85 (1H), 6.66 (1H), 6.90 (2H), 7.21 ± 7.52 (12 H), 9.23 (1H);
13C NMR (CDCl3): d� 12.5, 21.6, 26.2, 34.0, 39.0, 49.6, 55.2, 62.9, 68.0, 86.3,
110.5 113.1, 126.9, 127.5, 127.8, 128.4, 130.2, 135.6, 136.6, 144.3, 150.8, 158.5,
163.6; anal. calcd for C32H34N2O5: C 72.98, H 6.51, N 5.32; found C 73.02, H
6.54, N 5.32.


1-[(1S,3R,4S)-4-(O-Monomethoxytrityl)oxymethyl-3-hydroxycyclohexa-
nyl]thymine [8(ll)]: Compound 8(ll) was obtained by reaction of 5(ll) with
MMTrCl as described for 8(dd) in 87 % yield as a foam. LSIMS: 525 [Mÿ
H]ÿ ; UV (MeOH): lmax (e)� 274 nm (11 000 molÿ1 dm3 cmÿ1); 1H NMR
(CDCl3): d� 1.27 ± 2.25 (7H), 2.73 (1H), 3.20 (2 H), 3.83 (3H), 4.23 (1H),
4.84 (1H), 6.65 (1H), 6.88 (2H), 7.24 ± 7.53 (12 H), 9.13 (1H); 13C NMR
(CDCl3): d� 12.5, 21.6, 26.2, 34.0, 39.0, 49.6, 55.2, 62.9, 68.1, 86.3, 110.5
113.1, 126.9, 127.8, 128.2, 128.4, 130.2, 135.6, 136.4, 144.3, 150.8, 158.5, 163.6;
anal. calcd for C32H34N2O5: C 72.98, H 6.51, N 5.32; found C 72.69, H 6.59, N
5.36.


N6-Monomethoxytrityl-9-{(1R,3S,4R)-4-trityloxymethyl-3-[(R)-(O-meth-
ylmandelyl)oxy]-cyclohexanyl}adenine [4(dd)] and N6-monomethoxytrityl-
9-{(1S,3R,4S)-4-trityloxymethyl-3-[(R)-(O-methylmandelyl)oxy]-cyclo-
hexanyl}adenine [4(ll)]: DCC (1.32 g, 6.42 mmol) was added to a solution
of compound 2[3] (4.16 g, 5.35 mmol), (R)-(ÿ)-O-methylmandelic acid
(1.07 g, 6.42 mmol), and DMAP (78 mg, 0.64 mmol) in CH2Cl2 (100 mL) at
0 8C. The mixture was allowed to warm to room temperature over 2 h and
filtered. The filtrate was washed with aqueous H3PO4 (1m, 50 mL), water
(50 mL) and saturated aqueous NaHCO3 (30 mL), dried (MgSO4) and
filtered. Column chromatography (CH2Cl2/EtOAc, 40:1 to 20:1) afforded
1.48 g (30 %) of 4(dd) and 1.19 g (24 %) of 4(dd) as foams, as well as 1.98 g
(40 %) of the mixture of 4(dd) and 4(ll), which was chromatographed again
to give a further 0.59 g (12 %) of 4(dd) and 0.50 g (10 %) of 4(ll).


Compound 4(dd): LSIMS (NBA): 924 [MÿH]ÿ ; UV (MeOH): lmax (e)�
276 nm (24 600 molÿ1 dm3 cmÿ1); 1H NMR (CDCl3): d� 1.58 ± 2.10 (7H),
3.18 (2 H), 3.43 (3 H), 3.77 (3H), 4.54 (1H), 4.82 (1H), 5.33 (1H), 6.76 ± 6.85
(3H), 7.19 ± 7.50 (33 H), 8.00 (1H); 13C NMR (CDCl3): d� 21.9, 27.5, 31.9,
36.7, 49.7, 55.2, 57.3, 62.2, 70.9, 71.5, 82.5, 86.6, 113.1 121.1, 126.5, 126.8,
127.0, 127.4, 127.8, 128.6, 128.8, 129.2, 130.1, 136.3, 137.2, 137.6, 143.7, 145.2,
148.6, 151.9, 154.0, 158.2, 169.7; anal. calcd for C60H55N5O5: C 77.81, H 5.99,
N 7.56; found C 77.92, H 6.03, N 7.42.


Compound 4(ll): LSIMS (NBA): 924 [MÿH]ÿ ; UV (MeOH): lmax (e)�
276 nm (25 200 molÿ1 dm3 cmÿ1); 1H NMR (CDCl3): d� 1.65 ± 2.25 (7H),
3.25 (2 H), 3.43 (3 H), 3.77 (3H), 4.05 (1H), 4.79 (1H), 5.33 (1H), 6.75 ± 6.81
(3H), 7.17 ± 7.50 (33 H), 8.92 (1H); 13C NMR (CDCl3): d� 22.2, 27.1, 31.2,
37.1, 50.5, 55.2, 57.3, 62.2, 70.9, 71.6, 82.4, 86.6, 113.1 121.1, 126.8, 127.0, 127.2,
127.8, 128.6, 128.7, 128.8, 129.2, 130.1, 136.5, 137.3, 138.0, 143.7, 145.2, 148.6,
151.6, 154.0, 158.2, 169.6; anal. calcd for C60H55N5O5: C 77.81, H 5.99, N 7.56;
found C 77.62, H 6.04, N 7.53.


9-[(1R,3S,4R)-4-Hydroxymethyl-3-hydroxycyclohexanyl]adenine [6(dd)]:
Compound 6(dd) was obtained by deprotection of 4(dd) by KOH/MeOH
as described for 5(dd) followed by treatment with 80% HOAc at 50 8C
overnight. Following chromatographic purification as for 5(dd) and crystal-
lization (MeOH/H2O/Et2O), 76% of 6(dd) was obtained: m.p. 195 ± 197 8C;
LSIMS (NBA): 262 [MÿH]ÿ ; anal. calcd for C12H17N5O2: C 54.74, H 6.51,
N 26.60; found C 54.47, H 6.50, N 26.48.


9-[(1S,3R,4S)-4-Hydroxymethyl-3-hydroxycyclohexanyl]adenine [6(ll)]:
Compound 6(ll) was obtained by deprotection of 4(ll) with KOH/MeOH
as described for 5(dd) followed by treatment with 80% HOAc at 50 8C
overnight. Following chromatographic purification as for 5(dd) and crystal-
lization (MeOH/H2O/Et2O), 85% of 6(ll) was obtained: m.p. 219 ± 221 8C;
LSIMS (NBA): 262 [MÿH]ÿ ; anal. calcd for C12H17N5O2: C 54.74, H 6.51,
N 26.60; found C 54.49, H 6.54, N 26.52.


N6-Benzoyl-9-[(1R,3S,4R)-4-hydroxymethyl-3-hydroxycyclohexanyl]ade-
nine [7(dd)]: Trimethylchlorosilane (1.93 mL, 15.2 mmol) was added at 0 8C


to compound 6(dd) (0.8 g, 3.04 mmol), which had been dried repeatedly by
evaporation with pyridine and suspended in pyridine (15 mL). The mixture
was stirred for 1 h at 0 8C, benzoyl chloride (1.76 mL, 15.2 mmol) was
slowly added and stirring was continued at room temperature for 2 h. The
mixture was cooled in an ice bath and water (3.5 mL) was added. After
5 min 25% NH4OH solution (7 mL) was added; the mixture was stirred for
15 min and then evaporated. The residue was dissolved in 5 mL of MeOH,
and 25% NH4OH solution (50 mL) was added. After 30 min the solution
was evaporated and purified by column chromatography (CH2Cl2/MeOH,
99:1 to 90:10) affording after crystallization (MeOH/Et2O) 0.88 g (79 %) of
7(dd): m.p. 198 ± 200 8C; LSIMS: 366 [MÿH]ÿ ; UV (MeOH): lmax (e)�
282 nm (19 700 molÿ1 dm3 cmÿ1). 1H NMR ([D6]DMSO): d� 1.58 ± 2.38
(7H), 3.55 (2 H), 4.01 (1H), 4.55 (1 H), 4.79 (1H), 4.91 (1 H), 7.56 (3 H), 8.03
(2H), 8.63 (1H), 8.71 (1 H), 11.12 (1H); 13C NMR ([D6]DMSO): d� 21.4,
27.4, 34.8, 42.1, 50.0, 61.1, 65.9, 125.8, 128.6, 132.5, 133.6, 143.5, 150.1, 151.2,
152.2, 165.7; anal. calcd for C19H21N5O3: C 62.11, H 5.76, N 19.06; found C
62.02, H 5.79, N 19.09.


N6-Benzoyl-9-[(1S,3R,4S)-4-hydroxymethyl-3-hydroxycyclohexanyl]ade-
nine [7(ll)]: Compound 7(ll) was obtained from 6(ll) as described for 7(dd) in
84% yield. M.p. 197 ± 198 8C; LSIMS: 366 [MÿH]ÿ ; UV (MeOH): lmax


(e)� 282 nm (19 800 molÿ1 dm3 cmÿ1); 1H NMR ([D6]DMSO): d� 1.59 ±
2.37 (7 H), 3.55 (2H), 4.00 (1 H), 4.55 (1H), 4.80 (1H), 4.91 (1 H), 7.57
(3H), 8.03 (2 H), 8.63 (1H), 8.71 (1H), 11.11 (1H); 13C NMR ([D6]DMSO):
d� 21.4, 27.4, 34.8, 42.1, 50.0, 61.1, 65.9, 125.8, 128.6, 132.5, 133.6, 143.5,
150.1, 151.2, 152.2, 165.7; anal. calcd for C19H21N5O3: C 62.11, H 5.76, N
19.06; found C 61.82, H 5.74, N 19.09.


N6-Benzoyl-9-[(1R,3S,4R)-4-(monomethoxytrityl)oxymethyl-3-hydroxy-
cyclohexanyl]adenine [9(dd)]: Compound 9(dd) was obtained from 7(dd) as
described for 8(dd) in 87 % yield as a foam: LSIMS: 638 [MÿH]ÿ ; UV
(MeOH): lmax (e)� 282 nm (21 000 molÿ1 dm3 cmÿ1); 1H NMR
([D6]DMSO): d� 1.40 ± 2.30 (7H), 3.09 (1 H), 3.18 ± 3.36 (2H), 3.83 (3 H),
4.18 (1 H), 4.97 (1 H), 6.87 (2 H), 7.26 ± 7.62 (15 H), 7.94 (1H), 8.05 (2 H),
8.76 (1H), 9.20 (1H); 13C NMR ([D6]DMSO): d� 21.8, 27.8, 35.2, 41.1, 50.8,
55.2, 64.8, 68.7, 86.7, 113.2, 123.2, 127.0, 127.3, 127.8, 128.3, 128.8, 130.1, 132.7,
133.7, 135.4, 141.3, 144.0, 144.2, 149.4, 151.9, 152.1, 158.6, 164.6; anal. calcd
for C39H37N5O4 ´ H2O: C 71.21, H 5.98, N 10.65; found C 71.55, H 5.91, N
10.63.


N6-Benzoyl-9-[(1S,3R,4S)-4-(monomethoxytrityl)oxymethyl-3-hydroxycy-
clohexanyl]adenine [9(ll)]: Compound 9(ll) was obtained from 7(ll) as
described for 8(dd) in 68 % yield as a foam: LSIMS: 638 [MÿH)ÿ ; UV
(MeOH): lmax (e)� 282 nm (20 300 molÿ1 dm3 cmÿ1); 1H NMR
([D6]DMSO): d� 1.40 ± 2.30 (7H), 3.07 (1 H), 3.18 ± 3.36 (2H), 3.82 (3 H),
4.17 (1 H), 4.97 (1 H), 6.87 (2 H), 7.27 ± 7.62 (15 H), 7.94 (1H), 8.04 (2 H),
8.76 (1H), 9.17 (1H); 13C NMR ([D6]DMSO): d� 21.8, 27.8, 35.2, 41.1, 50.8,
55.2, 64.8, 68.8, 86.7, 113.2, 123.2, 127.0, 127.3, 127.8, 128.3, 128.8, 130.1,
132.7, 133.7, 135.4, 141.3, 144.0, 144.2, 149.3, 151.9, 152.1, 158.6, 164.6; anal.
calcd for C39H37N5O4 ´ H2O: C 71.21, H 5.98, N 10.65; found C 71.19, H 5.87,
N 10.69.


N6-Benzoyl-9-{(1S,3R,4S)-4-(monomethoxytrityl)oxymethyl-3-[(R)-
(O-methylmandelyl)oxy]-cyclohexanyl}adenine [10(ll)]: DCC (0.50 g,
2.42 mmol) was added to a solution of compound 9 (a fraction with
primarily 9(ll)) (1.4 g, 2.12 mol), (R)-(ÿ)-O-methylmandelic acid (0.40 g,
2.40 mmol) and DMAP (29 mg, 0.24 mmol) in CH2Cl2 (20 mL) at 0 8C. The
mixture was allowed to warm to room temperature over 6 h and filtered.
The filtrate was washed with aqueous H3PO4 (1m), water and saturated
aqueous NaHCO3, dried (MgSO4) and filtered. Repeated chromatotron
purification (THF in CH2Cl2, 7.5 % to 15%) afforded 1.2 g (70 %) of 10(ll).
The yield for the conversion of 10(ll) back to 9(ll) was 94 % (0.91 g).


Compound 10(ll): LSIMS (THGLY/NaOAc): 810 [M�Na]� ; UV (MeOH):
lmax (e)� 229 nm (32 500), 281 nm (23 100 molÿ1 dm3 cmÿ1); 1H NMR
(CDCl3): d� 1.25 ± 2.20 (m, 12H, CH2), 3.23 (m, 2H, CH2 on 4), 3.47 (s,
3H, CH3O), 4.80 (s, 3H, CH3O), 4.64 (m, 1H, H-1), 4.89 (s, 1H, H*), 5.38
(br d, 1H, H-3), 6.86 (d, 2 H, ar), 7.24 ± 7.60 (m, 20H, ar), 7.78 (s, 1 H, H-8),
8.04 (d, 2H, ar), 8.74 (s, 1 H, H-2), 9.30 (br s, 1 H, NH); 13C NMR (CDCl3):
d� 21.9, 27.1 (C-5, C-6), 31.7 (C-2), 36.7 (C-4), 50.5 (C-1), 55.1 (OCH3), 57.3
(OCH3), 62.0 (CH2), 71.4 (C-3), 82.5 (CH mand acid), 86.3 (C MMTr), 113.1
(CH MMTr), 123.3 (A-5), 126.9, 127.0, 127.8, 128.4, 128.7, 130.1 (CH ar),
132.6, 133.6, 135.4, 136.6 (C ar), 141.0 (A-8), 144.1 (C MMTr), 149.4 (A-4),
151.7 (A-2), 152.1 (A-6), 158.5 (C MMTr), 164.7 (C�O Bz), 169.6 (COO
ester); HRMS: calcd C48N45N5O6Na 810.3268; found 810.3288.
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N6-Benzoyl-9-{(1R,3S,4R)-4-(monomethoxytrityl)oxymethyl-3-[(R)-(O-
methylmandelyl)oxy]-cyclohexanyl}adenine [10(dd)]: DCC (0.25 g,
1.20 mmol) was added to a solution of compound 9 (a fraction with
primarily 9(dd)) (0.64 g, 0.97 mol), (R)-(ÿ)-O-methylmandelic acid (0.20 g,
1.20 mmol), and DMAP (15 mg, 0.12 mmol) in CH2Cl2 (20 mL) at 0 8C. The
mixture was allowed to warm to room temperature over 7 h and filtered.
The filtrate was washed with 1m aqueous H3PO4, water and saturated
aqueous NaHCO3, dried (with MgSO4) and filtered. Repeated chromato-
tron purification (THF in CH2Cl2, 7.5 % to 15%) afforded 0.71 g (87 %) of
10(dd). The yield for the conversion of 10(dd) to 9(dd) was 91 % (0.52 g).


Compound 10(dd): LSIMS (THGLY/NaOAc): 810 [M�Na]� ; UV (MeOH):
lmax (e)� 229 nm (34 300), 281 nm (23 900 molÿ1 dm3 cmÿ1); 1H NMR
(CDCl3): d� 1.60 ± 2.10 (m, 11H, CH2), 2.30 (m, 1H, CH2 on 4), 3.31 (d,
2H, CH2), 3.48 (s, 3H, CH3O), 3.79 (s, 3H, CH3O), 4.08 (m, 1H, H-1), 4.86
(s, 1 H, H*), 5.41 (br s, 1 H, H-3), 6.87 (d, 2 H, ar), 7.20 ± 7.62 (m, 21H, ar,
H-8), 8.03 (d, 2 H, ar), 8.66 (s, 1H, H-2), 9.34 (br s, 1 H, NH); 13C NMR
(CDCl3): d� 22.1, 26.6 (C-5, C-6), 30.8 (C-2), 36.9 (C-4), 51.0 (C-1), 55.1
(OCH3), 57.2 (OCH3), 62.0 (CH2), 71.4 (C-3), 82.2 (CH mand acid), 86.3 (C
MMTr), 113.1 (CH MMTr), 123.5 (A-5), 126.9, 127.2, 127.8, 128.4, 128.7,
128.8, 130.1, 132.6, 133.6, 135.4, 136.5 (C ar), 141.4 (A-8), 144.2 (C MMTr),
149.4 (A-4), 151.9 (A-2�A-6), 158.6 (C MMTr), 164.8 (C�O Bz), 169.5
(COO ester); HRMS: calcd C48N45N5O6Na 810.3268; found 810.3228.


Preparation of the amidite building blocks 11(dd), 11(ll), 12(dd) and 12(ll):
About 1 mmol of the modified nucleoside (see Table 6), protected at the
primary alcohol, was treated with dry N,N-diisopropylethylamine (3 equiv)
and 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.5 equiv) in
dry dichloromethane (10 mL) and stirred at room temperature for
30 min. The reaction was quenched by addition of water (3 mL) and
stirred further for 15 min. The mixture was washed with 5 % sodium
bicarbonate solution (30 mL) and saturated NaCl solution (3� 30 mL),
dried and evaporated. Column chromatography with n-hexane/acetone/
triethylamine as eluent afforded the amidite. The product thus obtained
was dissolved in dry dichloromethane (2 mL) and precipitated by dropwise
addition to cold (ÿ70 8C) n-hexane (100 mL). The product was isolated,
washed with n-hexane, dried and used as such for DNA synthesis. Yields,
starting quantity, Rf values, mass analysis and 31P NMR data are given in
Table 6.


Analysis of cA [6(dd) and the racemic mixture of 6(dd) and 6(ll)] by
subcritical fluid chromatography (SFC):[8] The racemate was derivatized
into the trifluoroacyl derivatives by adding trifluoroacetic anhydride
(1 mL) to cA (4 mg) and heating at 65 8C for 30 min. After evaporation
the residue was redissolved in MeOH (1 mg mLÿ1) and analyzed. The chiral
separation was achieved on a Diacel Chiralpak AD column (J. T. Baker)
(250 mm� 4.6 mm i.d., 10 mm particle size) at 30 8C with a mobile phase
consisting of CO2 with modifier (0.1 % trifluoroacetic acid and 0.1%
triethylamine in MeOH). The SFC system consisted of a Gilson Series SF3
instrument (Gilson Medical). UV detection was done at 270 nm.


Solid-phase oligonucleotide synthesis : Oligonucleotide synthesis was
performed in an ABI 381 A DNA synthesizer (Applied Biosystems) by
the phosphoramidite approach. The classical synthesis protocol was used
except for the concentration of the newly synthesized products, which was
increased from 0.1 to 0.12m. The oligomers were deprotected and cleaved
from the solid support by treatment with concentrated aqueous ammonia
(55 8C, 16 h). After prepurification on a NAP-10� column (Sephadex G25-
DNA grade, Pharmacia) with buffer A as eluent (see below), purification
was achieved on a Mono-Q� HR10/10 anion exchange column (Pharmacia)


with the following gradient system [A� 10 mm NaOH, pH 12.0, 0.1m NaCl;
B� 10 mm NaOH, pH 12.0, 0.9m NaCl; gradient used depended on the
oligonucleotide; flow rate 2 mL minÿ1]. The low-pressure liquid chroma-
tography system consisted of a Merck-Hitachi L 6200 A intelligent pump, a
Mono Q�-HR 10/10 column (Pharmacia), a Uvicord SII2138 UV detector
(Pharmacia-LKB) and a recorder. The product-containing fraction was
desalted on a NAP-10� column and lyophilized.


Melting temperatures : Oligomers were dissolved in a solution containing
NaCl (0.1m), potassium phosphate (0.02m, pH 7.5) and EDTA (0.1 mm).
The concentration was determined by measuring the absorbance at 260 nm
at 80 8C and assuming that the cyclohexanyl nucleoside analogues have the
same extinction coefficients in the denatured state as the natural nucleo-
sides. The following extinction coefficients were used: dA and A*, e�
15000; dT and T*, e� 8500; dG, e� 12500; dC, e� 7500; U, e�
10000 molÿ1 dm3 cmÿ1. The concentration in all experiments was ca. 4 mm
for each strand unless otherwise stated. Melting curves were determined
with a Uvikon 940 spectrophotometer. Cuvettes were maintained at
constant temperature by means of water circulation through the cuvette
holder. The temperature of the solution was measured with a thermistor
directly immersed in the cuvette. The temperature was controlled and the
data acquired automatically with an IBM-compatible computer. The
samples were heated and cooled at a rate of 0.2 8C minÿ1, and no difference
could be observed between the heating and cooling melting curves unless
otherwise stated. Melting temperatures were evaluated by plotting the first
derivative of the absorbance-versus-temperature curve.


UV mixing curves : UV mixing curves were obtained by titration of a
solution (6 mm) of one strand with an equimolar solution of its complement.
The solutions were made of NaCl (0.1m), potassium phosphate (0.02m,
pH 7.5), EDTA (0.1 mm). The mixtures were allowed to equilibrate for
10 min at 10 8C prior to measurement at 260 nm and 10 8C in a Uvikon940
spectrophotometer.


CD experiments : CD spectra were measured with a Jasco 600 spectropo-
larimeter in thermostatically controlled 1 cm cuvettes connected with a
Lauda RCS 6 Bath. The oligomers were dissolved and analyzed in a
solution of NaCl (0.1m) and K2HPO4 (0.02m, pH 7.5) at 25 8C and at a
concentration of 4 mm for each strand.


Optical rotation : Optical rotation was measured with a Thorn NPL
Automatic Polarimeter Type 243 at a temperature of 26 8C in a mixture of
MeOH/H2O 10:1.
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Time-Resolved Dynamics of the Vesicle Membrane During Individual
Exocytotic Secretion Events, as Extracted from Amperometric Monitoring of
Adrenaline Exocytosis from Chromaffin Cells


Christian Amatore,* Yann Bouret, and Laurent Midrier


Abstract: In chromaffin cells, adrena-
line is known to be released through
docking and then fusion of a secretory
vesicle to the cytoplasmic membrane of
the cell. Here we propose a method for
the calculation of the dynamics of the
vesicle membrane during the fusion
from amperometric currents observed
during individual exocytotic secretion
events. The method is based on recog-
nition of the fact that the overall current
spike shape results from the convolution
of the membrane dynamics with the rate
of diffusion and exchange of the cat-
echolamine cation inside the matrix core
of the vesicle. This convolution can be
treated analytically thanks to a reason-
able approximation on the relative time
scales of the opening function and
diffusion; this leads to a convolution


integral with which one deconvolutes
the experimental amperometric data.
An alternative numerical treatment
through Brownian motion simulations
dispenses with the need for this simpli-
fying approximation. Combination of
both approaches yields the membrane
dynamics with a precision and a time
resolution never achieved before. The
peculiar dynamics of the vesicle mem-
brane hint that exocytotic events are
regulated by the swelling of the matrix
polyelectrolyte core of the vesicle (al-
though this important component is
transparent in the analysis proposed


here); this points to the important role
of matrix swelling in exocytotic behav-
ior. In particular, the effect may be
elaborated to offer a new energetic
interpretation of the transition between
pore release and fusion release: secre-
tory vesicles which involve pores and
matrices similar to those of the adrenal
cells investigated here can be separated
into two classes according to their radius
and catecholamine content. Small vesi-
cles (<ca. 25 nm radius, and containing
<ca. 20 000 molecules) should always
release their contents through pore
docking; larger vesicles should always
fuse, unless another mechanism closes
the pore before ca. 20 000 molecules of
catecholamine have been released.


Keywords: amperometry ´ exocyto-
sis ´ neurotransmitters ´ secretory
release ´ vesicles


Introduction


Regulated exocytosis of neurotransmitters commands the
communication between neurons. As in neurons, in chromaf-
fin and beige mouse mast cells which are current biological
models for the investigation of neuronal exocytosis, the
cationic catecholamine neurotransmitter is encapsulated in
secretory vesicles present in the cytoplasm of the cell; it is
contained in a polyelectrolyte gel matrix which fills the inside
of the vesicle.[1, 2] Investigations of exocytotic events on
chromaffin and mast cells through patch-clamp techniques
have established that following stimulation of the cell by
calcium ions,[3] the intracellular secretory vesicles dock with
the membrane of the cell and connect to the extracellular


medium via a pore that passes through the two membranes in
contact. This creates a nanometric channel whose diameter
remains constant during release, since it is imposed by the
pore architecture.[4] This pore allows the release of the
cationic catecholamine neurotransmitter into the extracellu-
lar fluid [4, 5] and therefore also provokes the simultaneous
entrance of hydrated cations into the vesicle matrix, a process
necessary to maintain electroneutrality within the vesicle
matrix.


The release of biologically important molecules by cells can
be monitored by cyclic voltammetry or amperometry at
carbon-fiber ultramicroelectrodes.[4b, h, 5, 6] Amperometric
monitoring of exocytotic events at chromaffin cells shows
that in 20 ± 30 % of the events[5c] a constant flux of neuro-
transmitter is released at the beginning of the exocytosis,
presumably through the initial pore. Indeed, this phenomenon
can be rationalized on the basis of the analogy with steady-
state spherical diffusion at ultramicroelectrodes. The radius
(5� 1 �) of the pore determined through this electrochemical
analogy[5c] matched extremely closely that derived from
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patch-clamp measurements,[1±4, 7] although the two techniques
are totally independent: patch-clamp sees the pore presence
through modification of the capacitance of the patched
membrane area, but is blind to the flux of catecholamines
through this pore; conversely, amperometry is blind to the
pore opening but sees the flux of neurotransmitter that
ensues. Patch-clamp measurements indicate that the initial
pore may close again; this observation is rationalized as the
undocking of the vesicle from the cell membrane. Generally
such events (docking/undocking) are not easily recognized on
amperometric monitoring traces when they occur alone.
However, when a pore release is observed in amperometry
(�20 ± 30 % of the events), a few milliseconds after the initial
opening of the pore one observes a sharp increase of the
current (see sketch in Figure 1), followed by a smoother


Figure 1. Schematic representation of an individual exocytotic secretion
event monitored by patch amperometry, adapted from an original figure
published in ref. [4h]. The current response (pA scale) as a function of time
(top left) indicates the two components (foot and spike, see text) of the
response of a chromaffin cell stimulated by Ca2�, and is shown in parallel
with the change of the patched area capacitance (bottom left) measured (fF
scale) simultaneously by patch-clamp. On the right-hand side are sketched
the four stages of the exocytotic event during each of the four domains
labeled 0 to III on the left-hand side of the figure (note that the various
components are not depicted to scale).


decrease of the flux, so that the main amperometric signal
(termed the spike) is shaped as an exponentially modified
gaussian[5c] that follows the smaller constant current plateau
(termed the foot) which corresponded to the release by the
pore. In most amperometrically detected events (�70 ± 80 %)
only the spike component is observed, which can be explained
by assuming that in most cases the duration of the pore is in
the range of a millisecond or less, so that it is merged with the
sharp rising part of the spike and cannot be resolved in the
digitization process (e.g., 1 to 0.5 ms time increments; see
Experimental Section for the experimental current traces).
Since for �20 ± 30 % of the events, the pore current is
observable and has a mean duration of ca. 8 ms, a mean
duration of ca. 2 ms appears a reasonable estimate when
considering the whole set of events.[5d] Voltammetric measure-
ments have established that the catecholamine released
during the foot and during the spike is the same,[5b] namely,
adrenaline for chromaffin cells. Therefore, the specific shapes
of the foot and of the spike represent directly and only the
time variations of the released flux.


Coupling of patch-clamp and amperometric techniques [4h]


has established that the sharp rising branch of the spike
corresponds to a sudden increase of the capacitance of the
patched cell membrane area (see sketch in Figure 1). This
feature is explained as a rapid increase of the patched surface
area due to the incorporation of the vesicle membrane into
the cell membrane by rapid fusion of the two bilipidic layers.
Fusion implies a concomitant unmasking of the vesicle matrix
wall, so that the matrix external surface becomes directly
exposed to the extracellular medium and a larger amount of
neurotransmitter can be released much more rapidly than by
the pore. This increased release flux is reflected by the steep
increase of the amperometric current. During the compara-
tively smoother current decay that follows this sudden rise,
patch-clamp measurements indicate that there is no variation
of the membrane area.[4h] One may therefore reasonably
assume that the matrix external surface is then fully exposed
to the extracellular solution at this stage, so that the smooth
decrease of the amperometric current features mainly the
slower and slower extraction of the neurotransmitter from the
matrix core.


In summary, the particular shapes of the current spike and
of the foot are thought to reflect the occurrence of three
fundamentally distinct physicochemical processes that are
schematized in Figure 1: pore creation, fusion and unwrap-
ping of the vesicle membrane, and release of neurotransmitter
from the fully exposed polyelectrolyte matrix, the two latter
processes being certainly intimately coupled in producing the
characteristic spike shape. When observable, the amount of
neurotransmitter released during the foot is generally negli-
gible (less than �1 %)[5c] compared with that released during
the spike, as shown by the relative charges obtained by time
integration of each currents. Thus, in a first approximation the
pore phenomena (foot) can be disconnected from the fusion-
initiated ones (spike) because the foot release is not expected
to alter significantly the whole vesicle bulk (but see below in
Section C of Results and Discussion). Conversely, the two
physicochemical processes leading to the spike characteristic
shape are expected to be intimately coupled. In a previous
work,[5c] these two processes have been uncoupled empirically,
the two components of the spike being arbitrarily (but vide
infra) deconvoluted through fitting to an exponentially
modified gaussian kinetics. Although this choice led to an
excellent fit between experimental and reconstructed spikes,
and afforded a first handle on the physicochemical parameters
that govern the two distinct process, it was not fully
satisfactory because based upon an arbitrary (albeit reason-
able, vide infra) model.


In the present work, we wish to present a more physico-
chemical descriptive model of the spike events for secretion
from vesicles that contain polyelectrolyte matrixes similar to
those of adrenal cells which are considered in this work. We
illustrate how this model can be used for routine extraction
from any amperometric spike of the physicochemical param-
eters that characterize the vesicle and its matrix, but most of
all how it permits the reconstruction of the opening function
of the vesicle, that is, the variation over time of the vesicle
surface area exposed to the extracellular fluid. This yields a
much better definition than could be achieved up till now by
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patch-clamp measurements based on the data reported in the
current literature.[4h] On the basis of this much better
definition, important conclusions can be inferred which
should be valid for most cells containing polyelectrolyte
matrixes similar to those of adrenal cells.


Results and Discussion


A. Theory


I. General framework of the model : In the amperometric
experiments, a carbon-fiber microelectrode of micrometric
size is positioned at the contact of the cell membrane so that
diffusion of the adrenaline cations released from any vesicle
(radius R0� 150 nm) fusing under the electrode surface is
extremely fast compared with the half-width of the spikes
(i.e., tdiff� t1/2 , with 5 ms� t1/2� 50 ± 60 ms, vide infra) and the
collection efficiency of the electrode is unity for any event
which occurs under its surface.[5c, 8] Thus, the current spike
(Figure 1) monitored at the electrode through the two-
electron oxidation of the adrenaline[9] at the electrode surface
[Eq. (1)] reflects directly the flux of release without signifi-
cant filtering by diffusion of adrenaline into the small
extracellular fluid gap.[8] Because of the analogy with a real
synapse, such electrochemical systems have been termed
articifial synapses.[6a]


In addition to the two physicochemical factors that have
been identified above in controlling the current spike shapeÐ
namely, i) the unfolding of the membrane, since this controls
the rate of exposure of the surface area of the gel matrix which
is initially encapsulated by the vesicle membrane; ii) the
diffusion of the neurotransmitter from the inside core of the
matrix towards the external surface area exposed to the
solutionÐa third one needs also to be considered and relates
to the swelling of the gel matrix[10] during the release due to its
hydration and to the exchange of cations.


This third phenomenon may need some explanation. In-
deed, when the matrix is in its initial packed form,[1] the
protonated catecholamine cation is trapped in a compacted
polyelectrolyte matrix whose anionic counterpart in chromaf-
fin vesicles is formed by chromogranin A, a polyanion
consisting of a peptidic backbone bearing a series of
carboxylate groups that compensate the adrenaline cation
electrostatic charges and are also expected to participate in
numerous H-bonding and dipole ± dipole interactions with the
adrenaline cation. Thus the polyelectrolyte matrix inside the
intact vesicle is tightly compacted[11] and the adrenaline cation
is not expected to be able to diffuse with a rate compatible
with the intensity of the current spike (viz. , Dpacked�
10ÿ12 cm2 sÿ1). However, as soon as the gel matrix is exposed
to the extracellular solution, its hydration and the cation
exchange with the monovalent ions present in the extracel-
lular medium are expected to make the polyelectrolyte matrix


swell. This is well known for synthetic polyelectrolytes[11] and
has also been observed visually in giant vesicles isolated from
mast cells in which the matrix swells two to three times in
volume (i.e. , ca. 30 ± 40 % in radius).[12] Such swelling[13] is
expected to disrupt the cohesion of the matrix and thus to
loosen the interactions between the adrenaline cation and the
polyanionic backbone of the matrix,[11] thus resulting in a
drastic increase of the diffusion coefficient of the cations in
the swollen parts.[11a, 12b]


From the above paragraph it follows that swelling and
diffusion are necessarily intimately coupled, a fact that is fully
documented in gel-swelling kinetic investigations. The matrix
cannot swell locally before diffusion brings an adequate
amount of monovalent ions. Conversely, diffusion of the
adrenaline cation and its replacement by monovalent ions for
electroneutrality cannot occur before swelling of the matrix
allows a significant diffusion coefficient to be achieved locally.
Since a precise experimental investigation of the dynamics of
the gel at hand is presently out of reach for the case of
chromaffin cell vesicles, for our present goal it is sufficient to
decide if one of the two phenomena (diffusion or swelling) is
controlling kinetically the overall mixed phenomena.


This important question has already been answered in a
previous work.[5c] Postulating pure diffusion control (i.e.,
assuming an extremely fast local swelling, tswell�R2f/E�
t1/2� t0�R2/D, where f is the coefficient of friction between
the polyelectrolyte network comprising the gel and the gel
fluid, E the longitudinal bulk modulus of the network and D
the average diffusion coeficient of water, ions, and adrenaline
cations in the swollen matrix) affords descending branches
with the correct shapes compared with the experimental
current spikes.[5c] The converse assumption, namely control by
swelling kinetics (i.e., for t0�R2/D� t1/2� tswell�R2f/E), af-
fords descending branches incompatible with the experimen-
tally observed ones.[5c] Thus, on the basis of this earlier result,
the problem at hand can be greatly simplified for chromaffin
vesicles, since at each point where diffusion occurs signifi-
cantly the swelling kinetics can be considered as occurring
infinitely fast compared with the rate of diffusion of ions in
and out the matrix.[14]


Moreover, because of the requirement of electroneutrality,
the global concentration of cations is constant. It is then
sufficient to take into account diffusion of the adrenaline
cation alone; this allows further simplification of the phys-
icochemical formulation of the system. In other words, in any
zone where a change of the neurotransmitter concentration
needs to be evaluated (i.e. , where its concentration differs
from the initial one), the matrix can be considered in its
swollen state and the diffusion coefficient of the adrenaline
cation taken as that in the swollen matrix. Conversely, where
diffusion does not affect the neurotransmitter concentration,
the matrix is unswollen, and technically a different diffusion
coefficient (Dpacked�D) should be considered.[12b] However,
since in these zones diffusion, by definition, has not yet
altered the concentration of adrenaline, a change from Dpacked


to D is irrelevant because the flux from these unswollen zones
is nil. Therefore, within the framework of the above assump-
tion on relative kinetics of diffusion and swelling, it is
equivalent to consider diffusion of adrenaline into a homoge-
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neous, fully swollen spherical matrix, even if one should bear
in mind that the real matrix cannot be immediately swollen
and that its spherical shape cannot be maintained in the
course of swelling since the partial masking by the membrane
creates an assymmetry.


Finally, the microelectrode is in close vicinity with the cell
membrane and its potential set on the oxidation wave of
adrenaline. These features, especially considering that the
diffusion coefficient of the adrenaline cation in the extrac-
ellular fluid (Dext� 6� 10ÿ6 cm2 sÿ1) ought to be much larger
than that inside the swollen vesicle (D' 10ÿ8 ± 10ÿ7 cm2 sÿ1,[12b]


vide infra), allow us to assume that the concentration of the
adrenaline cation is maintained at zero on the matrix border
exposed to the extracellular fluid.


This whole set of considerations permits us propose the
simple model sketched in Figure 2. The vesicle matrix is
represented by a spherical volume of radius R, the swollen


Figure 2. Model used in this work. The matrix is represented by the
shadowed area and the fused cell and vesicle membranes by the solid thick
curves. In addition the Brownian motion of a particle in the matrix is
schematized along with its fast trapping by the electrode [Eq. (1)] as soon
as it is released into the extracellular fluid.


radius (R� eR0 , with emean� 1.35 based on measurements on
mast cells). Since the cell (ca. 10 mm radius) is considerably
larger than the vesicle, the cell membrane is represented by an
infinite plane which intersects the sphere so that an angle a is
defined. This intersection delimits two zones on the matrix
wall. On the part located under the cell membrane plane (a�
q�p) the vesicle membrane is intact so that this section of the
vesicle wall remains impermeable to the adrenaline cation.
Conversely, the former section of the vesicle membrane
located above the plane (0� q�a) has been already incorpo-
rated into the cell membrane, so that this zone of the matrix is
freely exposed to the extracellular medium. Its wall can be
crossed by the adrenaline cation to reach the solution and its
concentration is therefore maintained at zero on the wall due
to its immediate electrochemical consumption. Within this
framework, the evaluation of the current spike amounts to
determine the variation over time of the flux f of moles of
adrenaline [viz., i� 2Ff, where F is Faraday�s constant; see
Eq. (1)] crossing this opened wall when a varies as a function
of time t.


To proceed further, a normalization of parameters and
variables is necessary, because most geometrical and phys-
icochemical properties of the system are a priori unknown for
a given individual event, and are at best only known through
mean estimates which cannot be used for analyzing one


particular spike. This normalization is performed through the
set of dimensionless variables defined in Equations (2) ± (4),


time: t�Dt/R2� t/t0 (2)


space: 1� r/R (3)


number of moles: h�N/[(4/3)pR3(C0/e3)] (4)


where R is the radius of the swollen matrix, r the radial
distance from the center of the spherical matrix, e the
coefficient of expansion of the matrix (viz. , e�R/R0), C0 the
initial concentration of adrenaline inside the unswollen
vesicle, and N the number of moles of adrenaline cation
contained at time t inside the matrix (note that N0�Nt�0� (4/
3)pR3(C0/e3) so that h(t� 0)� 1). With this set of dimension-
less variables, the dimensionless instantaneous flux of adrena-
line is given by Equation (5), where t0�R2/D, and the


flux: f(t)� dh/dt�f(t� t0t)� {t0/[(4/3)p(R/e)3C0} (5)


amperometric current at any time t� tt0� tR2/D is readily
obtained from f(t) by means of Equation (6), so that solving


i(t)� [8pFDRC0/(3e3)]�f(t� t/t0) (6)


the problem amounts to determining the dimensionless
diffusion-controlled flux f(t) as a function of the dimension-
less time t, starting from the initial condition h� 1, a� 0 at
t� 0.


II. Uncoupling between rate of fusion of membranes and
diffusion inside the matrix : The rate of fusion of the
membranes, that is, the function a(t), controls the time
variation of the matrix surface area exposed to the extrac-
ellular fluid, and therefore governs f(t). To the best of our
knowledge and savoir-faire it is impossible to produce a
general solution under such circumstances, especially since
a(t) is unknown. However, on the basis of the results of patch-
amperometric experiments (patch-clamp coupled with am-
perometry) we know that the variation of unwrapped surface
area S(t) (i.e. , of a) occurs within a time range which is much
smaller than the actual half-width t1/2 of the current spike (see
Figure 1). This observation establishes that the rate of
depletion by diffusion within the matrix core is much smaller
than the rate of variation of the exposed surface area.
Therefore, the coupling between fusion and diffusion can be
treated at the level of a first-order filter approximation. In the
Laplace plane (s is the Laplace variable corresponding to t,
and the Laplace transform of a function is indicated by
underlining the real function) this means that the instant flux
f(s) is given by the direct product of the elementary flux per
unit of surface area, F(s)/4p, where F(s) would correspond to
the flux of a completely unwrapped vesicle (i.e., for a�
ph(t), where h is the Heaviside unity step function) and
is normalized to the total surface of the sphere [i.e., 4p in the
dimensionless space, Eq. (3)], times W(s), the Laplace trans-
form of the elementary surface area resulting from a variation
da during the elementary time dt, namely, of W(t)� dS/dt.
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Thus we arrive at Equation (7), which shows that in the real
time space, the flux is given by the convolution integral of


f(s)'F(s)W(s)/4p (7)


Equations (8) and (9), s(t) being the fraction of the vesicle
surface area that is exposed to the extracellular fluid at time
t� t/t0�Dt/R2.


f(t)�
Zt


0


F(tÿ z)
W�z�
4p


dz (8)


where


Zt


0


W�z�
4p


dz�
P �t�


4p
� 1�2 [1ÿ cos a(t)]� s(t) (9)


The range of validity of the first-order approximation in
Equation (8) has been checked by Brownian motion simu-
lations and shown to be accurate provided that the spike
presents a rising branch that is sharper than its descending
branch, a prerequisite met by all experimental spikes. For
these checks a series of arbitrary s(t) sigmoidal functions was
generated and direct Brownian motion simulations were
performed to generate a corresponding series of f(t)
functions (see Appendix A). The choice of sigmoidal func-
tions for the s(t) functions in these tests is justified by the
patch-clamp observations (see Figure 1). From this series of
f(t) functions, a series of srecov(t) functions was then
recovered through numerical deconvolution of Equation (8)
(see Appendix B) thanks to the independent knowledge of
the function F(t) (see Figure 3, Eq. (10) and Appendix C).


Figure 3. a) Simulation of the function F(t) obtained by the averaging of
1000 individual Brownian simulations, each one performed in dimension-
less space using a set of n� (4/3)p/l3 particles disposed on a cubic network
of lattice l, with Brownian steps of length l and duration l2, for l� 1/20 and
a�ph(t), where h is the Heaviside unity step function; b) variations of
Y(t)�F(t)� t1/2 based on the simulated F(t).


The validity of the approximation in Equation (8) was then
checked by examining the correlation between srecov(t) and
s(t) in each case. In all cases a perfect correlation (r�� 0.95 ±
0.98, data not shown) was observed provided only that the
above requirement was met. These tests ensured that
Equation (8) is valid over the whole range of experimental
spikes. Furthermore, it is again verified during the analysis of
a single spike (vide infra, Section B.II).


On the basis of the set of Equations (8) ± (10), one may
predict the shape of any spike that corresponds to a given s(t)
opening function. Conversely, the same set allows extraction
of the s(t) function that corresponds to a given spike
expressed in dimensionless parameters (see Appendix B).
However, several difficulties arise owing to the fact that the
values of DRC/e3 and of t0�R2/D are unknown for this
particular spike although they must be known in order to
rescale the real current spike into the dimensionless space as
required to solve Equation (8) (note that this was not a
difficulty in the above tests since all the calculations were
performed in the dimensionless space). Because of biological
variations, these parameters are expected to vary significantly
from their mean values, that is, even if their mean values
have been estimated previously (C, R and e) they can-
not be used for the treatment of one particular spike. In the
following section we explain how these difficulties can be
overcome.


B. Application to experimental spikes


I. Determination of t0�R2/D : An experimental spike is
obtained as a digitized current vs. time function i(t) (see
Figure 1). The integration of this function up to infinite time
affords the collected charge Q, which, as a result of the
collection efficiency of unity, is a measurement of the initial
amount of adrenaline molecules contained by the vesicle
[Eq. (11)].


Q�
Z1


0


i(t)dt� 2F�N0� 2F� 4p


3
R3


�
C0


e3


�
(11)


On the other hand, numerically it is more convenient to
work with normalized spikes, that is, with I(t)� i(t)/imax, since
the maximum current imax of the spike is easily available.
Equation (8) is then rewritten in the real space as Equa-
tion (12), where t0�R2/D, Y is given by Equation (10), and W/
4p is the derivative of the normalized opening function s


I(t� tt0)�
i�t � tt0�


imax


� Q


imaxt0


�
Zt


0


Y�tÿ z���������������tÿ z
p �


q�z�
4p


dz (12)


[Eq. (9)]. Evaluation of the variation of the opening function
s(t� t0t) based on the numerical deconvolution of Equa-
tion (12) requires independent knowledge of t0, yet this key
parameter is not easily available from an experimental spike.


However, let us consider the structure of Equation (12) and
the shape of a spike. From Equation (12), the spike shape
arises from the convolution of two phenomena. The first,
diffusion, is represented by F(t)�Y(t)/


p
t and is a rapidly


decreasing component with an infinite branch at t� 0. The
second, represented by W(t), reflects the rate of unwrapping of
the vesicle membrane by fusion to the cell membrane, namely,
W� (ds/dt)4p. s, the fraction of the vesicle surface area
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exposed to the extracellular
fluid, is a steadily increasing
function of time as observed by
patch-clamp techniques (com-
pare Figure 1), so that W is
expected to have a bell shape.
This rationale explains why in a
former work[5c] we used an ex-
ponentially modified gaussian
model for treating I(t), the
gaussian component being a
first-level approximation for
the bell-shaped W function and
the exponential one being that for the rapidly decaying F�
Y/
p


t function. The extremely satisfactory fitting of more than
200 differently shaped experimental spikes (sharp or broad
ones) by this exponentially modified gaussian model there-
fore supports our present assumption on the bell shape
of W.


Let us suppose now that one tries to solve Equation (12)
using an estimated value (tguess) of the unknown experimental
parameter t0 . Two possibilities may occur. If tguess> t0 , in the
dimensionless space the current rises and decays faster than
the actual value, since the dimensionless time used is com-
pressed: tguess� t/tguess< t/t0� t. This will force sguess(t), the
solution of Equation (12) for tguess, to increase too fast initially
and then to decay to compensate artificially for the fact that
the diffusional flux represented by F(t)�Y(t)/


p
t decays too


smoothly with respect to I(tguesst). Thus when tguess> t0, the
extracted function sguess(t) is expected to present a maximum,
a fact which would contradict the patch-clamp data (see, for
example, Figure 1). Conversely, when tguess< t0, in the t space
the current rises and decays too slowly. sguess(t) is then
expected to lag behind the true s(t) function and therefore
must rise steadily without presenting any maximum, because
now the dimensionless time is dilated. Thus the correct t0


value is the largest tguess value for which the extracted function
sguess(t) presents no maximum, that is, for which s1guess/smax


guess�
1, where s1guess is the limit of s(t) at large times and smax


guess the
maximum value of s(t). This observation can be put into use
for the automatic determination of t0 from any spike with a
good accuracy.


In practice, it is more advisable to perform this automatic
determination using a log ± log plot, since we noted empiri-
cally that when tguess> t0, ln (smax


guess/s1guess) is close to linear when
plotted against ln (tguess). This property ensures fast determi-
nation of t0 based on a simple linear regression (see Fig-
ure 4b), a process that is easily computerized. Therefore, the
extraction of the opening function s(t) from a spike required
a) the evaluation of Q and imax from the experimental current/
time i(t) curve; b) a series of deconvolution procedures (see
Appendix B) of Equation (12), which produce a series of
sguess(t) functions [Eq. (9)] for each guessed value tguess of t0 ;
c) the determination of t0 as explained above; d) the final and
real deconvolution of Equation (12) using the determined
value of t0 to produce the real s(t) function. This sequence
was fully computerized in C�� language, the starting esti-
mated t0 value being chosen as twice the half-width of the
experimental spike. With a Pentium 333 MHz, the whole


procedure took less than ca. 10 s per spike to produce the final
s(t) and t0 .


II. Precision of the extraction procedure and improved
extraction : In the previous section we have explained how
the critical time parameter t0�R2/D can be evaluated for a
given experimental spike. s(t) is then formally available from
any current spike by means of Equations (9) and (12).
However, a good precision on s(t) requires that the scaling
parameters k�Q/(imaxt0) and t0 to be used in Equation (12)
are likewise of good precision.


The main difficulty in evaluating k with precision stems
from the fact that although t0 is evaluated through the above
procedure with a precision better than a few percent (most
generally by negative values observed empirically, vide infra),
Q, the integrated charge of a current spike, is determined with
an estimated precision of 10 ± 20 % percent, again by negative
values because the spike current integration cannot be
performed up to infinite times since either a) the spike is
truncated because a second spike featuring a second distinct
exocytotic event occurred before the current due to the first
one had reached the base line, or b) because the current
becomes too small and too close to the baseline after a few
half-widths. The error in imax (ca. 2 %) is comparatively
negligible. The resulting error in s is thus expected to be of ca.
10 ± 20 % at most and to result mainly from the imprecision in
Q. In practice, this precision may be estimated by the limit of
s(t) at infinite time. This ought to correspond to 100 % of the
vesicle surface area (viz. , lim s(t)� 1 for t!1 ) if complete
fusion occurs as is inferred from patch-clamp measurements.
Indeed, nothing in the present model forces the vesicle to fully
fuse with the membrane, so a poor precision of the overall
extraction of s(t) may be reflected by the fact that the
extracted function may well plateau before full opening, a
scenario which seems a physical nonsense in the current view
of exocytotic fusion events. In particular, owing to the
structure of Equation (12), it is seen that an error in k implies
only a rescaling of s(t). All the approximately 600 different
spikes treated through the procedure described in the
previous section produced s(t) functions that reached their
expected limit value at better than a few percent, a fact that
shows that the error on k was less than the above estimations
because of partial error compensations.


When this precision is not sufficient or when the internal
consistency of the procedure needs to be checked, a complete
Brownian simulation of the problem can be performed. In the


Figure 4. a) Normalized experimental current spike (viz. , I(t)� i(t)/imax) measured by amperometry during an
individual exocytotic secretion event observed with a chromaffin cell stimulated by Ba2� ; b) variations of ln (smax


guess/
s1guess) vs. ln (tguess) as obtained for the spike in a), and determination of t0 by the intersection of the two linear
regression lines (t0� 23 ms for the spike shown in a), see text; c) opening function s(t) extracted by deconvolution
of Equation (12) applied to the data in a), based on t0 determined in b).
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dimensionless space, a Brownian simulation requires s(t) as
the input, so that both s(t) and t0 are required. t0 and the
function s(t� t/t0) that have been obtained at the end of the
previous procedure can be used. Thus, the simulated current,
fsim(t), can be compared to the experimental normalized
current I(t)� i(t)/imax. From Equation (6) we can derive
Equation (13). This comparison requires the simple adjust


I(t)�k�f(t0t) (13)


ment of the two scaling parameters k (viz., k� 1/fmax) and t0


so that the correlation between I(t) and Isim(t) is the best
possible (Figure 5, right column). Thus, a new set of k and t0


values, knew and tnew
0 , can be generated in order that the


maximum and half-width of the simulated Isim(t)� knew�
fsim(tnew


0 t) coincide with those of the experimental I(t). knew


and t0
new can then be used to generate a new s function, snew,


by numerical deconvolution of Equation (12); this snew can be
used together with knew and tnew


0 to perform a second Brownian
simulation and the process repeated up to the point where knew


and tnew
0 remain invariant within the precision required. The


Figure 5. Left column (filled symbols): Normalized experimental current
spikes (I(t)� i(t)/imax) measured by amperometry during an individual
exocytotic secretion event observed at a chromaffin cell stimulated by Ba2�.
Left column (open symbols): Normalized current spikes simulated by the
Brownian procedure (l� 1/15; 10 simulations averaged) on the basis of the
s(t) functions shown in the middle column and t0� 24.3 (a), 30.1 (b), 33.1
(c), and 20.6 ms (d). Middle column: Variations of s(t), the normalized
surface area of the vesicle exposed to the extracellular fluid during each of
the exocytotic fusion events characterized by the current spikes shown in
the left column. Right column: Correlation between simulated and
experimental normalized current spikes.


final check of the method consists in examining the whole
correlation between Isim(t) and I(t) (see Figure 5, right
column). In practice, five iterations at most were required,
and resulted in t0 values that increased by less than a few
percent compared with their estimation by the convolution
integral procedure, while Q could increase by as much as
10 %, depending on the quality of the experimental current
integration. Again, the iterative process was fully computer-
ized (C�� language). It took less than 5 to 10 min per spike
and per iteration on a Pentium 333 MHz. Each simulation was
in fact the average of 10 Brownian-independent simulations
performed with l� 1/15 (see Appendix A) in order to reduce
the Brownian noise at long times. Much faster procedures
involving no averaging per Brownian simulation (30 s to 1 min
per iterative step) can be used, in particular during the first
iteration steps, since the long time branch is not used in the
rescaling procedure as this requires only Imax and t1/2 . Also,
Brownian procedures could be interrupted after t1/2 (15 to 30 s
per iterative step). Nevertheless, we preferred to use the
longer iterative procedure at each iterative step since the time
consumption was not a problem for us.


Figure 5 shows the result of this iterative procedure as
applied to four different spikes selected for their very
different shapes and the different problems they pose so as
to be illustrative of the variety observed experimentally for
the approximately 600 different spikes that have been treated.
As illustrated by this representative set, the agreement
between experimental and simulated spikes is excellent.
However, it should be emphasized that although the iterative
procedure improved the correlation between Isim(t) and I(t),
we observed that for most of the well-behaved spikes, that is,
for those in which the charge integration can be performed
with a reasonable accuracy and whose rising part is described
with sufficient time resolution (e.g., as in Figure 5a), the
iterative procedure was not necessary because the first
procedure was sufficiently accurate. Conversely, for the
poorly behaving spikes the iterative procedure improved the
fit between experimental and simulated currents. Figures 5b ±
d illustrate the effectiveness of the iterative procedure by
presenting its final result on three representative poorly
behaving spikes. Thus even spikes in which the rising branch is
merged with a foot component (Figure 5b),[16a] or with a
poorly time-resolved rising branch (Figure 5c) and even
truncated spikes (Figure 5d) in which Q cannot be determined
to a good precision through simple current integration can be
processed adequately.


C. Final comments


The parameters k and t0 are determined as part of the
extraction procedure leading to the opening function s(t).
Although we focused in this work on the extraction of s(t)
from experimental spikes, it should be noted that k and t0 are
rich in physicochemical information on the vesicle. Indeed,
ht0i� hR2/Di gives the mean diffusion coefficient of adrena-
line in the swollen matrix, since hR0i� 150 nm and hei� 1.35
are known. Similarly, hkimaxt0i/2F�hQi/2F�hN0i is the initial
mean content of adrenaline inside the vesicle, which gives
access to its internal initial mean concentration hC0i. How-







FULL PAPER C. Amatore et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2158 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 72158


ever, such statistical data have to be determined from the
treatment of a large series of spikes. Such analyses will be
reported in a forthcoming paper[17] since this one is devoted
mostly to the presentation of the theory and the principle of
the extraction procedures. They led to hDi� 4.1� 10ÿ8cm2 sÿ1,
hN0i� 9 attomoles, and hC0i� 0.60m, that is, to values that are
consistent with previous determinations (hN0i and hC0i)[4h, 5c]


or for the expected diffusion coefficient within a swollen
polyelectrolyte matrix.[12b]


We wish to focus our discussion here on the very particular
time-shape of the s(t) function since, to the best of our
knowledge, this is the first time that this function could be
determined with such precision and time resolution. The
shapes illustrated in the middle column of Figure 5 are
perfectly representative of all those found for the series of ca.
600 spikes treated. As expected and inferred from patch-
clamp experiments, s(t) has a sigmoidal shape. Yet one notices
immediately the profound disymmetry between the temporal
behaviors at short and long intervals. At short intervals, s(t)
consistently expands with a kind of explosive or autoaccel-
erated kinetic character, a feature that is maintained nearly up
to the half-unwrapping of the vesicle. The remainder of the
vesicle unwrapping proceeds with a much smoother pace and
has the shape expected for the resorption of a curvature in a
membrane.


Although a proper discussion of this peculiar behavior
requires a statistical treatment based on numerous spikes,
treatment that will be reported later together with the
aforementioned analyses, we wish to make some proposals
here that may explain this behavior and may have important
consequences for the rationalization of the passage from the
pore release to the spike.


Let us consider the simple model in Figure 2. As explained
and justified above, in the present work based on this model,
the spherical symmetry of the vesicle could be conserved
because we supposed the swelling to be sufficiently fast for the
kinetics inside the vesicle to be controlled by diffusion only. In
this model, swelling is thus kinetically and geometrically
transparent and allows only the diffusion coefficient of the
adrenaline cation to pass from nearly zero in the unswollen
matrix zones to a significant value (hDi� 4� 10ÿ8 cm2 sÿ1) in
the swollen ones. However, let us consider now the more
realistic views sketched in Figure 6. When a<p/2 (Figure 6a)
the convexity of the system means that the pressure increase
due to the matrix swelling creates a force that applies on the


Figure 6. Schematic representation of the effect of the forces (shown as
arrows) exerted by the matrix swelling according to the convexity of the
system, i.e., as a function of a. a): Case I (first half of membrane
unwrapping: 0�a�p/2). b): Case II (second half of membrane unwrap-
ping: p/2�a�p). The swollen matrix is deeply shaded, while the
unswollen domain is lighter. In c) the variations of s(t) are sketched with
the two limiting behaviors indicated in dashed lines: accelerated fusion
(case I, see a) and normal fusion (case II, see b); see text.


membrane edges around a. This force contributes positively
and adds to all the others that provoke the resorption of the
curvature of the vesicle membrane, so that the rate of
unwrapping is expected to be faster than when such forces
do not apply. Moreover, this faster unwrapping opens faster
new domains of the vesicle wall to hydration and ion exchange
with the extracellular fluid, domains which then swell faster
and add to the force, and so on, so that the unwrapping rate
accelerates. Conversely, when a>p/2 (Figure 6b), the system
becomes concave and the resulting force due to the matrix
swelling is no longer directed towards the membrane edge but
towards the top of the figure where expansion occurs freely by
simple displacement of the extracellular fluid. Thus the
kinetics of the membrane unwrapping is expected to slow
down and to behave as expected for a normal elastic
resorption of a membrane curvature. Thus, these simple
intuitive considerations on the different effects of the pressure
forces created by the swelling as a function of the convexity
(a<p/2) or the concavity (a>p/2) of the system geometry
explains qualitatively the peculiar behavior of s(t).


The same consideration on the crucial role of the swelling
pressure may be applied to the transition between the foot
and spike modes of release. Indeed, during the pore release,
the architecture of the pore/membrane assembly is main-
tained by the cohesion energy Echannel of the ionic channel and
of its attachment to the cell and vesicle membrane.[4f]


However, each catecholamine cation released through the
pore is necessarily replaced inside the vesicle by hydrated ions
from the extracellular fluid to satisfy electroneutrality. As
explained above, this exchange disrupts the polyelectrolyte
cohesion and is thus expected to provoke the swelling of the
zone altered. However, this altered zone should not swell
totally (that is, as during the spike release) because of the
space constriction, so that a significant compression energy
has to develop in this zone, being proportional to the number
of sites altered in the polyelectrolyte matrix. If the alteration
of the matrix structure by hydration and cation exchange
corresponds to an energy DEalt per site altered, and DN sites
are altered, the accumulated energy is DN�DEalt . Consider-
ing that the pore has opened during Dt, DN� ifootDt/(2F),
where ifoot is the constant foot plateau current. Since ifoot is
�5 pA,[4h, 5c] approximately 104 sites are altered per milli-
second. Since hC0i� 0.6m, this corresponds to a rate of
volume alteration of ca. 3� 104 nm3 msÿ1. The radius of the
unswollen vesicle hR0i being � 150 nm, this corresponds to a
significant alteration of the matrix. Every millisecond it
affects a domain of ca. 2½ of the initial vesicle volume, a
domain whose radius is ca. 20 nm (specifically, 18 nm if the
altered zone is spherical or 22 nm if it is a hemispherical
capsule centered on the entrance of the pore).


Therefore, a pressure energy of ca. 104 DEalt builds up every
millisecond inside the matrix. This corresponds to an energy
104 DEalt (Rpore/Ro)2�DEalt over the surface area of the pore.
It is thus expected that when the pore duration reaches
Dtmax (ms)� (DEchannel/DEalt), the system reaches a threshold
point where the ionic channel architecture cannot hold the
increasing pressure any longer, so that it may have to close or
blow apart in order to release the internal pressure. Indeed,
since most of the pressure has to be localized near the docking
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point because it can only with difficulty be evacuated by
diffusion into the unswollen matrix, we presume that the
release of the accumulated energy will occur mostly in this
area. The resulting local nanoscopic explosion is then
expected to provide sufficient energy to bring up local
disorder in the face-to-face phospholipidic bilayers of each
membrane. By such a mechanism the electrostatic repulsion
between the negative heads of each phospholipidic bilayer
should be easily avoided. Thus, the fusion of the two
membranes may start by simple relaxation of the system
after the explosion.


For chromaffin cells, we estimate Dtmax to be of the order of
2 ms from the amperometric results,[5d] so that we obtain
DEchannel/DEalt� 1.


To conclude this discussion, it is interesting to note that if
one assumes that this figure is invariant for all kind of
secretory catecholamine vesicles which contain matrixes
similar to those of adrenal cells, a vesicle that contains less
than ca. hNmaxi� 2� 104 molecules of neurotransmitter should
never be able to reach the point where fusion may start.
Indeed, the pore/membrane architecture will have enough
strength to hold the internal pressure even when the vesicle is
fully emptied. Compared with hR0i� 150 nm and hN0i� 5�
106 molecules for chromaffin vesicles, this threshold figure
corresponds to a maximum radius of ca. hRmaxi� 25 nm. In
other words, on the basis of these considerations, a vesicle
with a radius smaller than 25 nm should be able to empty itself
completely through its pore without accumulating sufficient
compression energy to exceed that of the pore/membrane
architecture. Therefore, it should never be able to fuse
spontaneously. Conversely, a secretory vesicle with a radius
exceeding significantly 25 nm should always end by fusing
unless another mechanism closes the pore before the thresh-
old energetic point is reached. Although one should keep in
mind the still rudimentary aspects of this discussion and its
possible overgeneralization since it assumes an energetic
likeness between the inner components of different kinds of
vesicles and between their pore/membrane architectures, it is
interesting that the two above threshold limits, hNmaxi� 2�
104 molecules and hRmaxi� 25 nm, are surprisingly close to the
values reported for synaptic cholinergic vesicles in neurons,
namely hNi� 104 molecules and hRi� 20� 30 nm.[18] In other
words, if this rudimentary prediction holds, synaptic vesicles
in neurons would be the largest vesicle possible that will allow
exocytosis without fusion; that is to say, in this respect they
would be the optimized exocytotic system in synapses.


Conclusion


In this work we have presented a method which allows the
extraction of the variations of the opening function s(t) from
an experimental amperometric current spike featuring an
individual exocytotic secretion event. This method is based on
the recognition that the overall spike shape results from the
convolution of this opening function, which regulates the
fraction of the vesicle surface area that is exposed to the
extracellular fluid by a diffusion function that features the
diffusion and exchange of the catecholamine cation inside the


matrix core of the vesicle. This convolution can be treated
mathematically to yield a convolution integral formulation
based on an approximation on the relative time scales of the
opening function and diffusion. It may also be treated
numerically without the need for this simplifying approxima-
tion by means of Brownian motion simulations. Despite its
better value because it involves a less approximated level, the
Brownian motion simulation approach requires the opening
function s(t) function as its input. Conversely, the convolution
integral approach affords the s(t) function as its output.
Iterative combination of the two approaches thus permits the
extraction of the opening function with an excellent precision
and a resolution that has never been achieved before. As a
correlate of this analysis, several other parameters which
control the exocytotic physicochemical behavior are also
obtained, but as their analysis requires the statistical treat-
ment of a sufficient number of spikes these results will be
reported later.


The peculiar shape of the opening functions s(t) hints at the
fact that the exocytotic events are intimately regulated by the
swelling of the matrix polyelectrolyte core of the vesicle,
although this important component is transparent in the
analysis proposed here. Indeed, depending on the extent of
the fusion, that is, whether the vesicle is less or more than half-
unwrapped, the convexity of the system changes. Thus, the
forces created by the gel matrix swelling accelerate the
unwrapping of the vesicle during the first phase when the
system is convex, while it plays a lesser role during the second
phase because the system is concave. This dichotomy is
reflected by the opening function s(t), which increases in an
explosive fashion during the first phase but slows down
considerably during the second phase.


This observation points to the important role of the matrix
swelling in the whole exocytotic behavior. In particular, this
effect may be elaborated in order to offer a possible new
energetic interpretation of the transition between pore
release and fusion release for those cells which contain
polyelectrolyte matrixes similar to those of adrenal cells. On
this basis, and assuming rather similar energetic behavior for
all kind of catecholamine secretory vesicle matrixes, secretory
vesicles can be separated into two classes according to their
radius and catecholamine content. Vesicles with a radius of
less than �25 nm and containing less than ca. 20 000 mole-
cules of catecholamines should never be able to accumulate a
sufficient compression energy to reach the explosion thresh-
old energetic point, so that they should always release through
channel docking. The other vesicles should always end up
fusing with the cell membrane, unless another mechanism
closes the pore before about ten thousand molecules of
catecholamines have been released.


Experimental Section


All the programs developed in this work were written in C�� and ran on a
Pentium 333 MHz PC. The codes are available from the authors on
demand.


The current spikes presented in this work (Figure 4a and Figure 5, left
column a ± d) were recorded by Eric Travis in Prof. R. Mark Wightman�s
group (University of North Carolina, Chapel Hill, USA). They served here
to establish the validity and the performances of the present analysis, since
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they are representative of a series of �600 spikes which were recorded in
Wightman�s group and treated in our group with the present method in the
context of a collaborative work that will be reported later.[17] The five spikes
used here are shown with Wightman and Travis�s kind permission. The
following experimental details describe how the experiments were
conducted in Wightman�s group, and they are reported here with his
permission only for the reader�s information.


The spikes were recorded as previously described[6b] from bovine adrenal
medullary (chromaffin) cells maintained in primary cultures. Experiments
were performed at 23.0� 0.1 8C between days 4 and 5 of culture. In the
experiments, the culture medium (Dulbecco�s modified Eagle�s medium/
Ham�s F12 medium, from Gibco Laboratories, Grand Island, NY, USA)
was replaced by a solution containing NaCl (154 mm), KCl (4.2 mm), MgCl2


(0.7 mm), glucose (11.2 mm), and 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES, 10mm) brought to pH 7.4 with NaOH addition.
Exocytosis was elicited by 5-second pressure ejection of 5mm Ba2�.[3c,d, 5a]


Flame-etched carbon-fiber microelectrodes (ca. 5 mm tip radius) were
constructed as described elsewhere.[19] To ensure the bielectronic oxidation
of adrenaline, the electrode potential was set at �0.650 V vs. SSCE
(saturated sodium calomel electrode). The electrochemical spikes were
measured with patch-clamp electronic equipment (Axopatch 200B, Axon
Instruments). The amperometric current was digitized to videotape and
later filtered through a fourth-order, low-pass (400 Hz) filter (CyberAmp
320, Axon Instruments), digitized at 0.5 ms/point and stored on a PC hard
drive. The digitization rate and filter frequency were selected so that
distortion of the temporal characteristics did not occur.
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Appendices


Appendix A. Brownian motion simulations : All the Brownian simulations
were performed in the dimensionless space [see Eqs. (2) ± (5)]. Thus the
matrix is represented by a sphere of radius unity and the dimensionless
diffusion coefficient is unity. The length step is l and therefore the time step
is l2. For ease and to ensure a homogeneous filling of the unit sphere, ca. (4/
3l3)p particles were positioned on a cubic network of lattice 1/l. It was
checked that this procedure did not change the results by comparison to a
random positioning of the ca. (4/3l3)p particles in the unit sphere. A
random vector~v is sorted at each time step for each particle and the particle
is moved by ~v/(l j~v j ). This is repeated up to the time t when the particle
exits the sphere through the permeable area which is imposed by a(t). Then
the particle is counted and added to the flux f(t) at time t. If the particle
hits the sphere wall at a time t where the wall is still impermeable as
imposed by a(t), it is bounced back using a perfect reflection condition so
that its overall step length remains l.


The step length l influences the precision of f(t), since there are 1/l2 time
points per unit of dimensionless time t. Because the initial filling of the
sphere is also regulated by lÐthere are (4/3l3)p particlesÐthis parameter
also controls the random noise in f(t) counts. To increase the signal-to-
noise ratio, either the lattice of the cubic network could be decreased by a
factor L, by considering ca. [4/3(lL)3]p particles, or by performing L3


identical simulations and averaging the L3 independent f(t) after a while.
For convenience we chose the second solution. For the simulation of F(t)
we used 1000 independent simulations (l� 1/20) since we needed an
extremely accurate solution at short and long times (see text), while for the
simulations of the current spikes (Figure 5) averaging 10 independent
simulations (with l� 1/15) gave adequate precision.


For the tests of validity of the convolution integral formulation, sigmoidal
s(t) functions were generated: s(t)� 1/{1� exp ÿ [k(tÿ t1/2)], where k
was varied (0.2� k� 2) to cover a range of spike shapes that encompassed
the experimentally observed ones. t1/2� 5/k was adjusted in each case so


that s(t)< 10ÿ2 for t� 0. These functions were used to perform Brownian
simulations (l� 1/15, 10 simulations average) to yield a series of simulated
current spikes f(t). Each of these simulated current spikes was deconvo-
luted (vide infra, Appendix B) with Equation (8) to give a corresponding
series of Wrecov(t) functions, from which the series of srecov(t) functions were
obtained through application of Equation (9). The correctness of Equa-
tion (8) was then ascertained by examining the correlation between srecov(t)
and the input function s(t) for each k value, as represented for I(t)sim vs.
I(t)exp in the right column of Figure 5 (correlation coefficients were between
0.95 and 0.98). Furthermore, it is noted that the convergence of the iterative
procedure described in the text (Section B.II of Results and Discussion)
provides another series of positive tests of the validity of Equation (8), this
time for real current spikes.


Appendix B. Numerical deconvolution of Equations (8) or (12): The
procedure used is adapted from a previous classical work from this group
in the context of electrochemical problems.[20] It consists in rendering the
convolution integral in Equation (8) or (12) discrete with a dimensionless
time step Dt that: a) is imposed by the experimental digitizing time interval
(0.5 ms) of the experimental spikes and by t0 , namely, Dt�Dt//t0� 0.5/(t0/
ms), or b) was selected as a function of k, Dt� 1/20k, during the test of
validity of Equation (8), so that the input s(t) was properly defined. Thus,
at any time t�mDt, Equation (8) or (12) can be rewritten as Equa-
tion (B1), where fÄ(t)� 4pf(t) for the dimensionless Equation (8), or
fÄ(t)� 4p(imaxt0/Q)� I(t� tt0) for Equation (12). Note that in Equation (8),
F(t) must be replaced by Y(t)/


p
t for its resolution by the following


procedure.


Over the time interval [nDt,(n� 1)Dt], Y and W are linearized, and the
resulting analytical integral cn is integrated analytically. Thus, noting Yn�
Y(nDt) and Wn� W(nDt), one obtains Equations (B2) and (B3) for z2
[nDt,(n� 1)Dt]. As a result, Equation (B4) holds [An, Bn, and Cn are


Y(tÿz)�Ymÿn� (Ymÿnÿ1ÿYmÿn)(zÿ nDt)/Dt (B2)


W(z)� Wn� (Wn�1ÿ Wn)(zÿ nDt)/Dt (B3)


cn�Dt1/2� {AmÿnWnYmÿn�Bmÿn [Wn(Ymÿnÿ1ÿYmÿn)�Ymÿn(Wn�1ÿWn)]


�Cmÿn(Wn�1ÿWn)(Ymÿnÿ1ÿYmÿn)} (B4)


defined in Eqs. (B5) ± (B7)], so that at each time step t�mDt, Wm�
W(mDt), for m> 1, is obtained explicitly as the solution of the linear


Equation (B8), where Dm is as defined in Equation (B9), with fÄm�
fÄ(mDt). For m� 1, we obtain Equation (B10).


Wm� [(15/Y1)DmÿWmÿ1(6� 4Y0/Y1)]/(4� 16Y0/Y1) (B8)


Dm�
1������
Dt
p


�
fÄmÿ


Xn��mÿ2�


n�0


cn


�
(B9)


W1� [(15/Y1)/(4� 16Y0/Y1)]fÄ1/
������
Dt
p


(B10)


Iterative application of Equation (B8), starting with W0� 0 and W1 given by
Equation (B10), affords the successive values Wm of W(t) at each time mesh
point t�mDt. The values of s(t) or of a(t) at each point are then readily







Vesicle Membrane Dynamics 2151 ± 2162


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2161 $ 17.50+.50/0 2161


obtained through Equation (9) by trapezoidal numerical integration of
W(t). It is noted that the values Y0�Y(t� 0) and Y1�Y(t�Dt) play a
crucial role at each step because of their involvement in Equations (B8)
and (B10). This is why great care must be taken in evaluating the function
Y(t) and its empirical analytical approximation in Equation (10). Similarly,
if the solution of Equations (8) or (12) had relied on F(t) [as strictly written
in Eq. (8)] instead of Y(t)/


p
t as given above [Eq. (B1)], an equation


similar to Equation (B8) would have been obtained, but instead with the
values F0�F(t!0) and F1�F(Dt) of F(t), which cannot be determined
because F(t) has an asymptotic branch at t!0. With the present
formulation, the problem does not arise because the analytical integrations
in Equations (B5) ± (B7) eliminate the infinite branch problem.


Appendix C. The F function : The extraction of s(t) from an experimental
spike thanks to Equations (6), (8), and (9), requires the independent
knowledge of the function F(t). This function should be rather classical
since it corresponds to the diffusional emptying of a sphere under the
condition of zero concentration on its wall. However, we have not been
able to locate any trace of such a function in the literature. Therefore we
had to determine this function; we chose to achieve a numerical solution
through Brownian motion simulation.


The main difficulty is the evaluation of F(t) at short times t. Indeed, by
analogy with the Cottrellian flux to a plane,[15] F(t) must present an infinite
branch at short times; specifically, F(t)/ tÿ1/2 when t!0. This is precisely
the time domain where any numerical simulation (Brownian motion or
finite differences) is less precise. Furthermore, it is clear from the structure
of Equation (8) that F must be very precise in the short time ranges, since
then F has its largest weight in the convolution integral. To achieve the
necessary extremely accurate solution of F at short times, it is preferable to
evaluate Y(t)�F(t)t1/2 rather than F(t), since, on the basis of the
Cottrellian analogy, Y(t)!Y0 when t!0, where Y0 is a constant. This is
not detrimental because either Equation (8) can be rewritten accordingly
or F(t) determined analytically from Y(t).


A strict Cottrellian analogy (viz. , planar diffusion limit at short times)
would readily give Y0� 3pÿ1/2.[15] However, even at short times when the
dimensionless thickness of the diffusion layer is much less than unity (i.e.,
than the vesicle dimensionless radius) the diffusion problem cannot be
assimilated to the planar case because of the concavity of the sphere.
Indeed, in such a case a particle located on the very wall of the sphere does
not have a 50 % chance of exiting the sphere after one Brownian step of
infinitely short length, in contrast to what occurs for a plane. To establish
this, let us consider a particle located in the sphere at a distance d (in the
dimensionless space) from the wall. By geometrical construction (from the
ratio of solid angles), the probability W(d) that this particle exits the sphere
at the next Brownian step of length l and duration q� l2 (note that D is
unity in the dimensionless space, so that q� l2/D� l2) is given by
Equation (C1) if 0�d� l, or is zero when l� d. At t� 0, the concentration


W(d)� 1�2{1� (l2� d2ÿ 2d)/[2l(1ÿ d)]} (C1)


is still homogeneous within the sphere, and equal to 3/4p in dimensionless
units, since h(t� 0)� 1 by definition [Eq. (4)]. The fraction Dh of particles
exiting from the sphere during the Brownian step of duration l2 (in the
dimensionless time scale) is then given by Equation (C2), the flux of
particles that exit the sphere during this step being DF�Dh/l2, thus Y0�
liml!0(Dh/l)� 3/4.


Dh� 3


4p


Zl


0


W(d)� 4p(1ÿ d)2dd� 3l


4
ÿ l


3


32
(C2)


The second difficulty in Brownian motion evaluation of F(t) or Y(t) arises
at infinite times. Indeed, in simulations of such conditions the flux of
particles exiting from the sphere becomes vanishingly small so that the F(t)
or Y(t) Brownian values becomes chaotic when t� 1, because the
Brownian noise then becomes larger than the signal. This important
difficulty can be eliminated: Owing to the conservation of matter, the
number of particles that exit from the sphere over an infinite time is equal
to the initial content of the sphere. Since h(t� 0)� 1, F(t) and Y(t) must
then obey the normalization requirement of Equation (C3).


h(t� 0)�
Z1


0


F(u)du�
Z1


0


Y�u�
p


u
du� 1 (C3)


Up to t� 5, 1000 Brownian simulations were performed and averaged to
decrease the Brownian noise at longer times. Each simulation was
performed with l� 0.05 (i.e., with a step time 2.5� 10ÿ3) and starting
from a set of ca. (4/3)p/l3 particles located homogeneously within the
sphere on a cubic network of lattice l. The results are shown in Figure 3 in
terms of F(t) and Y(t). Based on these results, the analytical empirical
expression of Y(t) given in Equation (10) and which obeys the two above
conditions [Eq. (C3) and Y0� 3/4] was developed in order to facilitate the
numerical resolution of Equation (8).
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Clathrate-Type Complexation of Cephalosporins with b-Naphthol
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A. J. H. Klunder,[a] and B. Zwanenburg*[a]


Abstract: The cephalosporin deriva-
tives cephradine, cephalexin, cefaclor,
and cefadroxil form complexes with b-
naphthol, provided water is present. The
crystal structures of these complexes
have been determined by single-crystal
X-ray diffraction. The complexes appear
to be inclusion compounds of the clath-
rate type. In all cases, the cephalosporin
molecules play the role of host, while b-
naphthol is the guest molecule. Water


molecules, which are accommodated in
the crystal, play an essential role in the
interaction between the guest and host
molecules. Cephradine, cephalexin, and
cefaclor form isomorphous complexes
with b-naphthol, whereas cefadroxil


crystallizes in a different morphology.
The crystal structures are described in
detail and discussed in terms of hydro-
gen-bonding, van der Waals and electro-
static interactions. The structure of the
cefadroxil complex is basically different
from that of the other three complexes,
although there are notable structural
similarities.


Keywords: cephalosporin ´ clath-
rates ´ hydrogen bonds ´ molecular
recognition


Introduction


The cephalosporin derivatives cephalexin (1), cephradine (2),
cefaclor (3), and cefadroxil (4) are important life-saving
antibiotics, which have been in medical use for many years all
over the world. Large-scale isolation and purification of the
aforementioned cephalosporins from an aqueous solution is
hampered by a number of problems. Owing to the b-lactam
structure the molecules are very labile, especially under basic
conditions. As a consequence the pH of the cephalosporin
solution has to be monitored continuously during a reaction
or purification procedure. It would, therefore, be highly
convenient to isolate the cephalosporins by crystallization or
co-crystallization with some additive, preferably immediately
after their formation. It is known that selective cocrystalliza-
tion can be achieved by adding b-naphthol to aqueous
solutions of the cephalosporin derivatives 1, 2, 3, and 4.[1]


These derivatives selectively form complexes with b-naphthol


that precipitate from an aqueous solution. In the crystalline
state, the cephalosporins are less susceptible to degradation.
Moreover, complexation provides a method for the isolation
of the product, since the precipitated complex can be
separated from the reaction mixture by simple filtration. This
facilitates down-stream processing in the large-scale produc-
tion of these cephalosporins, which in turn indicates the
industrial relevance of this method. After decomplexation,
which can be achieved by acidification of an aqueous
suspension followed by extraction with an organic solvent,
the cephalosporins can be obtained in a pure state from the
aqueous phase by neutralization and crystallization.


Despite the industrial relevance of efficient down-stream
processing of the aforementioned cephalosporin derivatives,
the molecular structures of their b-naphthol complexes have
not been elucidated so far. Only the ratio of the cephalosporin
and b-naphthol has been reported, as well as the water
content.[1] Crystal structure analysis of complexes of b-
naphthol with b-cyclodextrin[2] and with androsta-1,4-diene-
3, 17-dione[3] revealed that in the former case b-naphthol is the
guest molecule, whereas in the latter case no clear distinction
can be made between host and guest molecules. Crystal-
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structure data of cephalosporins in either the pure or the
complexed state are scarce. So far only the crystal structures
of cefadroxil monohydrate and cefaclor dihydrate have been
recorded.[4a, 4b, 5]


The aim of the present study is to elucidate the crystal
structures of cephalosporin complexes with b-naphthol, in
order to shed light on the nature of the interactions
responsible for molecular recognition of the constituents in
the solid state. An intriguing question is whether b-naphthol
serves as the host or acts as a guest molecule. Single-crystal
X-ray diffraction was used for this purpose.


Results and Discussion


Complexes of cephalosporins with b-naphthol are usually
obtained as precipitates upon treatment of an aqueous
solution of these antibiotics with b-naphthol. However, for
the preparation of single crystals for the X-ray analyses
methanol was used as a cosolvent. The presence of methanol
enhances the solubility of b-naphthol and, moreover, allows
cooling below 0 8C. From a 1 % solution of cephalosporin in
water or water/methanol no crystallization results, not even
after cooling to 4 8C for 24 hours. However, after the addition


of b-naphthol, crystallization starts instantaneously. b-Naph-
thol, which is only poorly soluble in water/methanol, under-
goes a solid-to-solid transition from the pure state into the
complexed state with cephalosporin. The crystal data of the
respective cephalosporin/b-naphthol complexes are summar-
ized in Table 1.


Remarkably, the crystal structures of the complexes of
cephalexin, cephradine, and cefaclor with b-naphthol are
isomorphous, as can be deduced from the powder diffraction
patterns shown in Figure 1. Although the van der Waals radius
of chlorine is comparable with that of a methyl group and
partial saturation of a phenyl ring hardly results in structural
changes, in general, such subtle molecular alterations can
cause drastic structural deviations. The b-naphthol complexes
of cephalosporins 1, 2, and 3 are of the clathrate type in which
the cephalosporin serves as the host and b-naphthol as the
guest molecule. In these clathrates, the host molecules form
two-dimensional layers, which are held together by hydrogen-
bonding and electrostatic interactions. The two-dimensional
layers are packed in such a manner that a three-dimensional
structure is formed. The remaining cavities are filled with b-
naphthol and water molecules. In contrast, cefadroxil/b-
naphthol complex is a clathrate with an entirely different
three-dimensional structure that lacks the twofold symmetry


Table 1. Crystal data and data collection parameters for the b-naphthol complexes of cephalexin, cephradine, cefaclor and cefadroxil.


Cephalexin/b-naphthol Cephradine/b-naphthol Cefaclor/b-naphthol Cefadroxil/b-naphthol


crystal color transparent orange-yellow colorless transparent light yellow-brown pale yellow-brown
crystal shape regular fragment rather regular needle regular rod needle
crystal size [mm] 0.38� 0.28� 0.20 0.60� 0.19� 0.05 0.28� 0.09� 0.06 0.31� 0.14� 0.13
empirical formula C42H55N6O14.50S2 C42H56N6O14S2 C40H47Cl2N6O14.5S2 C42H58N6O19S2


Mw 940.04 933.05 978.86 1015.06
T [K] 293(2) 208(2) 293(2) 293(2)
crystal system monoclinic monoclinic monoclinic orthorhombic
space group C2 C2 C2 P212121


a [�] 23.398(4) 23.4212(6) 23.447(3) 7.1117(2)
b [�] 7.0623(18) 6.9715(2) 7.0262(8) 21.7170(8)
c [�] 14.918(4) 15.0047(4) 14.8413(15) 30.9586(14)
a [8] 90 90 90 90
b [8] 109.80(3) 110.405(2) 110.550(10) 90
g [8] 90 90 90 90
reflections 6 25 15 25
q range [8] 22.329 ± 40.260 40.234 ± 46.787 17.322 ± 22.038 19.907 ± 26.398
V [�3] 2319.3(10) 2296.24(11) 2289.4(4) 4781.4(3)
Z 2 2 2 4
1calcd [Mg mÿ3] 1.346 1.349 1.420 1.410
absorption coefficient [mmÿ1] 1.655 1.659 2.751 1.721
F(000) 994 988 1022 2144
q range data collection[8] 4.02 ± 69.91 3.14 ± 70.00 3.18 ± 70.01 2.85 ± 69.30
index ranges ÿ 28� h� 26 ÿ 26�h� 28 ÿ 26�h� 8 0� h� 8


ÿ 8� k� 0 0� k� 8 ÿ 8�k� 0 0� k� 26
0� l� 18 ÿ 18� l� 0 ÿ 18� l� 0 0� l� 37


reflections collected/unique 2486/2391 2475/ 2381 2452/ 2357 4870/ 4870
R(int) 0.0270 0.0322 0.0168
observed reflections [Io> 2s(Io)] 2130 2236 1675 3488
range of relative transmission factors 1.131/0.923 1.123/0.941 1.179/0.906 1.033/0.971
data/restraints/parameters 2391/249/346 2381/56/346 2391/222/345 4870/72/617
GOF on F 2 1.068 1.098 1.070 1.059
SHELXL-97 weight parameters 0.100400, 0.573100 0.072000, 1.253000 0.096200, 0.088500 0.103300, 7.821700
final R indices [I> 2s(I)] R1� 0.0488 R1� 0.0413 R1� 0.0568 R1� 0.0740


wR2� 0.1372 wR2� 0.1135 wR2� 0.1507 wR2� 0.1861
R indices (all data) R1� 0.0537 R1� 0.0442 R1� 0.0808 R1� 0.1076


wR2� 0.1424 wR2� 0.1162 wR2� 0.1649 wR2� 0.2112
largest difference peak/hole [e �ÿ3] 0.291/ÿ 0.255 0.330/ÿ 0.457 0.368/ÿ 0.232 0.642/ÿ 0.639
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that is present in the complexes of 1, 2, and 3. The large
difference between the structure of the complex of cefadroxil
and the complexes of cephalosporins 1, 2, and 3 is expressed in
the powder diffraction patterns as is shown in Figure 1.


Figure 2 shows the crystal structure of the cephalexin/b-
naphthol complex viewed in the direction of the b axis. The
cephalosporin molecules are in the zwitterionic form with a


Figure 2. PLUTON[8] drawing of the structure of the cephalexin/b-
naphthol complex viewed along the b axis.


negative charge on the carboxylate group and a positive
charge on the ammonium group. Within the two-dimensional
layers, the host molecules are assembled in a head-to-tail
fashion. One carboxylate group has both hydrogen-bonding
and electrostatic interactions with two ammonium groups and
vice versa. This results in 4-point junctions at which the host
molecules have strong noncovalent interactions with each
other. In the crystal structures of the cephalexin, cephradine,
and cefaclor complexes, the antibiotic molecules adopt an
arrangement in which from a 4-point junction two molecules
go up and two go down; this results in twofold symmetry along
the b axis, as is visualized in Figure 3a. Building up these
4-point junctions leads to the formation of two-dimensional
layers of cephalosporin molecules. In addition, this arrange-
ment has the consequence that the two-dimensional layers
contain holes as is shown in Figure 3b. This is the basis for the
formation of channels when a three-dimensional cephalo-
sporin framework is built up out of these two-dimensional
layers.


The channels shown in Figure 3b, are filled with water and
b-naphthol. The water molecules are positioned at the polar
regions inside the channels, whereas b-naphthol is sandwiched
between apolar parts of the antibiotic molecules. The water
molecules are involved in multiple hydrogen bonding with
both cephalosporin and other water molecules. The amino
and amide hydrogen atoms point towards the oxygen atoms of
the water molecules. In addition, the hydrogen ± oxygen


Figure 1. The powder diffraction patterns of the b-naphthol complexes of cephalexin, cephradine, cefaclor, and cefadroxil.
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distance is about 2 �, which
is the appropriate distance
for effective hydrogen bond-
ing (Figure 3c). Although the
positions of the hydrogen
atoms of the water molecules
could not be determined by
X-ray analysis, it is assumed
that they also participate in
the formation of the hydro-
gen bonding network. This
assumption is justified as fol-
lows. The distance of the
water molecules from the
carbonyl and carboxylate
groups is about 3 �. Taking
into account the length of the
oxygen ± hydrogen bond in
water of 0.95 �, it is reason-
able to assume that a hydro-
gen bond is present. Except
for the hydrogen-bonding
and electrostatic interactions
at the 4-point junctions, all
other hydrogen-bonding in-
teractions between host mol-
ecules involve water mole-
cules. These interactions
give the two-dimensional
layers substantial additional
strength. This suggests that
the water molecules play the
role of cement in the crystal.
Recently it was shown that
water incorporated in crystal
structures often serves as a
gluing agent.[6] The water
molecules surround b-naph-
thol on two sides; this allows
a hydrogen bond to be
formed between the hydroxyl


Figure 3. a) A PLUTON[8] drawing
of the 4-point junction formed by four
cephradine molecules, each donating
an ammonium or a carboxylate group.
b) The two-dimensional layer viewed
in the direction of the c axis. The holes
that are present are a consequence of
the arrangement of the cephalosporin
molecules at a 4-point junction.
c) The water molecules are positioned
within the two-dimensional layers and
form hydrogen bonds with the ceph-
alosporin molecules. The hydrogen
bonds between the hydrogens of wa-
ter and acceptor atoms of the cepha-
losporins are not shown because the
positions of the hydrogens could not
be exactly determined.


b)


c)


a)
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group of b-naphthol and a water molecule. This implies that
the b-naphthol molecules are indirectly bound to the ceph-
alosporin molecules through water.


The isomorphism found for the b-naphthol complexes of
cephalexin, cephradine, and cefaclor, which was initially
deduced from powder diffraction experiments, was confirmed
by single-crystal X-ray diffraction, as is evident from the data
in Table 1. Both the data in Table 1 and the powder diffraction
patterns in Figure 1, clearly reveal that the crystal structure of
the cefadroxil/b-naphthol complex, differs considerably from
that of the other cephalosporin complexes. This difference
must be attributed to the replacement of a hydrogen atom
with a hydroxyl group on the phenyl ring. This replacement
influences the molecular structure both sterically and elec-
tronically and has dramatic consequences for the recognition
properties of the molecule.[7] This orthorhombic crystal
structure contains cefadroxil, b-naphthol, and water in a ratio
of 2:1:8. Thus, it contains three molecules of water per unit
cell more than the cephalosporin complexes described above.
The overall molecular geometry of the cefadroxil molecule in
the b-naphthol complex is practically the same as its
conformation in its uncomplexed monohydrate form[4a, 4b]


and as the conformations of the other cephalosporin mole-
cules in their complexes with b-naphthol. The cefadroxil/b-
naphthol complex also forms a crystal structure of
the clathrate type. As in the complexes of cephalexin,
cephradine, and cefaclor with b-naphthol, cefadroxil is
the host and b-naphthol is the guest. The b-naphthol
molecule in this crystal structure is disordered, but could be
refined in terms of two possible orientations. For the sake of
clarity, only one orientation for b-naphthol is shown in
Figure 4.


In the cefadroxil clathrate structure, 4-point junctions
similar to those observed for cephalosporins 1, 2, and 3, are
present. However, the twofold symmetry is lacking in the case
of cefadroxil. This deviating arrangement results in an
essential difference between the cefadroxil complex and the
complexes derived from the cephalosporins 1, 2, and 3,
namely, the dimensionality of the hydrogen-bonding network
formed by the host molecules. While the cephalosporins 1, 2,
and 3 form two-dimensional nets of hydrogen bonds, cefa-
droxil forms a three-dimensional network. Although the
phenolic hydroxyl group is involved in hydrogen-bonding
interactions, its function is not essential for the formation of
the three-dimensional network. The three-dimensional net-
work is constructed by interactions of only the ammonium
and carboxylate groups of the cefadroxil molecules.


Conclusion


Cephalexin, cephradine, cefaclor, and cefadroxil form clath-
rates with b-naphthol in the presence of water. The essential
feature of these clathrates is that the cephalosporins act as the
host molecules and b-naphthol as the guest. The third
constituent of the clathrates is water, which fulfils the role
of cement in the crystal. The clathrates of cephalexin,
cephradine, and cefaclor are isomorphous. Although these
three cephalosporins have subtle structural differences, their
complexation behavior with b-naphthol is essentially the
same. The introduction of a hydroxyl group, as in cefadroxil,
has a pronounced effect on the polarity and hydrophilicity of
the molecule. In addition, it has a notable steric influence at
that position of the molecule. As a consequence, the


Figure 4. The crystal structure of the cefadroxil complex with b-naphthol. For sake of clarity only one orientation for b-naphthol is shown.
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cefadroxil/b-naphthol complex is a clathrate with a different
crystal structure. Remarkably, although the host framework
formed by cefadroxil is very different, the remaining cavities
are quite similar, because the same guest molecule can
be accommodated. In both types of structures b-naphthol
is hydrogen bonded to a water molecule. Apart from this
hydrogen bond, b-naphthol has only van der Waals inter-
actions with both cephalosporin and water molecules. The
clathrate formation of cephalosporins with b-naphthol
allows an effective withdrawal of cephalosporins from a
diluted aqueous solution; this is highly relevant for
industry.[1]


Experimental Section


The cephalosporins were obtained from DSM Life Sciences Group.
b-Naphthol was purchased from ACROS.


Crystallization procedure : Cephalosporin monohydrate (500 mg) was
dissolved in 20% aqueous methanol (approximately 50 mL). b-Naphthol
(110 mg, 0.75 mmol) was dissolved in acetone (3 mL) and subsequently
added to the cephalosporin solution. The solution was cooled at 4 8C
overnight.


Crystal-structure solution of the b-naphthol complexes of 1, 2, 3, and 4 : The
crystals were measured on an ENRAF-Nonius CAD4 diffractometer. The
radiation used was CuKa (graphite monochromated) with l� 1.54184 �.
Intensity data were corrected for Lorentz and polarization effects. The
structures were solved by the program system DIRDIF[10] by means of the
program ORIENT and TRACOR[11] to orient and position a b-lactam
fragment in the Patterson map and were refined anisotropically, by full-
matrix least squares on F2 (program SHELXL[12]). Crystal data and data
collection parameters are given in Table 1.


Structure refinement for (cephalexin/b-naphthol), (cephradine/b-naph-
thol) and (cefaclor/b-naphthol): A crystallographic twofold axis passes
through the center of the cavity in which the b-naphthol molecule is
situated. As a consequence the b-naphthol molecule was disordered along
this twofold axis. The two possible orientations of the b-naphthol molecule,
which are related by twofold symmetry, were refined by use of a disorder
model. The naphtalene skeletons belonging to the two possible orientations
of the b-naphthol molecule did not overlap, but were shifted away from the
twofold axis. The b-naphthol was (locally) surrounded by five water
molecules: two at the side of the hydroxyl group, three at the other side of
the cavity. The shift of the molecule with respect to the twofold axis may be
the result of the replacement of a water molecule in the polar part of the
cavity by the hydroxyl group of b-naphthol. The hydrogens attached to N18
were found in a difference Fourier map, but proved unstable during
refinement. Therefore, these hydrogens and also the hydrogen atoms of the
methyl group were refined as rigid rotors with idealized sp3 hybridization
and a CÿH bond length of 0.97 � to match maximum electron density in a
difference fourier map. The hydrogens of the water molecules could not be
localized and are therefore not included in the model. All other hydrogen
atoms were placed at calculated positions and were refined riding on the
parent atoms. The SQUEEZE procedure of the PLATON program[13] was
used to correct for disordered solvent. For cephalexin/b-naphthol two voids
at 0.500, 0.251, 0.000 and 0.000, 0.751, 0.000, with a volume of 33 and 34 �3,
respectively, showed an electron count of 5 electrons indicating that in each
void half a water molecule was present. For cefaclor/b-naphthol two voids
at 0.500, 0.240, 0.000 and 0.000, 0.740, 0.000, with volumes of 29 �3, showed
an electron count of 6 electrons indicating that in each void half a water
molecule was present.


Structure refinement of cefadroxil/b-naphthol : The b-naphthol molecule
showed severe disorder. Careful analysis showed that there were two
possible ways in which the b-naphthol molecule could be positioned in the
cavity. In both cases the hydroxyl group was bonded through a hydrogen


bond to the same water molecule. The two possible orientations of the b-
naphthol molecule are related by a 1808 rotation of the naphthalene
skeleton along the long axis of the molecule. The naphthalene skeletons
belonging to the two possible orientations of the b-naphthol molecule do
not overlap, but are slightly shifted with respect to each other, clearly, to
optimize the fit in the cavity. The two possible orientations were refined by
the use of a disorder model. The hydrogens attached to N18 were found in a
difference Fourier map, but proved unstable during refinement. Therefore,
these hydrogens and also the hydrogen atoms of the methyl group were
refined as rigid rotors with idealized sp3 hybridization and a CÿH bond
length of 0.97 � to match maximum electron density in a difference Fourier
map. The hydrogens of the water molecules could not be localized and are
therefore not included in the model. All other hydrogen atoms were placed
at calculated positions and were refined riding on the parent atoms.
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 no. CCDC 109854,
CCDC 109855, CCDC 109856, and CCDC 109857. Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.
cam.ac.uk).


Acknowledgment


We thank DSM (Geleen, The Netherlands) and the Dutch Ministry of
Economical Affairs (Senter) for their financial support. We also thank Prof.
Dr. A. Bruggink (DSM, The Netherlands) for his valuable comments.


[1] U. S. Patent no. 4003896 (NOVO Nordisk), 1977; [Chem. Abs. 1977, 86,
171 480m].


[2] K. Takahashi, J. Chem. Soc. Chem. Commun. 1991, 929.
[3] Z. Bocskei, K. Simon, G. Ambrus, E. Ilkoy, Acta Crystallogr. Sect. C,


1995, 55, 1319.
[4] a) J. Seetharaman, S. S. Rajan, R. Srinivasan, J. Crystallogr. Spectrosc.


1993, 23, 235; b) W. Shin, S. W. Cho, Acta Crystallogr. C, 1992, 48,
1454.


[5] H. Martinez, S. R. Byrn, R. R. Pfeiffer, Pharmaceutical Research 1990,
7, 147.


[6] T. M. Krygowski, S. J. Grabowski, J. Konarski, Tetrahedron 1998, 54,
11311.


[7] For the penicillins, isomorphism was observed for the trihydrate forms
of ampicillin and amoxicillin. Replacement of a hydrogen by a
hydroxyl group on the phenyl ring does not alter the crystal structure
in spite of the fact that this structural modification takes place close to
a polar water cluster: M. O. Boles, R. J. Girven, P. A. C. Gane, Acta
Crystallogr. Sect. B 1978, 34, 461.


[8] A. L. Spek, PLUTON, A program for plotting molecular and crystal
structures, University of Utrecht (The Netherlands), 1995.


[9] A. C. T. North, D. C. Philips, F. S. Mathews, Acta Crystallogr. Sect. A,
1968, 24, 351


[10] P. T. Beurskens, G. Beurskens, W. P. Bosman, R. de Gelder, S. Garcia-
Granda, R. O. Gould, R. Israel, J. M. M. Smits, DIRDIF-96. A
computer program system for crystal-structure determination by
Patterson methods and direct methods applied to difference structure
factors, Crystallography Laboratory, University of Nijmegen (The
Netherlands), 1996.


[11] P. T. Beurskens, G. Beurskens, M. Strumpel, C. E. Nordman, in
Patterson and Pattersons (Eds.: J. P. Glusker, B. K. Patterson, M.
Rossi), Clarendon, Oxford, 1987, p. 356.


[12] G. M. Sheldrick, SHELXL-97, Program for the refinement of crystal
structures, University of Gottingen: Germany, 1997.


[13] A. L. Spek, Acta Crystallogr. Sect. A, 1990, 46, C34.


Received: November 23, 1998 [F1457]








Supramolecular Chirons Based on Enantiodifferentiating Self-Assembly
between Amines and Alcohols (Supraminols)
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Abstract: Homochiral pairs of vicinal
diamines and vicinal diols form well-
defined crystalline supramolecular as-
semblies (supraminols) as a result of
mutual recognition. X-ray crystallo-
graphic analysis shows extensive hydro-
gen bonding between amine and alcohol
groups that results in a hydrophilic inner
core and hydrophobic outer peripheral
units. The inner core consists of partially
or fully hydrogen-bonded amine ± alco-
hol interactions that lead to a pleated-


sheet- or ribbonlike secondary structure.
The outer periphery consists of left- or
right-handed helical strands of alternat-
ing diamine ± diol units, depending on
the sense of chirality of the diamine and
the diol. High enantiomeric enrichment


is possible when an enantiopure diamine
and a racemic diol are allowed to
interact resulting in a matched homo-
chiral crystalline adduct. In one in-
stance, the occlusion of a molecule of
benzene within the assembly was ob-
served. On the basis of competition
experiments, some predictions can be
made regarding the best matched pairs
of diamines and diols, which we have
termed supramolecular chirons.


Keywords: chirality ´ helical struc-
tures ´ hydrogen bonds ´ molecular
recognition ´ supramolecular chem-
istry ´ supraminols


Introduction


Supramolecular chemistry[1] has evolved into one of the more
exciting and thought-provoking subdisciplines of science with
far-reaching applications. Lehn�s scholarly contributions[2] in
this area have paved the way to numerous extensions of the
original concepts, resulting in the creation of a variety of
organized molecular frameworks.[3] When such supermole-
cules are solids, the prospect of discovering interesting
physical properties with possible applications in materials
science is a sought-after objective and a meeting ground for
different technologies.


Advances in self-assembly of organic molecules in partic-
ular and the generation of supramolecular structures based on
noncovalent interactions have heightened interest in crystal
engineering. According to Desiraju,[4] crystal engineering is
the understanding of intermolecular interactions in the
context of crystal packing and in the utilization of such
understanding in the design of new solids with desired
physical and chemical properties. Aspects of crystal engineer-
ing have also been discussed in terms of design, strategy, and


architecture.[4, 5] In spite of many contributions in this area, the
issue of predicting structural features from the chemical
composition and functional properties remains an interesting,
challenging, and elusive aim.[2, 6] Contrary to normal discon-
nective analysis in synthesis planning, where a molecular
entity such as a natural product is simplified into its basic
building blocks[7] and then chemically assembled in the
forward sense, the organization of molecules of known
structure into specific patterns and shapes in the solid state
is not predictable. In most cases, thermodynamic forces will
ultimately decide the architecture, organization, dimension-
ality, and, in human terms, the aesthetic quality of the
resulting motif.[8]


Hydrogen bonding has been an important feature in the
noncovalent assembly of neutral molecules possessing do-
nor ± acceptor functionalities.[9] In this context, Nature has
been a most generous provider of examples of hydrogen-
bonded entities with nucleic acids, and proteins as marquee
supermolecules.[10] Hydrogen bonding between neutral
amide-type NH and carbonyl-type O atoms has featured
prominently in the design and self-assembly of a number of
supramolecular structures involving mainly achiral donor ±
acceptor molecules.[11]


The interaction between simple amines and alcohols has
been previously demonstrated spectroscopically[12] by X-ray
diffraction techniques,[13] and indirectly based on analytical
techniques associated with HPLC.[14] In a recent elegant study,
Ermer and Eling[15] reported on the self-assembly of diphe-
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nol ± diamine molecules into supramolecular arrays. Our
concurrent studies[16] showed for the first time that chiral
nonracemic pairs of vicinal diamines and diols could self-
assemble to give crystalline three-dimensional helical motifs
(supraminols). Furthermore, the sense of helicity was depend-
ent on the chirality of the partners. Although (R,R)- or (S,S)-
1,2-diaminocyclohexane exists as a layered two-dimensional
structure in the solid state, it behaves as a matrix to
accommodate a matching diol partner, a fact which leads to
a right- or left-handed three-dimensional helical superstruc-
ture.[16]


The core of these assemblies consists of hydrogen-bonded
pleated sheets or ribbons depending on the nature of the C2-
symmetrical diol. It was therefore of interest to delineate
structural features in the diamine and diol units that favor a
pleated-sheet- or a ribbonlike hydrogen-bonding pattern in
the core of the corresponding three-dimensional assembly.
The notion of supramolecular chirons is introduced to identify
basic units that are the chiral counterparts of supramolecular
synthons.[4] We thus define a supramolecular chiron as the
minimal homo- or heterochiral molecular unit or ensemble
capable of generating ordered superstructures by self-assem-
bly through hydrogen-bonding or other noncovalent forces,
and leading to topologically distinct enantio- or diastereopure
architectures. Issues related to chirality in the context of
supramolecular chemistry have not been addressed in a
systematic manner.[17]


Results


When a suspension containing equimolar amounts of enan-
tiomerically pure (R,R)-1,2-diaminocyclohexane (1)[18] and
(R,R)-4-cyclohexen-1,2-diol (2)[19] in benzene was brought to
the reflux temperature of the solvent and the clear solution
formed was allowed to cool, a crystalline product was formed
in over 90 % yield (Scheme 1). The same procedure for
(1R,2R,4R,5R)-4,5-dibromocyclohexan-1,2-diol (4) [19] and
diamine 1 gave a crystalline adduct 5. Spectroscopic and
X-ray crystal structure analysis of adducts 3 and 5 showed the
formation of a 1:1 complex consisting of one molecule each of
diamine and diol, and linked by a pair of interactions well
within the distance of a definite hydrogen bond. Table 1
contains pertinent crystallographic data for the supraminols
discussed in this paper.[20] The same procedure failed to afford
solid adducts when 1 was mixed with enantiomerically pure
(R,R)-1,2-cyclopentanediol, (1R,2R)-3,5-cyclohexadiene-1,2-
diol, (1S,2S)-4-cyclohexen-1,2-diol, or (1S,2S,4S,5S)-4,5-dibro-
mocyclohexan-1,2-diol. Adducts 3 and 5 form well-defined
and well-ordered supramolecular structures that self-assem-
ble through a unique network of hydrogen bonds. In the
adduct 3, cyclohexane and cyclohexene moieties are stacked
in four columns (Figure 1, panels A, B). The hydrogen-
bonded motif of the core has the shape of a right-handed
helical ribbon similar to that previously observed for the
crystalline adduct between enantiomerically pure (R,R)-1,2-
diaminocyclohexane and (R,R)-2,3-butanediol,[16] and differ-
ent from the pleated-sheet-like motif found in the adduct of 1
and (R,R)-cyclohexane-1,2-diol.[16] Thus, the presence of the
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Scheme 1. Vicinal diamines and diols comprising carbocyclic and acyclic
structures and their adducts.


4,5-double bond in the cyclohexene ring of the diol partner 2
markedly influences the topology of the hydrogen-bonded
motif of the core. The helical ribbon-shaped core consists of
eight-membered square planar hydrogen-bonded units in
which one of the NH ´´´ (O) hydrogen bonds is weak (with
average long and short distances of 2.56 � and 2.24 �)
(Figure 1, panels C, D). Nitrogen and oxygen atoms act as
donors or acceptors leading to a fully hydrogen-bonded
network in the core. Pairs of diamine and diol units are
interlinked by three antidromic hydrogen-bonded strands that
run parallel at a distance of 6.728 �. The hydrogen-bonding
pattern in the helical strand utilizes the amino group as donor
and hydroxyl group oxygen as acceptor generating a left-
handed helical strand with a pitch of 20.184 � (Figure 1,
panel E). A remarkable consequence is the emergence of
unusual topological features in the superstructure. Thus, while
the peripheral residues consisting of diamine and diol units
adopt a left-handed helical shape, the ribbonlike hydrogen-
bonded motif within the core has an opposite helicity
(Figure 1, panels D and E). A stereoview of the hydrogen-
bonding network along the a axis can be seen in Figure 1 F. A
CPK representation of the helical structure of 3 is shown in
Figure 2.


In the adduct 5, the cyclohexane moieties of the diamine
and of the diol are stacked in four columns similarly to the
adduct 3. In the case of 5, however, the diol exists in two
different orientations, rotated by�208 in the a ± c plane of the
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Table 1. Crystallographic data collection and structure refinement information.


3 5 8 9 10 12 14


space group P212121 P21 C2 C2 P212121 P21212 C2
Z 4 2 4 4 4 2 8
cell constants
a [�] 6.7282(18) 11.056(6) 18.563(7) 18.547(6) 6.432(2) 7.725(2) 20.792(6)
b [�] 10.697(4) 6.507(5) 6.7360(12) 6.779(3) 12.113(6) 7.924(2) 11.516(3)
c [�] 19.828(7) 11.599(6) 13.155(3) 12.660(6) 18.496(7) 11.540(3) 15.747(5)
b [8] 90.0 97.78(4) 126.54(2) 109.14(3) 90.0 90.0 133.18(2)
V [�3] 1427.1(8) 826.8(9) 1321.6(6) 1503.8(11) 1441.0(10) 706.4(3) 2749.5(14)
m [mmÿ1] 0.57 6.20 0.57 0.57 7.07 7.21 0.60
rcalcd [g cmÿ3] 1.063 1.559 1.027 1.066 1.669 1.702 1.113
F(000) 504 392 456 532 728 364 1024
radiation CuKa1


CuKa1
CuKa1


CuKa1
CuKa1


CuKa1
CuKa1


qmax [8] 70.0 70.0 70.0 70.0 70.0 70.0 70.0
scan mode w/2q w/2q w/2q w/2q w/2q w/2q w/2q


h, k, l ranges � 8, �13, �24 � 12, �7, �14 � 22, �8, �16 � 22, �8, �15 � 7, �14, �22 � 9, �9, �14 � 25, �14, �19
no. of reflns measured 10042 4034 4892 5615 9403 4715 10 136
no. of unique reflns 2705 2043 2471 2825 2734 1348 5114
Rmerge 0.033 0.082 0.039 0.065 0.130 0.147 0.045
no. with I> 2.00s(I) 2456 1475 2383 2225 2316 1066 4761
no. of parameters 242 258 224 159 150 76 298
R1 (obs. ref. only)[a] 0.040 0.061 0.038 0.075 0.062 0.054 0.051
wR2 (all data)[b] 0.104 0.160 0.113 0.198 0.188 0.135 0.148
S[c] 1.00 0.98 1.11 0.99 1.06 0.97 1.09


[a] R1�S(j jFo jÿ jFc j j )/S(jFo j ). [b] wR2� [S[w(F 2
o ÿF 2


c )2]/S[w(F 2
o )2]]1/2. [c] S� [S[w(F 2


o ÿF 2
c )2]/(No. of reflnsÿNo. of params.)]1/2


Figure 1. A) ORTEP view of the molecular adduct 3
(H-bonds are represented by thin lines); B) H-bond-
ing network of adduct 3 (top view down the a axis); C)
side view of the H-bonding network (H-bonds are
represented by thin lines) showing the full coordina-
tion of all heteroatoms; D) simplified representation
of the view in (C) showing the right-handed helical
motif constituting the ribbonlike H-bonded core of
the assembly; E) single strand for H-bonded units
extracted from the triple-stranded helicate structure
in 3 showing left-handed helicity. H-bonds are uni-
formly established between NH2 donors and OH
acceptors of alternate diamine and diol molecules; F)
stereoview of the H-bonding network (side view along
the a axis).
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adduct. For the sake of clarity, only the ORTEP views of the
molecular structure for the complex formed from the major
diol component are shown in Figure 3 (panels A and B). An
explanation of the occurrence of two different diol motifs
could be found in the presence of two strong van der Waals
interactions (2.13 � for the bromine ± hydrogen interaction
and 3.09 � for the bromine ± carbon interaction) between
adjacent columns in the superstructure. While a ribbonlike
hydrogen-bonded core is evident, only one of the two amino
groups is fully engaged in hydrogen bonding, as depicted in
Figure 3 (panels C and D). Three antidromic hydrogen-
bonded strands run parallel at a distance of 6.507 �, generat-
ing a left-handed helical strand with a pitch of 19.521 �
(Figure 3, panels C, D, and F). A CPK representation of the
helical structure of 5 is shown in Figure 2.


In an attempt to extend our
knowledge about the relation-
ships between structure and
hydrogen-bonding capabilities
for the supraminols, we utilized
(R,R)-2,3-diaminobutane (6)[22]


as a new diamine component.
Equimolar amounts of 6 and
enantiomerically pure (R,R)-
cyclohexane-1,2-diol (7) afford-
ed a crystalline adduct 8. Famil-
iar stacking of butane and cy-
clohexane units can be seen as
in the case of 3 (Figure 4, pan-
els A and B). Similarly, the fully
hydrogen-bonded core consists
of a right-handed helical ribbon
(Figure 4, panels C, D, and F).
The OH ´´´ (N) hydrogen bond-
ing (average 1.97 �) and the
NH ´´´ (O) hydrogen bonding
values (average long bond
2.44 �, short bond 2.23 �) are
smaller than those observed for
3. Three antidromic hydrogen-
bonded strands run parallel at a
distance of 6.799 �, generating
a left-handed helical strand
with a pitch of 20.337 � (Fig-
ure 4, panels D and E). This
helix is more compressed in
the a ± c plane and more ex-
tended along the b plane com-
pared with that of (R,R)-1,2-
diaminocyclohexane and
(R,R)-2,3-butanediol.[16] A
CPK representation of the hel-
ical structure of 8 is shown in
Figure 2.


The adduct between (R,R)-4-
cyclohexen-1,2-diol (2) and
(R,R)-2,3-diaminobutane (6)
afforded a crystalline solid 9
(Scheme 1). The overall topol-


ogy of 9 was similar to that of 8 (Figure 5, panels A and E).
However, benzene molecules were included in the crystal
structure of 9, and located at the intersection of four columns
in a plane parallel to the a ± b plane of the unit cell of the
adduct.[22] No stacking interactions could be observed be-
tween the benzene ring and the double bond of the diol
(Figure 5, panels F, B). Each benzene unit exhibits a hydro-
gen ± hydrogen van der Waals interaction (2.81 �) with the
next benzene unit along the b axis. Interestingly, the
preparation of 9 in a 1:1 mixture of benzene and toluene
afforded only crystals that included benzene. Some note-
worthy structural features are evident from the comparison of
the adducts 9 and 3. In 9 the OH ´´´ (N) hydrogen-bonding
distances (average 1.94 �) and NH ´´´ (O) (average long bond
2.42, short bond 2.24 �) are smaller than those in 3. The


Figure 2. CPK representation of the helical secondary structure of 3, 5, 8, 10, 9. Diamine residues are shown in
blue and diols in red within one strand of the helicates in 3, 5, 8, 9, and 10. Bromine atoms are shown in green. For
14, a segment showing two contiguous elements of the layered structure is depicted with diol in red and diamine in
gray. For 9, benzene molecules included in the triple-stranded helical crystal structure are shown with black
carbon atoms; CPK of 9 with partially rotated left-hand motif with included benzene molecules and an artificial
separation of the right-hand motif (not rotated).
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helical structure of 9 is compressed along the a ± c plane and
more extended along the b axis, probably because this
geometry is necessary to accommodate the included benzene
molecules (Figure 5, panels C, D, E, and F). A CPK repre-
sentation of the helical structure of 9 with the included
benzene molecules is shown in Figure 2.


Both enantiomers of 4,5-dibromocyclohexan-1,2-diol[19]


afforded crystalline adducts 10 and 12 with the diamine 6
(Scheme 1). In the case of 10, the cyclohexane rings of both
molecules are aligned into four vertical columns with the
polar groups facing inward as expected (Figure 6, panels A
and B). The hydrogen-bonding motif of the core is an
incomplete right-handed helical ribbon (Figure 6, panels C,
D). One of the NH ´´´ (O) hydrogen bonds is very weak
(2.54 �). The corresponding NH ´´´ (O) angle value of 1328
deviates from the theoretical value, hence the absence of the


full hydrogen bonding seen in
the structures of 3 or 9. Three
antidromic hydrogen-bonded
strands run parallel at a dis-
tance of 6.432 �, generating a
helical strand with a 19.30 �
pitch that is somewhat com-
pressed along the a ± c plane
compared to all other helicates
in this series of supraminols
(Figure 6, panels D, E, and F).
This unexpected structural fea-
ture could be due to the steric
encumbrance of the axial bro-
mine atoms. Moreover, there
are no van der Waals interac-
tions for either bromine ± bro-
mine or bromine ± hydrogen
atoms.[23] The lowest value for
the bromine ± bromine contact
is 4.576 � and that for the
bromine ± hydrogen is 3.27 �.
A CPK representation of the
helical structure of 10 is shown
in Figure 2.


Unlike 10, the adduct 12
consists of a vastly interlinked
bidirectional hydrogen-bonded
network as the constitutional
element of the assemblage (Fig-
ure 7). Channels run inside the
core along the b axis (Figure 7,
panels B, C, E) reminiscent of
the crystal structure previously
observed for the adduct formed
from enantiomerically pure
(R,R)-1,2-diaminocyclohexane
and (R,R)-tartaric acid.[16, 24]


The supraminol structure 12
exhibits a strong face-to-face
interaction between the bro-
mine atoms along the b axis of
the adduct. The interresidue


bromine ± bromine atoms distance was 3.38 �, which might
be responsible for deviations from the anticipated helical
structure observed for the matched pair in 10. The network
develops in a plane perpendicular to the c axis (Figure 7,
panel D). Very weak OH ´´´ (N) hydrogen bonds are present
along the a ± b plane (2.54 and 2.92 �) and the corresponding
angle values of 1678 and 1388 deviate from the theoretical
values.


At this juncture, it is informative to recall that all the
crystalline adducts studied so far have consisted of C2-
symmetrical vicinal diamines and diols comprising carbocyclic
and acyclic structures (Scheme 1, entries a ± f). To study the
effect of chirality in diol partners we looked at the adducts
formed from (R,R)-1,2-diaminocyclohexane (1) and cis-1,2-
cyclohexanediol (13). The crystalline adduct 14 has a three-
dimensional structure that is self-assembled in a two-direc-


Figure 3. A) ORTEP view of the molecular adduct 5 (H-bonds are represented by thin lines); B) H-bonding
network of adduct 5 (top view down the a axis); C) side view of the H-bonding network (H-bonds are represented
by thin lines) showing the coordinations of oxygen atoms and the full coordination of nitrogen atoms; D)
simplified representation of the view in (C) showing the left-handed helical motif constituting the ribbonlike
H-bonded core of the assembly; E) single strand for H-bonded units extracted from the triple stranded helicate
structure in 5 showing left-handed helicity. H-bonds are uniformly established between NH2 donors and OH
acceptors of alternate diamine and diol molecules; F) stereoview of the H-bonding network (side view along the b
axis).
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tional hydrogen-bonding network. Although the nature of the
interactions involved is markedly different from that of the
other adducts discussed in this paper, the top view and the side
view of the assembly (Figure 8, panels A, B, D, and E) present
a similarity to the previously described charged network for
carbonated (R,R)-1,2-diaminocyclohexane.[16] In contrast to
other adducts shown in Scheme 1, where a ratio of 1:1 diol and
diamine moiety was involved, the supramolecular chiron in 14
is defined by two diamine and two diol moieties. An
incomplete ribbonlike core motif characterizes the adduct,
and there are two interlinking hydrogen bonds between
O(22)ÿH(22) and N(32) for any unit cell alternating at
11.516 � on either side of the ribbon. This results in a layered
structure which develops in the second direction (a axis),
reminiscent of the carbonated (R,R)-1,2-diaminocyclohexane
assembly.[16]


Competition experiments
and enantiomeric resolu-
tion :


Some competition experi-
ments were done by adding
different alcohols to pre-
formed supraminols in order
to evaluate the relative sta-
bility of each adduct
(Scheme 2). When a suspen-
sion containing equimolar
amounts of 15 and 16 in
benzene was brought to the
reflux temperature of the
solvent and the clear solu-
tion allowed to cool, crystal-
line 15 was obtained in 89 %
yield as the only recovered
solid adduct. Moreover,
when the experiment was
repeated under similar con-
ditions with 17[16] in the
presence of 7, again crystal-
line 15 was recovered in
78 % yield as the only solid
adduct. These experiments
demonstrate that 15 crystal-
lizes preferentially to 17. As
expected, 15 was also ob-
tained as the only adduct
when the oily complex 18
was mixed with an equimo-
lar amount of 7. The tenden-
cy of (R,R)-diols to replace
the (S,S)-diols in suprami-
nols assembled from a
(R,R)-diamine was further
confirmed in the exchange
study with enantiomeric diol
pairs. When a suspension of
an equimolar amount of 18
and 16 was heated to the
reflux temperature in ben-


zene and the resulting clear solution allowed to cool,
crystalline 17 was obtained in 94 % yield and 99 % de
(Scheme 2). In a similar way, a competition experiment
between 19 and 2 afforded 3 in 83 % yield and 98 % de. The
different behavior shown by (R,R)- and (S,S)-diols in the
crystallization with 1 was successfully used for the enantio-
meric enrichment of the racemic trans-diol 2. When a sample
of 1 was heated in benzene with equimolar amounts of
racemic trans-diol 2, a solid containing the (R,R)-diol 2 with a
diastereomeric enrichment of about 82 % crystallized out of
solution. Further recrystallization allowed an enrichment up
to ca. 98 % de.[25]


Finally, when a suspension of equimolar amounts of 14 and
7 was brought to the reflux temperature of benzene and the
clear solution allowed to cool, crystalline 15 was obtained in
86 % yield (Scheme 2).


Figure 4. A) ORTEP view of the molecular adduct 8 (H-bonds are represented by thin lines); B) H-bonding
network of adduct 8 (top view down the a axis); C) side view of the H-bonding network (H-bonds are represented
by thin lines) showing the full coordination of all heteroatoms; D) simplified representation of the view in (C)
showing the right-handed helical motif of the ribbonlike H-bonded core of the assembly; E) single strand for
H-bonded units extracted from the triple stranded helicate structure in 3 showing left-handed helicity. H-bonds
are uniformly established between NH2 donors and OH acceptors of alternate diamine and diol molecules; F)
stereoview of the H-bonding network (side view along the b axis).
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Hydrogen-bonded core structure as a function of torsional
and dihedral angles :


As shown in Table 2, it is possible to correlate some
dihedral angle values of the diol and diamine moieties with
the ribbon-shaped versus pleated-sheet-like core motif for
helical supraminols. The absolute d value observed for the
diol component of adducts with a ribbon-shaped core is in
general smaller than that found in the pleated-sheet motif
with the exception of 5 and 10, probably as a result of the
presence of the bulky axial bromine atoms. The sign of the d


angle depends on the chirality of the diols with a positive
value for (S,S)-diols and a negative one for (R,R)-diols. The
absolute d value observed for the diamine component of all
the adducts with a ribbon-shaped core is in general also
smaller than that found in the pleated-sheet-like motif present
in 15 and 15 a.


NMR studies in solution :
Interchangeable donor ± acceptor interactions between di-


amines and diols were also manifested in solution as evident


from 1H NMR spectroscopy in
0.1m [D6]benzene and CDCl3


solutions at 25 8C (Table 3). A
downfield shift is observed for
both the CHOH and the
CHNH2 protons in all the ad-
ducts. In particular, the ribbon-
shaped core adducts 3, 5, 10
show a higher downfield shift
for the CHOH signal than that
observed for 15, which is char-
acterized by a pleated-sheet
motif, particularly in [D6]ben-
zene (entry 8). The adducts 3
and 5 with ribbon-shaped cores
formed between (R,R)-1,2-dia-
minocyclohexane and cyclic al-
cohols (entries 1 and 2) show a
shift for the CHOH signal fur-
ther downfield than that of 17
(entry 9). In a similar way, ad-
ducts 3 and 5 show a shift for
the CHOH signal further down-
field than that of all the ribbon-
shaped core adducts of the
(R,R)-1,2-butanediamine (en-
tries 4 ± 7). Moreover, in all ad-
ducts the individual CHOH and
CHNH2 signals collapse to sin-
gle broad signals, the position
of which changes in proportion
to the amount of added diol (as
shown by a titration experiment
between 1 and 7). Generally an
upfield shift is observed for the
CHOH signal and a downfield
shift for the CHNH2 signal of 3
and 5 (entries 1 and 2). An
upfield shift is observed for


adducts 9, 10, 12, and 14, which consist of the (R,R)-2,3-
diaminobutane and various diols (entries 4 ± 7).


Since a number of adducts did not crystallize or gave
crystals that were not suitable for X-ray analysis, we studied
their 1H and 13C spectra in order to establish the existence of
hydrogen-bonded associations. Scheme 3 depicts the struc-
tures of a variety of diamine ± diol and diamine ± alcohol
adducts prepared by mixing equimolar quantities in benzene.
Except for the adduct 27, which afforded fine needles, all the
adducts were oils. Characteristic downfield shifts of the
CHOH and CHNH2 signals were observed in their 1H NMR
spectra of adducts 20 ± 22 ; we therefore conclude that
combinations of vicinal C2-symmetrical diols were in fact
mutually recognized, with the exception of adduct 23, in which
overlapping resonances precluded any deduction. In order to
assess the importance of geometry, distance, and symmetry,
we studied the solution interactions of diamine ± diol and
diol ± amine pairs as in 24 ± 26 by 1H NMR. Although some
shifts were observed, they were not as significant as in other
better matched adducts (Table 3). The spectrum of 28 did not


Figure 5. A) ORTEP view of the molecular adduct 9 (H-bonds are represented by thin lines); B) ORTEP view of
the inclusion complex between benzene and adduct 9 (top view down the a axis, H-bonds are represented by thin
lines); C) side view of the H-bonding network (H-bonds are represented by thin lines) showing the full
coordination of all heteroatoms; D) simplified representation of the view in (C) showing the right-handed helical
motif of the ribbonlike H-bonded core of the assembly; E) single strand for H-bonded units extracted from the
triple stranded helicate structure in 9 showing left-handed helicity. H-bonds are uniformly established between
NH2 donors and OH acceptors of alternate diamine and diol molecules; F) stereoview of the inclusion complex
between benzene and adduct 9 showing the spatial proximity between the hydrogens of two consecutive benzene
molecules (side view along the b axis).
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show any difference in chemical shift for either com-
ponent, no doubt because of the diminished basicity of the
diamine, which could explain the lack of adduct forma-
tion.


Molecular recognition was nicely demonstrated for the
adducts 22 and 27 as seen in Figure 9. Thus a 1:1 mixture
(spectrum C, Figure 9, left) and a 0.5:1 mixture (spectrum D)
of 22 clearly shows a resonance for the matched R,R/R,R-pair
and another for the unbound diol at lower field (presumably,
the S,S-diol). Likewise, a 1:1 mixture of racemic 1,2-diamino-
cyclohexane and (R)-binaphthol (Figure 9, right) could be
easily distinguished from an adduct containing 35 % enan-
tioenriched diamine and an adduct of two enantiopure
components (spectra B, C, D). Thus, given the requisite
geometry and the basicity/acidity characteristics between
pairs of diamines and diols, NMR spectroscopy can be a
valuable tool to establish the existence of molecular recog-
nition in the absence of crystal structure data.


Discussion


We have reported the prepara-
tion and X-ray single-crystal
structural studies of several
new uncharged metal-free su-
pramolecular assemblies that
result from the association
of vicinal C2-symmetrical
(Scheme 1) diamines and diols.
Alternating units of (R,R)-dia-
mines and (R,R)-diols are in-
terlinked by hydrogen bonds
between one amino and one
alcohol group to give rise to
single strands. A full turn of the
helix will encompass two pairs
of diamines and diols. In the
homochiral (R,R)-series, the in-
ner core consists of a right-
handed ribbon-shaped hydro-
gen-bonded array that can be
fully or partially associated.
The column-shaped suprami-
nols are organized so that one
amino and one hydroxyl group
are part of the inner, extensive-
ly hydrogen-bonded core, while
the other pair is involved in a
outer peripheral hydrogen-
bonded interaction that links
the hydrophobic backbone of
the diamine and diol units. A
fascinating feature observed in
our previous study of suprami-
nols[16] was the change in the
sense of helicity of the strands,
from left-handed to right-hand-
ed, caused simply by changing
the chirality of the diamine or
diol partner (compound 1 and 7,


compared with 1 and enantiomer of 7 (Table 2 15 and 15 a,
respectively). It is of interest and somewhat intriguing that the
adducts 10 and 12 formed from the same diamine 6 and the
all-R dibromide 4 or all-S enantiomer 11 exhibit different
molecular networks (helix versus bidirectional layers). An-
other fascinating feature that distinguishes seemingly identi-
cal adduct structures such as 3 and 15 (Schemes 1 and 2) is the
ribbon-shaped hydrogen-bonded core in the former, and a
pleated-sheet-like hydrogen-bonded core in the latter. Fig-
ure 10 depicts the hydrogen-bonded inner-core motifs for a
number of supraminols. The ribbon-shaped hydrogen-bonded
motif is clearly evident in the case of 3, 5, 10 and 17. However,
complete hydrogen bonding is observed in only the inner core
of 3 and 17. The hydrogen bonding seen in 5 and 10, while
sufficient to maintain the ribbon-shaped motif, is only partial,
perhaps as a result of the geometric constraints imposed by
the presence of the bulky bromine atoms[23] in the diol partner.
It is interesting that a seemingly minor skeletal variation in


Figure 6. A) ORTEP view of the molecular adduct 10 (H-bonds are represented by thin lines); B) H-bonding
network of adduct 10 (top view down the a axis); C) side view of the H-bonding network (H-bonds are
represented by thin lines) showing the coordination of oxygen and nitrogen atoms; D) simplified representation
of the view in (C) showing the right-handed helical motif of the ribbonlike H-bonded core of the assembl; E)
single strand for H-bonded units extracted from the triple stranded helicate structure in 10 showing left-handed
helicity. H-bonds are uniformly established between NH2 donors and OH acceptors of alternate diamine and diol
molecules; F) stereoview of the H-bonding network (side view along the a axis).
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the diol partner in 3, 17, and 15 can result in a drastically
changed inner-core architecture. The three-dimensional struc-
tures of the supraminols could be the consequence of
thermodynamically driven phenomena involving symmetry,
steric, geometric, and electronic effects. Investigations of the
binding affinities between vicinal diamines and diols by
microcalorimetry have shown unexpected differences be-
tween diastereomeric complexes.[26] Preferences for O!N
hydrogen bonds rather than N!O hydrogen bonds were
predicted and rationalized based on enthalpic considerations.
Furthermore, the thermodynamic parameters for R,R and R,S
pairs of diamines and diols were found to be different, with
the heterochiral pair being twice as favored on the basis of
enthalpic considerations, but less favored entropically. From
the data so far available, it is not possible to predict
unequivocally if a particular diamine ± diol motif will undergo


self-assembly to a helical or
different spatial arrangement.
Equally unpredictable is the
prospect of obtaining solid ad-
ducts suitable for X-ray analy-
sis. However, even with the
relatively limited examples
shown in this study, it is possible
to make some logical predic-
tions regarding the architecture
of supraminols from a knowl-
edge of the structures of the
interacting components. For ex-
ample, it is clear that the stereo-
chemical information encoded
in the (R,R)-diamine 1 leads to
preferential recognition of
(R,R)-diols rather than (S,S)-
diols, and ultimately to self-
assembly. It is fortuitous that
the homochiral adducts 3 and 5
were obtained as crystalline
solids, while the corresponding
heterochiral adducts 19 and 20
were obtained as oils. On the
other hand, the adducts of
(R,R)-2,3-diaminobutane (6)
with enantiomeric diols 4 and
11 were nicely crystalline
(Scheme 1).


Adduct 10 is characterized by
the presence of a vast hydro-
gen-bonding network, through
which a three-dimensional
structure assembles along the
crystallographic a axis with a
right-handed helical hydrogen-
bonded ribbon-shaped core
motif (Figure 6). Adduct 12,
formed from the enantiomeric
diol 11, is characterized by a
highly interlinked bidirectional
hydrogen-bonding network


that comprises an incompletely hydrogen-bonded core motif
(Figure 7). This contrasts with the diastereomeric adducts 15
and 15 a, both of which are helical but with opposite senses of
chirality, and with a pleated-sheet-like hydrogen-bonded core
(Table 2).[16] Why then should there be such a diversity in
three-dimensional architecture and core structure of adducts
resulting from the same diamine and a diol or its enantiomer?
(e.g. adducts 5 and 20, 10 and 12, 15 and 15 a, Schemes 1 and 3,
Table 2, Figure 10). Although torsional angles and geometric
parameters between acyclic and cyclic diamines (e.g. 1 and 6)
and diol partners could be in part responsible for the different
core structures, the differences are not so distinct as to permit
definitive predictions (Table 2). Rather, the better matched
pairs may be thermodynamically much more stable, especially
when the adduct crystallizes out preferentially. Curiously,
when 1 and racemic trans-cyclohexane 1,2-diol are heated in


Figure 7. A) ORTEP view of the molecular adduct 12 (H-bonds are represented by thin lines); B) H-bonding
network of adduct 12 (top view down the a axis); C) side view of the H-bonding network (H-bonds are
represented by thin lines) showing the coordination of oxygen and nitrogen atoms and the spatial proximity of the
inter-residue bromine atoms; D) single strand for H-bonded units extracted from the interlinked bidirectional
hydrogen-bonding network in 12 along the c axis showing the tweezer-shaped motif. H-bonds are uniformly
established between NH2 donors and OH acceptors of alternate diamine and diol molecules; E) stereoview of the
H-bonding network (side view along the b axis).
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refluxing benzene, the homo-
chiral adduct 15 crystallizes out
preferentially, while 15 a re-
mains in the mother liquor
(Table 2).[16, 25a] Competition
experiments also show that 15
appears to consist of the pre-
ferred matched chiron combi-
nation given the choice of diol
partners.


One would have intuitively
presumed a preference for dia-
mine 1 to incorporate a fully
hydrogen-bonded core as found
in adduct 17 (m.p. 63 ± 65 8C)
given the choice between the
acyclic and cyclic diols 16 and 7.
Competition experiments re-
veal that preference goes to 7
to give the adduct 15 (m.p. 78 ±
79 8C) in which the core
is only partially hydrogen-
bonded as a pleated-sheet motif
(Scheme 2).


Figure 8. A) ORTEP view of the dimeric
molecular adduct 14 (H-bonds are repre-
sented by thin lines); B) H-bonding network
of adduct 14 (top view down the b axis); C)
H-bonding network linking columns of di-
meric units (H-bonds are represented by thin
lines); D) side view of the H-bonding net-
work within one dimeric column; E) single
strand for H-bonded units extracted from the
two dimensional network in D; F) simplified
representation of the view in D showing the
incomplete right-handed ribbon motif of the
H-bonded core of the assembly; G) right-
handed incomplete ribbon motifs of two
columns of dimeric units with interlinked
square planar H-bonds.
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Scheme 2. Competition experiments to evaluate the relative stability of supraminols.
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From a comparison of the values of the pitch in
� of the helical strands in homo- and heterochiral
adducts (Table 2), it appears that a more compact
helical structure is associated with adduct 15 a
(pitch 15.05 �). This would tempt one to assume
that it would also be the more stable supra-
molecular chiron with a shorter averaged hydro-
gen-bonded network throughout the assembly.
Direct competition between 7 and its enantiomer
in combination with the diamine 1 leads to the
preferential crystallization of the higher melting,
slightly more elongated helical adduct 15. The
preference for crystallization of the homochiral
R,R complex 15 over the heterochiral R,S pair
15 a is intriguing in view of the prediction from
microcalorimetry that the heterochiral complex is
energetically more favored.[26] It appears that
entropy rather than enthalpy plays a more
important role in the pairing of homochiral
diamines and diols compared to the heterochiral
counterparts. Thus, the slightly more elongated
architecture of complex 15 (pitch 15.72 �) may
be entropically more favored than the more
compact 15 a (pitch 15.05 �) in the context of a
supramolecular structure. Clearly, it is not possi-
ble to make definitive predictions regarding the
stability of a given adduct based solely on its
crystallization properties and the limited physical
data we have gathered so far.


The geometry of the diol (cis vs. trans stereo-
chemistry) shows an important directional effect
in the organization of supraminols. In fact, in the
adduct formed from the achiral diol 13 and 1, a
markedly different hydrogen-bonded neutral net-
work is observed. Two diamine and two diol
molecules are necessary to define the elemental
crystallographic unit cell which extends into a


layered structure with incompletely hydrogen-bonded rib-
bon-shaped cores (Figure 8). The presence of two supple-
mentary diol and diamine molecules in the elemental unit
cell is probably necessary to compensate for the lack of C2


symmetry in the recognition process, as opposed to adduct
15, for example.


The inclusion of a molecule of benzene in the adduct 9
(Figures 2, 5) represents an interesting example of host ±
guest chemistry in three-dimensional assemblies in which
an aromatic hydrocarbon is involved without stacking
interactions.[22] Of interest is the alignment of the benzene
rings in a plane parallel to the axis of the helical columns
that comprise the crystallographic unit, and the exclusion of
toluene when it was present during the crystallization
process.


Conclusion


We have shown that C2-symmetrical vicinal diamines and
functionalized diols can form stable supramolecular ad-
ducts which we have called supraminols. In general, the


Table 2. d angle values and inter-residue distances for repeating helical units (pitch).


[a] Ordered diamine. [b] C2 symmetric. [c] Double asymmetric unit (two diols and two
diamines).


Table 3. Difference in 1H NMR chemical shift d for CHOH, CHNH2, ROH,
and RNH2 [ppm].


Entry Adduct DD[a] DD[b] DD[a] DD[b] DD[a] DD[a]


CHOH CHOH CHNH2 CHNH2 ROH RNH2


1 3 � 0.30 � 0.18 � 0.08 � 0.07 ÿ 2.20 � 1.04
2 5 � 0.38 � 0.18 � 0.08 � 0.08 ÿ 0.80 � 0.99
3 8 � 0.12 � 0.10 � 0.08 � 0.15 ÿ 0.39 ÿ 0.27
4 9 � 0.18 � 0.11 � 0.20 � 0.20 ÿ 2.38 ÿ 0.23
5 10 � 0.21 � 0.10 � 0.20 � 0.23 ÿ 1.18 ÿ 0.48
6 12 � 0.24 � 0.12 � 0.28 � 0.25 ÿ 0.40 ÿ 0.30
7 14 � 0.18 � 0.10 � 0.10 � 0.07 ÿ 0.57 � 0.52
8 15 � 0.10 � 0.06 � 0.08 � 0.07 ÿ 0.30 � 0.54
9 17 � 0.15 � 0.08 � 0.08 � 0.08 ÿ 0.32 � 0.64


10 19 � 0.31 � 0.14 � 0.24 � 0.06 ÿ 1.45 � 1.79
11 20 � 0.39 � 0.14 � 0.04 � 0.07 ÿ 0.57 � 1.22
12 21 � 0.18 � 0.08 � 0.15 � 0.18 ÿ 0.30 � 1.94
13 22 � 0.14 � 0.07 � 0.08 � 0.07 ÿ 0.80 � 0.86
14 24[c] � 0.36 ÿ 0.07 � 0.09 ÿ 0.01 � 0.98 � 1.22
15 25[c] � 0.11 � 0.02 ÿ 0.02 ÿ 0.03 ± [d] ± [d]


16 26[c] � 0.22 ÿ 0.03 ÿ 0.04 0.00 ± [d] ± [d]


17 27[c] ± [e] ÿ 0.14[f] ± [e] ÿ 0.40[f] ÿ 1.75[b] � 1.75[b]


[a] Spectra were recorded in 0.1m [D6]benzene solution at 25 8C. [b] Spectra
were recorded in 0.1m CDCl3 solution at 25 8C. [c] 1H NMR spectra recorded
with equimolar amount of alcohol and amine. [d] Signal overlap. [e] Adduct
insoluble in benzene. [f] b-Hydrogen.
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stereochemical information encoded in these acyclic and
cyclic vicinal diamines is reflected in their preference for
stereochemically matched diols to give homoadducts. This
aspect of functional and molecular recognition through
hydrogen bonding between amino and hydroxyl groups was


further confirmed by competi-
tion experiments in which ho-
moadducts were formed from
heteroadducts by exchange
with the better matching diol
partner. As a result, enantio-
meric enrichment of racemic
mixtures of diols or diamines
is possible. While it is clear that
a number of vicinal C2-symmet-
rical diamines and diols will
self-assemble, it is not possible
at present to predict the three-
dimensional architecture of
the assembly with a high degree
of confidence. Within the fam-
ily of trans-2,3-diaminobutanes
and trans-1,2-diaminocyclo-
hexanes, however, prospects of


forming helical assemblies with matching homochiral cyclic
and acyclic vicinal diols are excellent. The left- or right-
handed helicity of such three-dimensional assemblies is also
predictable within a given series. In general, a (R,R)-diamine
and the corresponding homochiral (R,R)-diol will give rise to
a left-handed helical shape.


It is more difficult to predict the three-dimensional
architecture of the hydrogen-bonded core motifs of these
helical supraminols. There appears to be a preference for a
ribbon-shaped hydrogen-bonded structure in the case of
functionalized diols (Figure 10). In the absence of steric
constraints, the amine and alcohol groups are engaged in
hydrogen bonding; otherwise partial association through
hydrogen bonds is observed while the integrity of the
ribbonlike architecture is maintained.


It is of interest to point out that while the outer architecture
of the (R,R)-supraminols 3, 5, 8, 9, and 10 portrays left-handed
helicity that of the inner core ribbon-shaped motif is of the
opposite sense. Through the power of hydrogen bonding we
have thus created supramolecular assemblies that are endow-
ed with and encoded for two types of distinct helical motifs
within one structure.


In the case of adducts 15 and 15 a[16] (Table 2), the outer
architectures show left- and right-handed helicity, respective-
ly, simply by changing the sense of chirality of one of the
partners. The inner core consists of a pleated-sheet hydrogen-
bonded structure. It is of interest to point out that nature has
selected among its many three-dimensional arrays of molec-
ular shapes the helix and the b-sheet as part of its mechanisms
for recognition and catalysis in life processes.[27]


Finally, it may be compelling to address the origin of the
process by which supraminols self-assemble. To this end, we
suggest the following possibilities. Firstly, an enantiodifferen-
tiating recognition between a diamine and a matching diol to
give a supramolecular chiron (e.g. Figure 1 A), followed by
interlinking through a network of hydrogen bonds to produce
the supramolecular assembly in its thermodynamically most
stable architecture. Alternatively, matching diol molecules
could insert in the layered two-dimensional lattice of the
diamine 1, followed by association through hydrogen bonding


Scheme 3. The structures of diamine ± diol and diamine ± alcohol adducts prepared from equimolar quantities of
the reagents.


Figure 9. Partial 13C NMR spectra (0.2m CDCl3) for 22 and 27. For 22 : A)
(R,R)-1,2-diaminocyclohexane; B) trans-(�)-1,2-cyclopentanediol; C) 1:1
adduct between (R,R)-1,2-diaminocyclohexane and trans-(�)-1,2-cyclo-
pentanediol showing molecular recognition and chiral discrimination of the
diastereomeric supraminols; D) 0.5:1 adduct between (R,R)-1,2-diamino-
cyclohexane and trans-(�)-1,2-cyclopentanediol showing selective molec-
ular recognition and chiral discrimination of the supraminol 22. For 27: A)
(R,R)-1,2-diaminocyclohexane; B) 1:1 adduct between (R)-1,1'-bi-2-naph-
thol and trans-(�)-1,2-diaminocyclohexane showing molecular recognition
and chiral discrimination of the diastereomeric supraminols; C) 1:1 adduct
between (R)-1,1'-bi-2-naphthol and (R,R)-1,2-diaminocyclohexane (ee
35%) showing molecular recognition and chiral discrimination of the
diastereomeric supraminols; D) 1:1 adduct between (R)-1,1'-bi-2-naphthol
and (R,R)-1,2-diaminocyclohexane (27).
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and building the assembly. The competition experiments in
solution showing the preference for a particular diol partner
over an existing one in a preformed supraminol further
demonstrate the importance of thermodynamic and other
considerations in the assembly of the supraminols. Under the
nonpolar conditions of the interaction, a strong driving force
is to orient all the polar groups in a mutually complementary
manner resulting in maximum coordination through hydrogen
bonding. There seems to be no particular preference for
O!N or N!O hydrogen bonds, contrary to predictions
based on microcalorimetry.[26]


Clearly, more examples with additional functional and
geometric variations are needed to lay a deeper foundation
for our understanding of the factors governing three-dimen-
sional molecular architectures in the supraminol family of
superstructures. Studies towards these goals, in conjunction
with exploiting possible applications of supraminols in
catalysis, in solid-state chemistry and related areas of interest
are in progress.


Experimental Section


General methods : All the starting materials used were commercial
products whose physical constants were in agreement with reported values.
Compound 1 was obtained by a resolution process described in
refs. [16, 18]. Compound 6 was synthesized with the procedure reported
in ref. [21]. Compounds 2, 4, and 11 were synthesized using the procedure
reported in ref. [19]. Melting-point determinations are uncorrected. NMR
spectra were recorded at 300 and 400 MHz for 1H and at 75 and 100 MHz
for 13C. For details of X-ray structure determination[20] and additional data,
please contact the author.


General procedure for preparing adducts : Equimolar quantities of
diamines 1 and 6 and appropriate diols were suspended in dry benzene,
and the suspension was heated to boiling point on a hot plate. The
homogeneous solution was allowed to cool to room temperature. The
crystalline adducts that formed were filtered and recrystallized from
benzene. In the case of oils, they were dried under high vacuum and directly
characterized.


Adduct between (R,R)-1,2-diaminocyclohexane and (R,R)-cyclohexen-
1,2-diol (3):[19] Colorless needles, m.p. 58 ± 60 8C, [a]23


D �ÿ77.02 (c� 1,
CDCl3), 1H NMR (300 MHz, CDCl3, 0.1m): d� 1.05 (m, 2H,


CH2CH2CHNH), 1.28 (m, 2H,
CH2CH2CHNH), 1.64 (m, 2H,
CH2CHNH), 1.80 (m, 2H,
CH2CHNH), 2.01 (m, 2H,
CH2CHOH), 2.22 (m, 2H, CHNH),
2.43 (m, 6H, OH�NH2), 3.51 (m, 2H,
CHOH), 5.50 (m, 2 H, CH�CH);
13C NMR (300 MHz, CDCl3, 0.1m):
d� 25.05 (CH2CH2CHNH), 33.0
(CH2CHOH), 35.50 (CH2CHNH),
57.0 (CHNH), 71.05 (CHOH), 124.95
(CH�CH).


Adduct between (R,R)-1,2-diamino-
cyclohexane and (1R,2R,4R,5R)-4,5-
dibromocyclohexan-1,2-diol (5):[19]


Colorless needles, m.p. 64-66 8C,
[a]D�ÿ44.63 (c� 0.64, CDCl3);
1H NMR (300 MHz, CDCl3, 0.1m):
d� 1.10 (m, 2H, CH2CH2CHNH), 1.30
(m, 2H, CH2CH2CHNH), 1.70 (m,
2 H, CH2CHNH), 1.85 (m, 2H,
CH2CHNH), 2.28 (m, 2H, CHNH),
2.40 (m, 8 H, CH2CHOH�OH�NH2),
2.50 (m, 2 H, CH2CHOH), 3.95 (m,


2H, CHBr), 4.51 (m, 2H, CHOH); 13C NMR (300 MHz, CDCl3, 0.1m): d�
25.10 (CH2CH2CHNH), 35.30 (CH2CHOH), 35.90 (CH2CHNH), 51.10
(CHBr), 57.10 (CHNH), 70.30 (CHOH).


Adduct between (R,R)-2,3-diaminobutane[21] and (R,R)-cyclohexane-1,2-
diol (8): Colorless needles, m.p. 42 ± 44 8C, [a]D�ÿ53.33 (c� 0.43, CDCl3);
1H NMR (400 MHz, CDCl3, 0.1m): d� 1.08 (d, J� 7.0 Hz, 3 H, CH3), 1.38
(m, 4 H, CH2CH2CHOH), 1.71 (m, 2H, CH2CHOH), 1.95 (m, 2H,
CH2CHOH), 2.20 (br s, 6H, OH�NH2), 2.63 (m, 2 H, CHNH), 3.30 (m,
2H, CHOH); 13C NMR (300 MHz, CDCl3, 0.1m): d� 20.70 (CH3), 24.26
(CH2), 32.79 (CH2), 52.86 (CH), 75.54 (CH).


Adduct between (R,R)-2,3-diaminobutane[21] and (R,R)-4-cyclohexen-1,2-
diol (9):[20] Colorless needles, m.p. 64 ± 66 8C, [a]D�ÿ70.56 (c� 0.85,
CDCl3); 1H NMR (400 MHz, CDCl3, 0.1m): d� 1.0 (d, J� 7.0 Hz, 3H,
CH3), 2.05 (m, 2H, CH2CHOH), 2.22 (br s, 6H, OH�NH2), 2.47 (m, 2H,
CH2CHOH), 2.68 (m, 2H, CHNH), 3.64 (m, 2H, CHNH), 5.53 (m, 2H,
CH�CH); 13C NMR (400 MHz, CDCl3, 0.1m): d� 20.77 (CH3), 33.35
(CH2), 52.88 (CH), 71.81 (CH), 124.49 (C�CH).


Adduct between (R,R)-2,3-diaminobutane[21] and (1R,2R,3R,5R)-4,5-di-
bromocyclohexan-1,2-diol (10):[20] Colorless needles, m.p. 78 ± 80 8C, [a]D�
ÿ34.75 (c� 0.61, CDCl3); 1H NMR (400 MHz, CDCl3, 0.1m): d� 1.05 (d,
J� 7.0 Hz, 6H, CH3), 1.95 (br s, 6H, OH�NH2), 2.30 (m, 4 H, CH2CHOH),
2.53 (m, 2H, CH2CHOH), 2.65 (m, 2 H, CHNH), 3.98 (m, 2 H, CHBr), 4.63
(m, 2H, CHOH); 13C NMR (300 MHz, CDCl3, 0.1m): d� 20.86 (NCH3),
35.43 (CH2CHOH), 51.31 (CHBr), 52.82 (CHNH), 70.71 (CHOH).


Adduct between (R,R)-2,3-diaminobutane[21] and (1R,2R,3R,5R)-4,5-di-
bromocyclohexan-1, 2-diol (12):[19] Colorless needles, m.p. 64 ± 66 8C,
[a]D�ÿ13.33 (c� 1.50, CDCl3); 1H NMR (400 MHz, CDCl3, 0.1m): d�
1.05 (d, J� 7.0 Hz, 6 H, CH3), 2.30 (m, 4H, CH2CHOH), 2.58 (m, 2H,
CHNH), 2.74 (br s, 6 H, OH�NH2), 3.92 (m, 2H, CHBr), 4.59 (m, 2H,
CHOH); 13C NMR (300 MHz, CDCl3, 0.1m): d� 21.10 (NCH3), 39.99
(CH2CHOH), 55.87 (CHBr), 57.33 (CHNH), 75.16 (CHOH).


Adduct between (R,R)-1,2-diaminocyclohexane and cis-cyclohexan-1,2-
diol (14): Colorless needles, m.p. 44 ± 46 8C, [a]D�ÿ18.05 (c� 0.72,
CDCl3); 1H NMR (300 MHz, CDCl3, 0.1m): d� 1.20 (m, 8 H,
CH2CH2CHNH and CH2CH2CHOH), 1.75 (m, 8 H, CH2CHNH and
CH2CHOH), 2.03 (br s, 6H, OH�NH2), 2.26 (m, 2 H, CHNH), 3.72 (m,
2H, CHOH); 13C NMR (300 MHz, CDCl3, 0.1m): d� 21.10
(CH2CH2CHOH), 25.24 (CH2CH2CHNH), 29.28 (CH2CHOH), 35.42
(CH2CHNH), 57.37 (CHNH), 71.05 (CHOH), 124.95 (CH�CH).


Adduct between (R,R)-1,2-diaminocyclohexane and (S,S)- cyclohexen-1,2-
diol (19):[19] Oil; 1H NMR (300 MHz, CDCl3, 0.1m): d� 1.05 (m, 2H,
CH2CH2CHNH), 1.28 (m, 2 H, CH2CH2CHNH), 1.62 (m, 2H, CH2CHNH),
1.81 (m, 2H, CH2CHNH), 2.02(m, 2H, CH2CHOH), 2.22 (m, 2H, CHNH),
3.05 (m, 6 H, OH�NH2), 3.49 (m, 2H, CHOH), 5.50 (m, 2H, CH�CH);
13C NMR (300 MHz, CDCl3, 0.1m): d� 25.05 (CH2CH2CHNH), 33.10


Figure 10. Comparison between core H-bonded structures for supraminols 3, 5, 10, 15, and 17 showing right-
handed core ribbon motif and a pleated-sheet staircaselike motif (15).
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(CH2CHOH), 35.50 (CH2CHNH), 57.2 (CHNH), 71.06 (CHOH), 124.95
(CH�CH).


Adduct between (R,R)-1,2-diaminocyclohexane and (1S,2S,4S,5S)-4,5-
dibromocyclohexan-1,2-diol (20):[19] Oil, 1H NMR (300 MHz, CDCl3,
0.1m): d� 1.10 (m, 2 H, CH2CH2CHNH), 1.30 (m, 2 H, CH2CH2CHNH),
1.70 (m, 2 H, CH2CHNH), 1.92 (m, 2H, CH2CHNH), 2.25 (m, 2 H, CHNH),
2.42 (m, 8 H, CH2CHOH�OH�NH2), 2.58 (m, 2H, CH2CHOH), 3.96 (m,
2H, CHBr), 4.55 (m, 2H, CHOH); 13C NMR (300 MHz, CDCl3, 0.1m): d�
25.0 (CH2CH2CHNH), 34.48 (CH2CHOH), 35.90 (CH2CHNH), 51.15
(CHBr), 57.11 (CHNH), 70.32 (CHOH).


Adduct between (R,R)-1,2-diaminocyclohexane and (R,R)-3,5-cyclohex-
adiene-1,2-diol (21):[19] Oil, 1H NMR (300 MHz, CDCl3, 0.1m): d� 1.12 (m,
2H, CH2CH2CHNH), 1.21 (m, 2 H, CH2CH2CHNH), 1.63 (m, 2 H,
CH2CHNH), 1.81 (m, 2 H, CH2CHNH), 2.33 (m, 2H, CHNH), 3.30 (br s,
6H, OH�NH2), 4.42 (s, 2 H, CH), 5.80 (s, 2 H, CH); 13C NMR (300 MHz,
CDCl3, 0.1M): d� 25.5 (CH2CH2CHNH), 35.32 (CH2CHNH), 56.82
(CHNH), 74.51 (CHOH), 123.78 (CH), 131.4 (CH).


Adduct between (R,R)-1,2-diaminocyclohexane and (R,R)- cyclopentan-
1,2-diol (22):[28] Oil, 1H NMR (300 MHz, CDCl3, 0.1m): d� 1.10 (m, 2H,
CH2CH2CHNH), 1.20 (m, 2H, CH2CH2CHNH), 1.40 (m, 2H,
CH2CH2CHOH), 1.65 (m, 4H, CH2CHNH and CH2CHOH), 1.70 (m,
2H, CH2CHOH), 1.80 (m, 2H, CH2CHNH), 2.20 (br s, 8 H, CH2CHOH),
3.90 (m, 2H, CHOH), 5.50 (m, 2H, CH�CH); 13C NMR (300 MHz, CDCl3,
0.1m): d� 19.7 (CH2CH2CHOH), 25.21 (CH2CH2CHNH), 31.19
(CH2CHOH), 35.39 (CH2CHNH), 57.27 (CHNH), 78.79 (CHOH).


General procedure for the competition experiments : Equimolar quantities
of the crystalline adduct and the appropriate diol were suspended in dry
benzene, and the suspension was heated to the boiling point on a hot plate.
The homogeneous solution was allowed to cool to room temperature,
whereupon crystalline adducts were formed. These were filtered, recrystal-
lized from benzene, and fully characterized by optical rotation and
spectroscopic analyses.
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The Nature of the Gallium ± Iron Bond in [Ar*GaFe(CO)4]


Christian Boehme and Gernot Frenking*[a]


Abstract: The question of whether the
gallium ± iron bond in [Ar*GaFe(CO)4]
(Ar*� 2,6-(2,4,6-triisopropylphenyl)-
phenyl) (1) should be considered as a
single or a triple bond has been ad-
dressed by means of quantum chemical
methods. Gradient-corrected density
functional theory (BP86) calculations
are reported for the gallium model
complexes [(C6H5)GaFe(CO)4] (1 a)
and [CpGaFe(CO)4] (2 a). Analysis of
the bonding using the CDA partitioning
schemes shows that there is a substan-


tially higher degree of Ga Fe p back-
bonding in 1 a than that of 2 a. The
GaÿFe bond dissociation energy (De) of
1 a (54.9 kcal molÿ1) is also clearly higher
than in 2 a (32.8 kcal molÿ1). This result
lends some credence to the formulation
of 1 with a GaÿFe triple bond. However,
the concepts applied in the discussion of


the largely ionic GaÿFe bonding situa-
tion in terms of single or multiple bonds
are not appropriate. Neither the formula
with a GaÿFe single bond nor the Lewis
form with a GaÿFe triple bond is a
proper representation of the bonding
interactions. The discussion for and
against the triple-bond character of 1 is
a pseudo-conflict caused by application
of an ill-defined bonding model that is
inappropriate.


Keywords: backbonding ´ bonding
analysis ´ density functional calcula-
tions ´ gallium ´ iron


Introduction


Experimental attempts to synthesize molecules with multiple
bonds between atoms heavier than second-row elements have
been remarkably successful in the last two decades.[1,2] A
recent highlight was the first isolation of a compound with a
triple bond between group 13 metals, the gallyne Na2[Ar*-
Ga�GaAr*] (Ar*� 2,6-(2,4,6-triisopropylphenyl)phenyl) re-
ported by Robinson et al.[3] The formal assignment of a
GaÿGa triple bond has been questioned,[4] but a careful
theoretical analysis showed that the bond order of the trans-
bent RÿGaÿGaÿR moiety is between double and triple,
which justifies the term gallyne for the new compound.[5]


The same group reported recently the synthesis of another
spectacular molecule, [Ar*GaFe(CO)4] (1), which was written
with an iron ± gallium triple bond (Figure 1).[6] Compound 1
was regarded as the first ferrogallyne because of: 1) the short
GaÿFe bond, which is approximately 0.2 � shorter than
typical GaÿFe bonds, and 2) the two-coordinate linear
arrangement about the gallium atom.[6] The interpretation of


Figure 1. Experimentally observed molecules 1 and 2 and model com-
pounds 1a and 2a.


the GaÿFe bond as a triple bond has been criticized by Cotton
and Feng,[7] who presented qualitative arguments and quan-
tum chemical calculations using density functional theory
(DFT) as evidence against the multiple-bond character of
GaÿFe. By comparing 1 with [R3PFe(CO)4] they concluded
that all experimental data as well as theory support the
formulation of this bond as a single Ga!Fe bond.[7] It is
hardly possible to formulate more antipodal positions than
those taken by the two groups of workers! The nature of the
GaÿFe bond in 1 and the GaÿGa bond in Na2[Ar*-
Ga�GaAr*] has been very controversial.[8] The opposing
opinions of prominent scientists on whether these bonds have
a multiple character show clearly that fundamental aspects of
chemical bonding need to be addressed by a careful analysis
of the electronic structure of 1.
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We became interested in the bonding situation of 1 because
recently we studied the electronic structure of the related
compound [CpAlFe(CO)4], which served as a model for the
experimentally observed complex [Cp*AlFe(CO)4].[9] This
work was part of our ongoing investigations of the nature of
metal ± ligand donor ± acceptor interactions in transition met-
al[10] and main-group compounds.[11] In order to analyze
quantitatively the donor ± acceptor interactions in Lewis
acid ± base complexes in terms of synergetic donation/back-
donation as suggested by Dewar,[12a] and Chatt and Duncan-
son,[12b] we developed the CDA (charge decomposition
analysis) partitioning scheme, which was very helpful for
gaining insight into chemical bonding of complexes.[13] Since
the central issue concerns the degree of Ga Fe p back-
donation in the GaÿFe bond in 1, a CDA investigation of the
bonding situation should be particularly helpful for address-
ing whether 1 should be regarded as a ferrogallyne. Details of
the method are outlined below. The CDA results for
[CpAlFe(CO)4] showed that the FeÿAl bonding is dominated
by Coulomb attraction between the positively charged Al and
the negatively charged Fe and by Al!Fe s donation, while
the Al Fe p backdonation is negligible.[8] It follows that the
FeÿAl bond should be considered as a single bond. The
formally empty 3pp orbitals at Al are partly filled by Al Cp
p donation; this is why [Cp*AlFe(CO)4] is stable enough to be
isolated. The gallium analogue [Cp*GaFe(CO)4] (2) has also
been synthesized and its X-ray structure analysis reported.[14]


Before Robinson�s work, compounds of general formula
[RMFe(CO)4] (M�Al, Ga), where R was not capable of
stabilizing M electronically by M R backdonation, had
been isolated only when additional donor ligands such as
amines were coordinated at M.[15]


The reported synthesis of 1 was therefore surprising,
because the aryl ligand should have little Ga Ar p back-
donation; even then, only one 4pp orbital of Ga might be
stabilized by p donation from the aryl ring. Steric protection
of the Ga atom against nucleophilic attack by the bulky aryl
group is certainly one reason for the stability of 1, but the
short GaÿFe distance suggests that, unlike the situation in 2,
there is considerable Ga Fe p backdonation. The degree of
donation and backdonation can be quantified with the CDA
method, so we carried out a theoretical analysis of the
bonding situation in the model compounds [(C6H5)GaFe-
(CO)4] (1 a) and [CpGaFe(CO)4] (2 a) (Figure 1). The crucial
questions addressed in this study are: Has 1 a substantially
higher Ga Fe p backdonation than 2 a? Is the GaÿFe p-
bonding contribution large enough to consider 1 as a
ferrogallyne?


Computational Methods


The geometries of the molecules have been optimized by means of
gradient-corrected density functional theory (DFT) with the functionals
BP86[16] as given in the Gaussian 94 program.[17] The BP86 calculations
were performed with a quasi-relativistic small-core effective core potential
(ECP)[18] at Fe with a (311111/22111/411) basis set for the 3s2 3p6 4s2 3d6


outer-core and valence electrons; 6-31G(d) all-electron basis sets were used
for C, O, and H.[29] An ECP has also been employed for Ga with a (31/31/1)
valence basis set.[20] The d-type polarization function of Ga has an exponent


z� 0.207.[21] This is called basis set I. Vibrational frequencies of the
stationary points were calculated at BP86/I with numerical second
derivatives of the energy with respect to the coordinates. All structures
reported here are minima on the potential-energy surface.


The metal ± ligand donor ± acceptor interactions were inspected by means
of the CDA method,[13] in which the (canonical, natural, or Kohn ± Sham)
molecular orbitals of the complex are expressed in terms of the MOs of
appropriately chosen fragments. In the present case, the Kohn ± Sham (KS)
orbitals of the complexes [LFe(CO)4] are formed in the CDA calculations
as a linear combination of the orbitals of Fe(CO)4 fragment and of the
ligand L being investigated, in the geometry of the complex. The orbital
contributions are divided into three parts: i) mixing of the occupied s-type
MOs of L and the unoccupied s-type MOs of Fe(CO)4 {s-donation,
[L!Fe(CO)4] }; ii) mixing of the unoccupied p-type MOs of L and the
occupied p MOs of Fe(CO)4 {p backdonation, [L Fe(CO)4]}; and iii)
mixing of the occupied MOs of L and the occupied MOs of Fe(CO)4


{repulsive polarization, [L$Fe(CO)4]}. A similar breakdown of the orbital
contributions was made for the FeÿCO interactions. The method and the
interpretation of the results are presented in more detail in ref. [13].
Further examples in which the CDA method was helpful in elucidating the
bonding in donor ± acceptor complexes of transition metals and main-group
elements have been published elsewhere.[10, 11b,c] The CDA calculations
were performed with the CDA 2.1 program.[22] The charge distribution in
the compounds and the electronic configuration at Fe were calculated with
the NBO partitioning scheme.[23]


Results and Discussion


Before presenting and discussing the results of our calcula-
tions, we shall examine the arguments of Robinson et al.[6] in
favor of, and of Cotton and Feng[7] against, the interpretation
of 1 as having an iron ± gallium triple bond.


The reasons for calling 1 a ferrogallyne were i) the two-
coordinate linear arrangement about the gallium atom and ii)
the very short GaÿFe bond length.[6] We do not think that
these arguments give any evidence for a triple-bond charac-
ter: we calculated recently the structure and bonding situation
of the related aluminum complexes [(NH3)2ClAlW(CO)5]
(3 a) and [ClAlW(CO)5] (3 b) (Figure 2).[15,24] Compound 3 a is
a model for the experimentally known complex 3, which has
an N,N,N',N'-tetramethylpropylenediamine (tmpda) ligand at
Al instead of two NH3 groups. The X-ray structure analysis of
3 is in good agreement with the calculated geometry of 3 a.[15]


Calculations for the base-free model compound 3 b and a
comparison with 3 a gave interesting insights into the nature of
the metal ± ligand interactions. Although the AlÿW bond in
3 a (2.614 �; for 3, experimental AlÿW� 2.645 �) is clearly
longer than that in 3 b (2.521 �), the AlÿW bond dissociation
energy (BDE) of 3 a (69.2 kcal molÿ1) is substantially higher
than that of 3 b (40.5 kcal molÿ1). Analysis of the AlÿW
interactions using the CDA method showed that Al!W s-
donation is higher and the Al W p backdonation is lower in
3 b than in 3 a (Table 1). Thus, the d/b ratios of Al!W
s donation and Al W p backdonation in 3 a (1.64) and 3 b
(1.96) suggest that Al W p backdonation in 3 a is even more
important than in 3 b, although 3 a has a longer AlÿW bond
than 3 b. It follows that the AlÿW bond shortening in 3 b is not
caused by stronger Al W p backdonation. The shorter, yet
weaker, AlÿW bond in 3 b than in 3 a can be explained when
the aluminum lone-pair donor orbitals of the two compounds
are examined. The s-donor orbital is sp4.00 hybridized in 3 a,
and sp2.61 hybridized in 3 b.[24] A higher p character of the lone-
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Figure 2. Calculated geometries (BP86/I) of the aluminum complexes 3a
and 3 b (bond lengths in �; 2ref. [24]).


pair orbital makes the donor orbital more diffuse; this leads to
a longer donor ± acceptor bond in 3 a. The increase in energy
of the lone-pair orbital in 3 a because of the higher p character
leads to stronger donor ± acceptor interactions with the
W(CO)5 fragment. It follows that the shorter, yet weaker,
AlÿW bond in 3 b is an effect of sp hybridization of the Al
lone-pair orbital, which has nothing to do with Al W p


backdonation. Since the hybridization of the Ga lone-pair
orbitals in 1 and 2 was not studied, it is possible that the
GaÿFe bond shortening have similar causes. Different Cou-
lomb interactions in 1 and 2 might also be partly responsible
for the observed bond shortening.


The following arguments against a GaÿFe triple-bond
character in 1 were given by Cotton and Feng.[7] First, the
charge separation entailed by assigning a triple bond to 1 (A
in Figure 3) was said to be unbelievable. This is not a


Figure 3. Possible Lewis forms for the donor ± acceptor complexes 1 (A)
and [Cl3AlNMe3] (B).


serious argument! In [Cl3AlÿNMe3], for example, the most
strongly bonded donor ± acceptor complex of main-group
elements (experimental bond energy Do(AlÿN)� 47.5�
2.0 kcal molÿ1),[25] there is no doubt that aluminum is four-
coordinate. A formal assignment of the charge separation
gives a negative charge at Al (B in Figure 3), but a high-level
quantum chemical calculation gave a positive partial charge of
� 1.51 at Al.[11a] This is because all four bonds to Al are
strongly polarized with the positive end at Al. It is common
knowledge that the formal charge assignment of a molecule
written as a Lewis structure has nothing to do with the true
charge distribution.


In their second argument, Cotton and Feng refer to the
CÿO stretching frequencies in 1. It is said that strong Ga Fe
p backdonation should lead to weaker OC Fe p back-
donation; this should then yield higher CÿO stretching
frequencies. Since the measured CÿO stretching frequencies
of 1 are even lower than those of [(Ph3P)Fe(CO)4], it is
concluded that there is less Ga Fe than P Fe p back-
bonding. As the PÿFe bond in [(Ph3P)Fe(CO)4] is clearly a
single bond, the GaÿFe bond would have negligible p-
bonding character. We think that this argument also is
unconvincing. It has been shown recently[26,27] that not only
are the changes in the CÿO bond length and stretching
frequency in a molecule [LnM(CO)n] influenced by the OC 
M p backdonation, but also that the Coulomb interactions
between M and CO play an important role. A positive charge
at M in MÿCO leads to charge attraction from the carbon side
of CO. This makes the CÿO bond less polarized and more like
the bond in N2, which in turn leads to a shorter and stronger
CÿO bond and a higher CÿO stretching frequency.[26, 27]


Accordingly, a negative charge at the metal will lead to
longer CÿO bonds and a lower CÿO stretching frequency
(Figure 4).[36] Since the Ga and Fe atoms in 1 carry large
positive and negative partial charges, respectively (see the
results below), the CÿO stretching frequencies in 1 should be
shifted by the Coulomb interactions towards lower wave-
numbers. This could compensate for the weaker OC M p


backdonation. It follows that the CÿO stretching frequencies
in 1 may not be used as a probe for the FeÿGa bonding
situation.


Cotton and Feng�s third argument[7] against a GaÿFe triple
bond in 1 involves a comparison of the GaÿFe bond in 1 with
the only marginally longer FeÿP bond in [(Ph3P)Fe(CO)4]. In
our opinion, a comparison of bond lengths such as GaÿFe and
PÿFe is not very meaningful. Finally, as Kutzelnigg shows
clearly in an important review of the chemical bonding of
heavier main-group elements,[28] bonding concepts that are
derived from the elements of the first full row of the periodic
system cannot automatically be extended to the heavier
elements.[29] Since most classical models of chemical bonding
have been deduced from knowledge of structure and bonding


Table 1. Calculated NBO charge distribution at BP86/I.[a]


q(Fe(CO)4) q(Fe) q(Ga) q(Ga, px) q(Ga, pz)


[PhGaÿFe(CO)4] 1a ÿ 0.67 ÿ 0.58 � 1.16 0.20 0.17
[CpGaÿFe(CO)4] 2a ÿ 0.51 ÿ 0.53 � 1.01 0.26 0.26


[a] Charges of the Fe(CO)4 fragment: q(Fe(CO)4, the iron atom: q(Fe),
and the gallium atom: q(Ga); pp populations: q(Ga,p) at the gallium atom.
The y axis is parallel to the GaÿFe bond, the x axis is perpendicular to the
phenyl group.
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Figure 4. Effect of a positively or negatively charged metal M at the
carbon site of CO on the polarization of the CÿO p bond. The same
polarizing effect is found for the s-orbitals (ref. [26]).


of the lighter elements, one should be cautious when heavier
elements are involved, particularly for the transition metals,
since the sd-hybridized bonding of these elements is even less
well understood than the sp-hybridized bonding of the heavier
main-group elements. The GaÿFe bonding character can only
be addressed by a careful analysis of the electronic structure
of the molecule; this must be based on a calculation that is in
agreement with experimental data.


Figure 5 shows the optimized geometries of 1 a and 2 a at
the BP86/I level of theory and the most important exper-
imentally observed bond lengths for 1 and 2. The calculated


Figure 5. Optimized geometries (BP86/I) of 1a and 2 a (bond lengths in
�).


GaÿFe bond in 1 a (2.256 �) is slightly longer than the
experimental value reported for the parent compound 1
(2.225 �).[6] Therefore analysis of the GaÿFe bond in 1 a
should not lead to an overemphasis of the p-bonding
contribution in 1.[37] The calculated GaÿFe interatomic
distance (2.327 �) is also slightly longer than the experimen-
tal value reported for 2 (2.273 �).[14] The larger difference
between the theoretically predicted GaÿC distance in 2 a
(2.358 �) and the average value given for 2 (2.226 �) is
probably due to the Cp*ÿGa bonding in 2 being stronger than
the CpÿGa bonding in 2 a.


Figure 5 also gives the theoretically predicted GaÿFe bond
dissociation energies at BP86/I. The calculations show that the
bond energy of 1 a (De� 54.9 kcal molÿ1) is clearly higher than
that of 2 a (De� 32.9 kcal molÿ1). Since the calculated first
BDE of [Fe(CO)5] at BP86/I (52.7 kcal molÿ1) is approxi-
mately 7 kcal molÿ1 higher than the experimental value (41�
2 kcal molÿ1),[30] it can be assumed that the theoretical GaÿFe
bond energies may also be slightly too high. The most
important result, however, is the trend of the bond energies:
1 a has a much stronger GaÿFe bond than 2 a. The stronger
bond is partly caused by enhanced Coulomb attraction
between the gallium and iron atoms. Table 1 gives the relevant
partial charges. The gallium atom carries a strong positive
charge (� 1.16 e) in 1 a and a slightly less positive one in 2 a
(� 1.01 e). The iron atom in 1 a has a significant negative
charge (ÿ 0.58 e) and a less negative one (ÿ 0.53 e) in 2 a. The
calculated charge distribution shows that the gallium ± iron
bonds in 1 a and 2 a have substantial ionic contributions.


The core of our analysis of the GaÿFe bond is given by the
CDA results (Table 2). We discuss first the data for [CpGa-
Fe(CO)4] (2 a), which by analogy with [CpAlFe(CO)4] can be
expected to have a GaÿFe bond that is dominated by Ga!Fe
s donation with little Ga Fe p backdonation.[9] Indeed, the
ratio of the Ga!Fe donation in 2 a (0.480 e) to the Ga Fe
backdonation (0.163 e ; Table 2) is clearly in favor of the


former (d/b� 2.94). The relative contribution of the Ga Fe
backdonation in 2 a is slightly higher than in the case of the
aluminum analogue [CpAlFe(CO)4] (d/b� 3.21).[9] This may
be due to gallium having a higher electronegativity than
aluminum.[31] The Ga!Fe donation is slightly larger in 1 a
(0.507 e) than in 2 a. More important is the increase in the
Ga Fe p backdonation from 0.183 e in 2 a to 0.335 e in 1 a.
This leads to a substantial change for the GaÿFe interaction


Table 2. CDA results at BP86/I for the metal ± ligand donor ± acceptor bonds.[a]


Bond Donation
(d)


Back-
donation
(b)


Re-
pulsion


d/b


[PhGaÿFe(CO)4] 1a GaÿFe 0.507 0.335 ÿ 0.326 1.51
[PhGaÿFe(CO)4] 1a FeÿCOtrans 0.612 0.376 ÿ 0.251 1.63
[CpGaÿFe(CO)4] 2a GaÿFe 0.480 0.163 ÿ 0.285 2.94
[CpGaÿFe(CO)4] 2a FeÿCOtrans 0.600 0.398 ÿ 0.243 1.51
[Fe(CO)5] FeÿCOax 0.568 0.325 ÿ 0.305 1.75
[(NH3)2ClAlÿW(CO)5] 3a AlÿW 0.503 0.308 ÿ 0.217 1.64
[ClAlÿW(CO)5] 3b AlÿW 0.586 0.297 ÿ 0.195 1.96


[a] Ligand-to-metal donation L!M, backdonation L M, repulsive polariza-
tion L$M and donation/backdonation ratio d/b.
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from d/b� 2.94 in 2 a to d/b� 1.51 in 1 a. The contribution of
the Ga Fe p backdonation to the gallium ± iron bond in 1 a
is nearly twice as great as in 2 a! This cannot be attributed to
the GaÿFe bond length being slightly shorter in 1 a than in 2 a.
As shown above, the d/b ratio for the AlÿW donor ± acceptor
bond suggests that Al W p backdonation in 3 a is more
important than in 3 b, although 3 b has a significantly shorter
bond than 3 a.


The CDA results indicate that the 4pp valence orbitals in 1 a
become partially occupied by Ga Fe p backdonation. At
the same time there is less OC Fe p backdonation for the
trans-CO ligand in 1 a than in 2 a. The d/b ratio for the
FeÿCOtrans bond in 1 a (d/b� 1.63) is higher than in 2 a (d/b�
1.51; Table 2). It should be noted that the changes in the
OC Fe p backdonation and the Fe partial charges in 1 a and
2 a have opposite effects on the CÿO stretching frequency.
The higher negative partial charge at Fe in 1 a should induce
lower CÿO wavenumbers (Figure 4), while the lower
OC Fe p backdonation should yield higher CÿO stretching
frequencies. The calculated CÿO stretching modes of 1 a and
2 a are nearly the same (Table 3). Thus, the changes in the
vibrational spectra from 1 to 2 are not very helpful for an
analysis of the GaÿFe bonding situation.


The occupation of the 4pp valence AOs of Ga in 1 a and 2 a
gives further information about the GaÿFe and GaÿC
interaction. The orbital charges in 2 a for each of the 4pp Ga
orbitals are 0.26 e (Table 1). The numbers indicate the degree
of Cp!Ga donation, since this is the main component of the
p interactions at Ga in 2 a rather than Ga Fe p back-
donation. The 4pp orbitals of Ga in 1 a are no longer
degenerate. The 4pp orbital of Ga, which is in the plane of
the phenyl ring, is occupied by 0.17 e (Table 1). This can be
taken as a measure of the pure Ga!Fe p backdonation,
because the hyperconjugative donation from the CaÿCb bond
of the phenyl ring should be negligible. A small additional
donation may be expected from the pp orbital of Ca to the Ga
4pp orbital which is perpendicular to the phenyl ring
(Figure 1). Indeed, the occupation of the out-of-plane Ga
4pp orbital is slightly higher (0.20 e) than that of the in-plane
orbitals.[37] The difference of 0.03 e indicates the negligible
Ph!Ga p-donation in 1 a. It is noteworthy that the total
occupation of the Ga 4pp orbitals given by the NBO method
(0.37 e) is quite similar to the Ga Fe p backdonation
calculated by the CDA method (0.34 e). It is gratifying that
two different theoretical methods give similar values for the
extent of Ga Fe p backdonation.


Cotton and Feng[37] reported that the overlap of p type
orbitals between Fe and Ga is practically nil, and that the Ga
4pp orbitals are unoccupied. Unfortunately, they do not say
which method they used to calculate orbital occupancies.
Since the calculations were carried out with Gaussian 94,[17]


we assume that the Mulliken population analysis was em-


ployed. This assumption is supported by our finding that the p


overlap population of the GaÿFe bond of 1 a given by the
Mulliken procedure is nearly zero. However, the shortcom-
ings of the Mulliken procedure in the assignment of charge
distributions are well known and it has been concluded that
Mulliken population in general performs rather poorly in
highly ionic species.[34] Since the bond between Ga [q (charge
density)�� 1.16] and Fe (q�ÿ 0.58) in 1 a is highly ionic, we
think that the Mulliken population analysis gives unreliable
results in this case. This would explain the difference between
our results and those of Cotton and Feng.


There is another argument against the formulation of the
FeÿGa bond as a pure s-bond without a p contribution as
suggested by Cotton and Feng.[37] This would imply that 1 is a
stable molecule in which gallium has only four electrons in the
valence shell. It is well known that compounds of the group 13
elements B ± In with an electron sextet in the valence shell are
difficult to isolate. Stable compounds of group 13 elements
have either p-donor substituents at the electron-deficient
atom, or they are dimers or oligomers. Also, a bonding
analysis of the recently synthesized binary indium complex
[Ni{InC(SiMe3)3}4][40] and gallium complex [Ni{GaC-
(SiMe3)3}4] showed significant In Ni and Ga Ni p back-
donation.[41]


The results of the CDA method and the NBO partitioning
scheme show clearly that there is a substantially higher p-
bonding character in the GaÿFe bond of 1 a than in 2 a. Does
this justify writing 1 with a GaÿFe triple bond? It could be
argued that while the d/b ratio for the GaÿFe bond in 1 a
(1.51) indicates a much higher p-bonding character than in 2 a
(d/b� 2.94), it is only slightly lower than that for the
FeÿCOtrans bond in 1 a (1.63). Since the iron ± carbonyl bond
in [LFe(CO)4] is generally considered to be single rather than
triple, the analogy would lead to the conclusion that the
GaÿFe bond is also single. We do not think that such a
comparison is valid, because valence bond (VB) structures for
a donor ± acceptor complex are usually written in terms of
traditional concepts and not as the result of a theoretical
analysis of the bonding interactions. For example, Davidson
has shown that the dominant part of the CrÿCO bond energy
in [Cr(CO)6] comes from the OC Cr p backdonation, while
the OC!Cr s-donation contributes little to the bonding
energy because it is nearly cancelled by Cr$CO repulsive
interactions.[35] It follows that the best VB structure for
[Cr(CO)6] has CrÿCO (p) double bonds, which would
probably not be accepted by traditional chemists. The
following points must be considered in a discussion of the
GaÿFe bonding character of 1.


1) The formulation of a donor ± acceptor bond in terms of
single or multiple bonds is not well defined. In particular,
there is no reference to a GaÿFe single, double, or triple bond.


2) The Lewis formula for a transition metal complex
usually follows the octet rule for the main-group element
that is bonded to the transition metal. For example, the
bonding in transition metal oxides [LnM�O] is usually written
with a double bond between M and O, although in compounds
like [Cl4WO] the p bond between tungsten and oxygen
involves both pp orbitals at oxygen; that is, a triple bond would
be more appropriate.[32] The CDA result for the donor ± ac-


Table 3. Calculated stretching frequencies at BP86/I.


nÄ1 [cmÿ1] nÄ2 [cmÿ1] nÄ3 [cmÿ1] nÄ4 [cmÿ1]


[PhGaÿFe(CO)4] 1 a 1958 1960 1985 2038
[CpGaÿFe(CO)4] 2 a 1959 1959 1983 2040
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ceptor bonding between W(CO)5 and NO� gives d/b� 0.31
for [(CO)5WÿNO]� , which indicates predominantly
ON� W(CO)5 backbonding,[10f] but the most common
Lewis form has a WÿN single bond. Compare this with
Fischer-type carbyne complexes, which are usually written
with a metal ± carbon triple bond. The CDA for
[Br(CO)4W�CMe] gives d/b� 0.62; that is, the relative
contribution of the p-bonding is less than in
[(CO)5WÿNO]� .[10h] If 1 were written with a GaÿFe single
bond, the gallium atom would have a valence shell with an
electron quartet rather than an octet. It would be difficult to
understand why 1 is a stable compound when the Ga atom is
electronically highly unsaturated. Since the occupation of the
4pp orbital of Ga in 1 a comes mainly from the Ga Fe p


backdonation, writing 1 with a GaÿFe triple bond can be
justified. The calculated occupation of the 4pp orbitals of Ga
in 1 a [0.37 e (NBO) and 0.34 e (CDA)] may appear to be too
low to formulate a genuine triple bond. However, the charge
donation in Cl3Al NMe3 is only 0.18 e[11a] and yet the
complex is usually written with a single bond between Al and
N. Writing arrows (!) rather than bonds (ÿ) might be
appropriate, but this would become clumsy for two GaÿFe p


bonds.
Points 1 and 2 summarize the difficulty of assigning a formal


bond order to the gallium ± iron bond in 1. The GaÿFe bond
also has a strong ionic character, which has not been
considered in refs. [6] and [7]. The most important conclusion
from our study is the following one.


3) The discussion in terms of single, double, and triple
bonds describes the situation in molecules by using a simple
valence bond model, which is not suitable for describing the
bonding between heavier atoms,[28] and particularly not for
donor ± acceptor bonds in transition metal complexes. There
are clearly more sophisticated models available to describe
the bonding interactions in these compounds. The Dewar ±
Chatt ± Duncanson (CDC) model[12] is much more appropri-
ate for describing donor ± acceptor bonds. Since modern
quantum chemical partitioning schemes have been developed
to quantify the energies[33] and the charge distributions[13]


associated with the DCD model, it is advisable to use these
models for a description of the bonding situation in 1. The
insight into the electronic structure that is available from the
analysis of accurate quantum chemical calculations shows
clearly that the discussion of whether 1 has a GaÿFe single or
triple bond is outdated.


Summary and Conclusion


The analysis of the bonding situation in the model compounds
[(C6H5)GaFe(CO)4] (1 a) and [CpGaFe(CO)4] (2 a) using the
CDA partitioning scheme shows that there is a substantially
higher degree of Ga Fe p backbonding in 1 a than in 2 a. The
GaÿFe bond dissociation energy of 1 a (De� 54.9 kcal molÿ1)
is also clearly higher than in 2 a (De� 32.8 kcal molÿ1). This
result lends some credence to the formulation of 1 with a
GaÿFe triple bond. However, the discussion of the GaÿFe
bonding situation in terms of single or multiple bonds uses
concepts that are not suited to its proper description. Neither


the formula with a GaÿFe single bond nor the Lewis form with
a GaÿFe triple bond gives a reasonable representation of it.
The discussion for and against the triple-bond character of 1 is
a pseudo-conflict caused by the application of an inappro-
priate bonding model.
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A Novel Phenol for Use in Convergent and Divergent Dendrimer Synthesis:
Access to Core Functionalisable Trifurcate Carbosilane DendrimersÐThe
X-ray Crystal Structure of [1,3,5-Tris{4-(triallylsilyl)phenylester}benzene]


Robert A. Gossage,[a, d] Elena MunÄ oz-Martínez,[a] Holger Frey,[c] Armin Burgath,[c]


Martin Lutz,[b] Anthony L. Spek,[b] and Gerard van Koten*[a]


Abstract: The organosilane 4-(triallylsi-
lyl)phenol (1) was synthesised in high
yield by two different routes starting
from two different silyl-protected phe-
nols. One of these routes involves the
first example of a retro-[1,4]-Brook re-
arrangement of the triallylsilyl fragment.
Compound 1 can be used as a readily
functionalisable dendrimer core unit
and was applied in the divergent and
convergent synthesis of carbosilane den-
drimers. An improved synthesis of chloro-
triallylsilane, which is essential to the
synthesis of 1, is also presented. Novel
trifurcate carbosilane dendrimers, up to
the second generation, have been syn-


thesised by the divergent route starting
from 1. These new materials have been
fully characterised by a combination of
NMR, IR and mass spectroscopy (EI or
MALDI-TOF), GPC and elemental
analysis. Additionally, the use of 1 for
the convergent synthesis of a carbosi-
lane dendrimer is demonstrated by the
formation of the dendron [1,3,5-tris{4-
(triallylsilyl)phenylester}benzene] (7).
Compound 7 has been further charac-


terised by single-crystal X-ray diffrac-
tion and represents not only the first
structurally elucidated aryl triester, but
also the first structurally characterised
triallylorganosilane. The idealised (gas
phase) structures of several of these new
materials have been determined by
means of MM 2 molecular structure
calculations. The largest carbosilane
dendrimer ([G-2]) has a distorted spher-
ical structure. This is in contrast to
dendron 7, which is shown to have an
almost planar structure with respect to
the central aromatic ring and the three
ester groups.


Keywords: dendrimers ´ molecular
modeling ´ organosilanes ´ structure
elucidation ´ synthesis design


Introduction


Dendrimer chemistry is rapidly becoming an important area
within polymer science.[1, 2] Dendrimers are highly branched
mono-dispersed macromolecules that emanate from a central
core. They are usually produced in a step-wise manner by a
repetitive reaction sequence. Hence, these materials have a
well-defined size, molecular weight, internal connectivity and
specific number of end-groups.[1] We have been interested in
the use of dendrimers as inert frameworks for the attachment
of catalytically active transition metal complexes[3±5] and in the
investigation of molecular sensor technology (i.e. , nanoprobe
devices).[6] The synthesis of dendrimer molecules that contain
an Si atom as the branch point, with strong SiÿC bonds as the
connecting structure, has enabled the investigation of a
number of robust dendritic carbosilanes.[2a, 3±5, 7] However,
the widespread application of these new materials is limited
by the repetitive multi-step procedures (i.e., divergent
syntheses) that are usually used in dendrimer production.[1, 2, 7]


This problem has been partially overcome by the convergent
approach presented by FreÂchet,[2d, 8] in which small repeat
units (dendrons) are coupled to a multi-functional core and
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can thus allow the facile assembly of large dendrimers.[1, 2, 8]


All of the previously characterised carbosilane dendrimers
have been made solely by the divergent method.[7a±v] This
approach invariably leads to the formation of dendrimers
containing branch defects as a result of a small percentage of
incomplete reactions in one or more of the synthetic
steps.[1, 2g,h] The work presented herein includes a study of
the synthesis of carbosilane dendrimers by either the diver-
gent or convergent approach and includes the characterisa-
tion (NMR, GPC, MALDI-TOF) of core functionalisable
trifurcate carbosilanes.[7l,m]


There were several key requirements that had to be met by
our dendrimer core unit. These considerations are based on
the foreknowledge that dendrimer synthesis is inherently
labour intensive and thus the compounds should be useful for
a variety of diverse applications. Our pre-requisites therefore
call for a polyfunctional molecule that meets the following
criteria: i) ease of attachment of transition metal complexes
or molecular probes[6, 10] and ii) tolerance to the conditions
necessary for carbosilane dendritic growth (hydrosilation


conditions and inertness to
Grignard reagents). With this
in mind, the target core unit
was chosen to be the novel
organosilane: 4-(triallylsilyl)-
phenol (1).[9] This simple mol-
ecule features two key compo-
nents that meet the require-


ments detailed above. Firstly, the triallylsilyl fragment serves
as the initiation point for further (divergent) dendrimer
growth. Secondly, the phenolic OH group can be readily
functionalised with either a transition metal fragment,[10a] a


molecular probe (e.g., a pyrene group[7h]) or it can serve as the
point of attachment in convergent synthesis. This group can
also be readily protected by, for example, the (tBu)Me2Si
group.[11]


In this report, we expand on our earlier preliminary
communication[9] that described the synthesis of 1. This
compound can be used as a versatile component in both the
convergent or divergent syntheses of carbosilane dendrimers
and has potential for the attachment of molecular probes or
transition metal complexes onto the dendrimer core.[1, 10]


Results and Discussion


Synthesis of 4-(triallylsilyl)phenol (1): Two synthetic path-
ways can be used in the production of this novel organosilane
(Scheme 1); however, both require relatively large quantities
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iv (24%)


+


[G-0]


Scheme 1. i) tBuMe2SiCl, NEt3, C6H6; ii) 2� nBuLi, Et2O; iii) ClSi(allyl)3


(2, 1.2 equiv), Et2O; iv) nBu4NF, THF; v) ClSi(allyl)3 (2, 1.2 equiv), NEt3,
C6H6; vi) 2� tBuLi, Et2O; vii) aq. NH4Cl.


of chlorotriallylsilane [ClSi(CH2CH�CH2)3, (2)]. This halo-
silane was first produced over forty years ago by Scott and
Frisch;[12] however, their procedure involves a nonselective
reaction of allylmagnesium bromide (3 equiv) with SiCl4,
followed by fractional distillation (yield �25 %). Therefore,
we used triallylsilane [HSi(CH2CH�CH2)3, (3)], readily
accessible from allylmagnesium bromide and trichlorosilane


Abstract in Dutch: De organosilaanverbinding, 4-trialkylsi-
lylphenol (1), werd in hoge opbrengst gesynthetiseerd via twee
verschillende routes uitgaande van silyl-beschermde phenolen.
EeÂn van deze routes is het eerste voorbeeld van een Retro-[1,4]-
Brook omlegging van een trialkylfragment. Verbinding 1 kan
als een geschikte gefunctionaliseerde, dendritische kerneenheid
gebruikt worden en kan in zowel de divergente als de
convergente synthese van carbosilaan-dendrimeren toegepast
worden. De synthese van 1 werd mogelijk gemaakt doordat de
bereiding van zuiver triallylchloorsilaan op essentieÈle punten
kon worden verbeterd. Nieuwe trifurcate carbosilanen tot en
met de tweede generatie werden via een divergente synthese-
route uitgaande van 1 gesynthetiseerd. Het gebruik van 1 in een
convergente syntheseroute leidde tot de synthese van het
dendron [1,3,5-tris{4-(triallylsilyl)phenylester}benzeen] (7).
Verbinding 7 is niet alleen de eerste aryltriester maar ook het
eerste triallylsilaan waarvoor de structuur ( m. b. v. X-ray) in de
vaste stof kon worden opgehelderd. De geïdealiseerde (gasfase)
structuren van de verschillende nieuwe verbindingen werden
berekend met behulp van MM 2 moleculaire structuurbereke-
ningen. In tegenstelling tot dendron 7 dat een haast vlakke
structuur heeft met de centrale aromaatring en de drie
estergroepen in een vlak, heeft het grootste carbosilaandendri-
meer ([G-2]) een verstoorde sferische structuur.


Si(allyl)3


OH


1
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in diethyl ether,[13] in order to avoid this tedious purification
procedure. Compound 3 was then converted to 2 (72 % yield)
by treatment with cupric chloride (2 equiv) in boiling
acetonitrile in the presence of an organic base, followed by
extraction with pentane (see Experimental Section).


Having obtained this essential component, the two syn-
thetic pathways depicted in Scheme 1 were followed to obtain
the desired phenol 1. Route A has the advantage that a silyl-
protected analogue of 1 (i.e., 5) is produced first and can thus
be used for divergent dendrimer synthesis without further
modification.[9, 14] Route B produces 1 directly by means of a
low temperature (O!C) [1,4]-silyl migration from the lithio
derivative of 4 (i.e., 4-(triallylsiloxy)phenyllithium).[9, 15] Com-
pound 4 is readily synthesised by the treatment of 4-bromo-
phenol with 2 (see Experimental Section). Route B repre-
sents, to our knowledge, the first example of an anionically
induced migration (homo-Brook rearrangement) of the
triallylsilyl fragment.[15]


Convergent carbosilane dendrimer synthesis : 4-(Triallylsilyl)-
phenol (1) was used to produce a simple dendrimer in order to
investigate whether this phenol would be useful in other
convergent dendrimer syntheses.[8, 9] Thus, the treatment of a
THF solution of freshly recrystallised 1,3,5-benzenetricarbon-
yl trichloride (1 equiv) with 1 (3.1 equiv), in the presence of
NEt3, and subsequent chromatographic separation produced
dendron 7 in 69 % isolated yield (Scheme 2).


Compound 7, which contains nine terminal allyl groups, is a
colourless oil that solidifies to a glass upon standing for
several months. It has been fully characterised by NMR
spectroscopy, TLC and elemental analysis (see Experimental
Section). A notable feature of 7
is the diagnostic downfield sin-
glet in the 1H NMR spectrum
that is assigned to the three
protons of the central aromatic
triester ring (d� 9.23). The
straightforward synthesis of 7
clearly demonstrates the utility
of 1 in convergent dendrimer
synthesis.[9]


Compound 7 presents a rare
opportunity to examine the sol-
id-state structure of the triallyl-
silyl fragment. To date, there
are no reported examples of a
compound which contains this
unit that has been characterised
by single-crystal X-ray diffrac-
tion methods. A suitable crystal
was grown with some difficulty
from a dodecane solution of 7
by slow evaporation of the
solvent in a stream of air over
a period of approximately two
weeks. A molecular plot of 7 is
shown in Figure 1 along with
some pertinent bond lengths
and bond and torsion angles.[16]
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Scheme 2. Synthesis of [1,3,5-tris{4-(triallylsilyl)phenylester}benzene] (7).


The SiÿC bond lengths are similar to those found in other
tetraorganosilanes, as is the length of the allylic C�C bond. Of
particular note is the almost perpendicular arrangement of all
three terminal aromatic groups with respect to the central
phenyl ring. This feature is in contrast to that previously found
in related organometallic pincer-type[20] dendrons that contain
three metal-bound (formal) aryl carbanions (i.e., [1,3,5-
{ClPt(NCN')C(�O)}3C6H3]; NCN'� {2,6-(Me2NCH2)2-4-
OC6H3}) and related systems.[6, 10b] It can be seen in Figure 1,
that the relative spacing between the three organosilyl groups
is large and hence there is considerable room for further
expansion (i.e., dendritic growth).[1, 2]


Figure 1. Displacement ellipsoid (50 % probability) plot of 7 (hydrogen atoms are omitted for clarity). Selected
bond lengths [�]: Si1ÿC18 1.857(7), Si1ÿC111 1.848(6), Si1ÿC114 1.883(8), Si2ÿC28 1.877(6), Si2ÿC211 1.900(6),
Si2ÿC214 1.879(6), Si3ÿC38 1.875(5), Si3ÿC311 1.866(6), Si3ÿC314 1.891(6), C18ÿC19 1.450(14), C111ÿC112
1.496(7), C114ÿC115 1.483(13), C28ÿC29 1.489(8), C211ÿC212 1.494(11), C214ÿC215 1.457(7), C38ÿC39
1.485(8), C311ÿC312 1.495(10), C314ÿC315 1.482(10), C19ÿC110 1.217(14), C112ÿC213 1.340(11), C215ÿC316
1.292(10). Interplanar angles [8] between the least-squares planes of the central benzene ring and of C12ÿC17:
87.62(18), of C22ÿC27: 74.53(19) and of C32ÿC37: 78.80(19).
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Divergent carbosilane dendrimer synthesis : As noted in the
introduction, our goal is to create new materials for applica-
tions in nanoprobe devices and catalysis. In this regard, we
have tested a number of dendrimer catalysts of generation
numbers 1 and 2 in a membrane reactor system.[5] The design
of this equipment allows for the recovery of the product or the
catalyst by ultrafiltration technology.[21] This work has re-
vealed that even small dendrimers (of generation [G-1] or
larger) can be easily retained (or recovered) by modern
synthetic membranes. Calculations (MM 2) have indicated
that these materials have diameters that are less than
�25 �.[5] Therefore, the growth dimensions of the materials
synthesised here have been restricted to generation 2 ([G-2]).


The synthetic strategy has been developed previously and
involves classical hydrosilation[22] of 5 (i.e., [G-0]) with excess
HSiCl3 and Speier�s Catalyst ([H2PtCl6] ´ H2O). This readily
gave the intermediate anti-Markovnikov hydrosilylated prod-
uct ([G-0.5]).[22, 23] Completion of this reaction is easily
monitored by in-situ 1H NMR spectroscopy (disappearance
of olefinic resonances; see the Experimental Section) of [G-0]
or by the absence of the characteristic C�C stretching
frequency in the IR spectrum (nÄ � 1639 cmÿ1).[3±5, 7a±n, 9] Treat-
ment of [G-0.5] with a slight excess (relative to the number of
terminal Cl groups) of allylmagnesium bromide and isolation
by flash chromatography yielded the pure [G-1] dendrimer, as
a colourless and malodorous oil, in 72 % yield (Scheme 3).
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Scheme 3. i) HSiCl3, cat. : [H2PtCl6], hexane; ii) excess
H2C�CHCH2MgBr, Et2O.


Compound [G-1] was fully characterised by NMR (1H and
13C{1H}) and IR spectroscopy, TLC, GPC, MALDI-TOF and
elemental analysis. The general physical properties, such as
colour, etc., are very similar to the spherical carbosilane
dendrimers reported previously.[2a, 7b,e] The idealised gas-phase
structure (MM 2 level of calculation) of [G-1] and the parent
complex 5 ([G-0]) are shown in Figure 2.


A repetition of the reaction conditions that were used to
produce [G-1] from [G-0] was employed to produce den-


drimer [G-2] (Scheme 3). The [G-2] dendrimer was isolated
in 66 % yield following chromatographic separation. This
dendrimer is also a colourless oil and exhibits similar
spectroscopic properties to the [G-1] compound (see the
Experimental Section and the Supplementary Material).
Characterisation of [G-2] was carried out by IR and NMR
spectroscopy, elemental analysis and GPC techniques (see
Supplementary Material).[7a±p] All of this information is fully
consistent with the formation of [G-2] as given in Scheme 3.
Molecular mechanics (MM 2) calculations suggest that the
overall geometry of this dendrimer is best described as a
distorted spherical structure (Figure 3). The close proximity


Figure 3. The calculated (MM 2) gas-phase molecular structure of [G-2] .


of the terminal allyl groups to the protected OH functionality
is clearly shown and this suggests that a cagelike encapsula-
tion of the dendrimer interior may be occurring. This aspect
will be the subject of later study.


Figure 2. The calculated (MM 2) gas-phase molecular structures for a) [G-
0] and b) [G-1] .







Carbosilane Dendrimers 2191 ± 2197


Chem. Eur. J. 1999, 5, No. 7 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0507-2195 $ 17.50+.50/0 2195


Conclusions


The results presented here are intended to serve as the
starting point for a variety of new applications for carbosilane
dendrimers (e.g., the trifurcate compounds [G-1] or [G-2] in
the present study). This can only be possible if a functional
group is present that can be readily manipulated without
disturbing the carbosilane framework. In this case, the
phenolic group of 4-(triallylsilyl)phenol (1) represents this
segment of the dendrimer. Protection of this functionality by
the (tBu)Me2Si fragment is facile (to give 5) and the silyl
group can be readily removed by an Fÿ source (vide supra).
As discussed by Corey[24a,b] and others,[24c] the bulky silyl group
attached to the phenolic oxygen atom is not affected by
organometallic reagents and is, therefore, ideal for our
purposes.[24] Phenols can be readily coordinated to transition
metal fragments by direct reaction or via prior conversion to
alkali metal phenoxides. This has been previously demon-
strated in, for example, the formation of H-bonded transition
metal a-networks.[10a] Moreover, the reactive OÿH bond can
be used for the attachment of molecular probe fragments
(e.g., pyrene, a fluorescent indicator[25]). Thus, the results
described above have laid the groundwork for further
investigations into the properties and uses of carbosilane
macromolecules.


The synthesis of the novel carbosilane dendrimer core unit,
4-(triallylsilyl)phenol (1) involves a novel retro-[1,4]-Brook
rearrangement of the triallylsilyl fragment. In addition,
compound 1 has been shown to be useful for both convergent
and divergent dendrimer syntheses. The first triallylorgano-
silane to be characterised by single crystal X-ray diffraction
has also been reported.


These results emphasise that common synthetic methods
can be used to produce dendrimers that allow for facile core
functionalisation. The use of trifurcate (carbosilane) den-
drimers remains an area of supramolecular chemistry that is
relatively unexplored[7l,m] and this work has helped to open a
potential gateway to a variety of investigations. We shall
report further results with these materials in due course.


Experimental Section


General : All solvents were dried over sodium biphenyl ketyl (Et2O, THF,
hydrocarbons) or CaH2 (CH2Cl2, CH3CN) and distilled under a nitrogen
atmosphere prior to use. Unless otherwise stated, the reactions were
carried out under an atmosphere of dry nitrogen at room temperature
(RT). All reagents were obtained from commercial sources and were used
without further purification, except iPr2NEt (redistilled from CaH2) and
HSiCl3 (degassed by repetitive freeze-pump-thaw techniques to remove
HCl and O2). Infrared spectra were recorded in solution with a Unicam FT-
IR 5000 spectrophotometer. The 1H (200 and 300 MHz) and 13C{1H} (50
and 75 MHz) NMR spectra were recorded at RT (298 K) with a Bruker
AC200, WH 200 or AC 300 instrument with SiMe4 as the external standard
with the samples in CDCl3 solution, unless otherwise stated. Flash
chromatography was performed on silica (230 ± 400 mesh, Merck). All
MALDI-TOF measurements were performed as previously described.[26]


Microanalyses were obtained from H. Kolbe Mikroanalytisches Laborato-
rium (Mülheim an der Ruhr, Germany). Molecular mechanics calculations
(MM 2 level) were performed with the CAChe program package (Oxford
Molecular Group).


Synthesis of chlorotriallylsilane ([4-chloro-4-(2-propenyl)-4-sila-1,6-hepta-
diene], 2):[12] Cupric chloride (8.40 g, 84.8 mmol) was suspended in MeCN
(20 mL) at 0 8C and the mixture stirred for 20 min. Diisopropylethylamine
(Hünig�s base, 12 mL, 67 mmol) was then added slowly (Caution,
exothermic!) to yield a dark brown, oily solution. Triallylsilane 3[13]


(5.96 g, 39.2 mmol) was added to this mixture at RT and the contents of
the reaction flask were subsequently heated to 80 8C overnight. The
resulting dark brown suspension was extracted with pentane (3� 75 mL)
under nitrogen and was filtered, and the pentane extracts were combined.
The pentane was boiled off and the residue flash-distilled under vacuum,
whereby the volatile components were trapped in a flask cooled with liquid
nitrogen. A colourless, air- and moisture-sensitive liquid was isolated upon
warming to RT. The properties of this material were identical to those of an
authentic sample of chlorotriallylsilane.[12] Yield: 5.05 g (72 %); 1H NMR:
d� 5.80 (m, 3 H), 5.00 (d, 6H, 3J(H,H)� 12.4 Hz), 1.88 (d, 6H, 3J(H,H)�
7.9 Hz); 13C{1H} NMR: d� 131.5, 116.0, 22.6; MS (70 eV, EI): m/z (%): 186
(0.5) [M]� .


Synthesis of [4-(tert-butyldimethylsiloxy)triallylsilylbenzene] (5 or [G-0])


Method A : The silyl ether [4-(tert-butyldimethylsiloxy)bromobenzene]
(6.14 g, 21.4 mmol) was dissolved in pentane (25 mL) and cooled to
ÿ78 8C. A solution of tBuLi (1.5m, 30 mL, 45 mmol) in pentane was added
dropwise and the mixture was then allowed to warm slowly to RT. A thick
white precipitate formed that dissolved upon the addition of Et2O (30 mL)
atÿ78 8C. The mixture was then quenched with 2 (4.5 mL, 24 mmol) added
with a syringe. The resulting mixture was warmed to ambient temperature
and the precipitate that had formed was filtered through a plug of layered
Celite and silica gel. The solids that were filtered off were washed with
C6H6 (2� 50 mL). The combined organic fractions were distilled to remove
the solvent and the resulting crude golden brown oil was subjected to
separation by flash chromatography on silica gel (230 ± 400 mesh silica,
EtOAc/hexanes 3:100, v/v). The product was obtained as a colourless liquid
after solvent removal as the fastest eluting column fraction. Yield: 3.53 g
(46 %); Rf� 0.60 (EtOAc/hexanes 3:100); 1H NMR: d� 7.38 (d, 2 H, AB
pattern: 3J(H,H)� 8.2), 6.85 (d, 2 H), 5.82 (m, 3 H), 4.91 (m, 6 H), 1.84 (d,
6H, d, 3J(H,H)� 8.0 Hz), 1.00 (s, 9H), 0.22 (s, 6H); 13C{1H} NMR: d�
156.7, 135.6, 134.1, 128.1, 119.7, 114.1, 25.7, 19.8, 18.2, ÿ4.3; C21H34OSi2


(358.7): calcd C 70.32, H 9.55; found C 70.21, H 9.55; MS (70 eV, EI): m/z
(%): 358 (0.5) [M]� . A second product, an isomer of the above compound,
was also obtained in this reaction and purified chromatographically as
above. This was identified as [2-(tert-butyldimethylsilyl)-4-(triallylsilyl)-
phenol] (6). Yield: 0.49 g (6%); Rf� 0.35 (EtOAc/hexanes 3:100);
1H NMR: d� 7.50 (d, 1 H, 3J(H,H)� 1.6 Hz), 7.38 (dd, 1H, 3J(H,H)�
8.0 Hz, 1.7), 6.69 (d, 1H, 3J(H,H)� 8.0 Hz), 5.78 (m, 3 H), 4.91 (m, 6H),
4.63 (s, 1 H), 1.83 (d, 6 H, 3J(H,H)� 7.9 Hz), 0.91 (s, 9H), 0.33 (s, 6H);
13C{1H} NMR: d� 161.7, 143.3, 136.8, 134.1, 125.1, 121.9, 114.5, 114.2, 26.8,
19.9, 17.7, ÿ4.7; C21H34OSi2 (358.7): calcd C 70.32, H 9.55; found C 70.42, H
9.46; MS (70 eV, EI): m/z (%): 317 (20) [Mÿ allyl]� .


Method B : NEt3 (5 mL) was added to a solution of 1 (1.0 g, 4.1 mmol) in
C6H6 (30 mL) at RT. tBuMe2SiCl (0.63 g, 4.2 mmol) was added to this
stirred mixture and the resulting solution was heated to 70 8C for 48 h.
Isolation of the product was performed as above. Yield: 62% (0.91 g).
When imidazole in DMF[21a] was used instead of C6H6/NEt3, the yield was
found to be lower, with the formation of other side-products.


Synthesis of [4-(triallylsilyl)phenol] (1):


Method A : Water (2 drops) and a THF solution of [nBu4NF] (1m, 0.9 mL,
0.9 mmol) were added to a solution of 5 (0.31 g, 0.87 mmol) in THF
(10 mL) at 0 8C. The mixture was stirred for 15 min during which time the
colour changed from colourless to light yellow. A solution of aq. NaCl
(10 %) was added and the organic layer separated. The aqueous layer was
extracted with Et2O (3� 20 mL) and the combined organic layers dried
over MgSO4. The solution was filtered and the ethers distilled off to yield a
yellow oil. This mixture was separated by flash chromatography (EtOAc/
hexanes 50:50) to yield the product as a colourless oil. Yield: 0.05 g (24 %);
Rf� 0.70 (EtOAc/hexane 50:50); 1H NMR: d� 7.37 (d, 2 H, 3J(H,H)�
6.6 Hz), 6.91 (d, 2 H), 5.81 (m, 3H), 4.90 (m, 6 H), 3.19 (br, 1 H), 1.82 (d,
6H, 3J(H,H)� 8.0 Hz); 13C{1H} NMR: d� 156.6, 136.3, 136.0, 134.0, 115.0,
114.2, 19.8; C15H20OSi (244.4): calcd C 73.71, H 8.25; found C 73.84, H 8.19.


Method B : A sample of 4 (1.46 g, 4.5 mmol) was dissolved in Et2O (20 mL)
and the solution cooled to ÿ78 8C. A pentane solution of tBuLi (1.5m,
6.0 mL, 9.0 mmol) was added dropwise by syringe to the stirring mixture,
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which was then allowed to warm slowly to RT (2 h) and stirred overnight.
This yielded a light yellow solution. Saturated aq. NH4Cl (20 mL) was
added and the organic layer separated. The aqueous portion was extracted
with Et2O (3� 20 mL), the organic layers were combined and all volatile
components of the mixture were removed by a rotary evaporator. This
procedure yielded a yellow oil. The pure product was isolated as above.
Yield: 0.99 g (90 %).


Synthesis of [4-(triallylsiloxy)bromobenzene] (4): NEt3 (20 mL) was added
to a solution of 4-bromophenol (5.0 g, 29 mmol) in benzene (100 mL). The
mixture was stirred at RT for 10 min, followed by the dropwise addition of 2
(�5 mL) over a period of 5 min. The mixture was then stirred overnight.
The fluffy white precipitate that had formed was filtered off by passing the
solution through a glass frit preceeded by a plug of Celite and silica gel.
Volatile components of the filtrate were removed with a rotary evaporator
to yield a light brown oil. Separation of the components of this oil by flash
chromatography (EtOAc/hexanes 1:100) gave the product as a colourless
oil. Yield: 6.44 g (69 %); Rf� 0.35 (EtOAc/hexanes 1:100); 1H NMR: d�
7.34 (d, 2H, 3J(H,H)� 8.0 Hz), 6.76 (d, 2 H), 5.78 (m, 3H), 4.95 (m, 6H),
1.81 (d, 6 H, 3J(H,H)� 8.0 Hz); 13C{1H} NMR: d� 153.7, 132.4, 132.2, 121.9,
114.2, 115.4, 20.9; MS (70 eV, EI): m/z (%): 322 (2) [M(79Br)]� ;
C15H19OSiBr (323.3): calcd C 55.73, H 5.92; found C 55.62, H 5.86.


Synthesis of [1,3,5-tris{4-(triallylsilyl)phenylester}benzene] (7): NEt3


(12 mL) was added to a solution of 1 (0.64 g, 2.6 mmol) in THF (50 mL)
and the mixture was stirred at RT for 10 min. Freshly recrystallised 1,3,5-
benzenetricarbonyl trichloride (0.22 g, 0.83 mmol) was added to this
rapidly stirred solution and a white precipitate formed immediately.
Stirring was continued for 18 h and then the mixture was filtered through
Celite and evaporated to dryness to yield an off-white oil. The product was
isolated as a colourless and very viscous liquid by flash chromatography
(hexanes/Et2O 2:1). This oil gave a glassy solid upon standing at RT for
several months. Yield: 0.51 g (69 %) [a quantity of unreacted 1 (Rf� 0.47)
was also recovered (0.15 g (98 %)]; Rf� 0.84 (hexanes/Et2O 2:1); 1H NMR
(300 K): d� 9.23 (s, 3H), 7.63 (d, 6H, 3J(H,H)� 8.4 Hz), 7.28 (d, 6 H), 5.80
(m, 9H), 4.93 (m, 18H), 1.89 (m, 18 H); 13C{1H} NMR: d� 163.1, 151.6,
136.0, 135.6, 133.5, 131.2, 120.8, 114.5, 19.5; C54H60O6Si3 (889.3): calcd C
72.93, H 6.80, Si 9.47; found C 72.81, H 6.78, Si 9.59.


Synthesis of [4-{(tert-butyldimethylsiloxy)-tris-(3-{triallylsilyl}propyl)silyl}-
benzene] [G-1]: HSiCl3 (2.0 mL, 20 mmol) and [H2PtCl6] ´ H2O (0.020 g,
0.045 mmol) were added to a hexane (20 mL) solution of [G-0] (2.05 g,
5.8 mmol). The mixture was placed in a Carius tube equipped with a Teflon
stopcock and then sealed. The apparatus was placed in an oil bath and
heated to 50 8C for 18 h. A 1H NMR spectrum of this crude material
indicated the complete absence of any alkenyl protons [d� 7.34 (d, 2H,
3J(H,H)� 8.4 Hz), 6.88 (d, 2H), 1.68 (m, 12 H), 1.48 (m, 6 H), 1.02 (s, 9H),
0.24 (s, 6H)]. This brown solution was placed briefly under vacuum (to
remove residual HSiCl3) and then added dropwise to a solution of
allylmagnesium bromide (70 mmol) in Et2O (100 mL) at 0 8C. The contents
of the mixture were stirred at RT overnight. The resulting milky white
suspension was then quenched with aq. NH4Cl (200 mL, 10%). The organic
layer was isolated and the aqueous layer extracted with Et2O (3� 50 mL).
Organic fractions were then combined and all the volatile components
were removed with a rotary evaporator. The resulting oil was then purified
by flash chromatography (hexanes/EtOAc 100:3). The solvent was
removed in vacuo to give a colourless oil. Yield: 3.40 g (72 %); Rf� 0.84
(hexane/EtOAc 100:3); 1H NMR (300 K): d� 7.30 (d, 2H, 3J(H,H)�
7.4 Hz), 6.83 (d, 2H), 5.75 (m, 9 H), 4.86 (m, 18H), 1.58 (d, 18H,
2J(H,H)� 8.1 Hz), 1.36 (m, 6H), 0.99 (s, 9 H), 0.82 (m, 6H), 0.63 (m,
6H), 0.20 (s, 6H); 13C{1H} NMR: d� 156.4, 135.3, 134.4, 129.8, 121.3, 120.1,
119.6, 113.4, 22.6, 25.6, 19.6, 18.1, 17.6, 16.5, ÿ4.4; GPC (RI detector): Mw/
Mn< 1.07 (MW< 1000 vs. polystyrene); MALDI-TOF: m/z (%): 923 (100)
[M�Ag]�: correct isotope pattern), 771 (<3) [MÿC3H6]� , 616 (<1);
C48H82OSi5 (815.6): calcd C 70.68, H, 10.13, Si 17.22; found C 70.64, H 10.18,
Si 17.34.


Synthesis of [G-2]: HSiCl3 (1.0 mL, 10 mmol) and [H2PtCl6] ´ H2O (0.020 g,
0.045 mmol) were added to a hexane (20 mL) solution of [G-1] (0.35 g,
0.43 mmol). The mixture was placed in a Carius tube equipped with a
Teflon stopcock and sealed. The apparatus was placed in an oil bath and
heated to 60 8C for 48 h. A 1H NMR spectrum of this crude material
indicated the complete consumption of all alkenyl protons [d� 7.29 (d,
3J(H,H)� 7.9 Hz), 6.83 (d), 1.71 ± 1.29 (m), 1.00 (s), 0.93 (m), 0.67 (m), 0.21
(s)]. This solution was placed under vacuum (to remove excess HSiCl3) and


then added dropwise to a solution of allylmagnesium bromide (�30 mmol)
in Et2O (70 mL) at 0 8C. The mixture was stirred and slowly warmed to RT
overnight. The resulting milky white suspension was then quenched with
aq. NH4Cl (100 mL, 10 %). The organic layer was isolated and the aqueous
layer extracted twice with Et2O (60 mL). Organic fractions were combined
and dried (MgSO4), and all volatile components were removed by means of
rotary evaporation. The resulting crude opaque oil was purified by flash
chromatography (hexanes/EtOAc 100:3). The product was isolated after
removal of all volatile components in vacuo as a malodorous and slightly
opaque, colourless oil. Yield: 0.62 g (66 %); Rf� 0.51 (hexanes/EtOAc
100:3); 1H NMR (300 K): d� 7.31 (d, 2H, 3J(H,H)� 7.8 Hz), 6.82 (d, 2H),
5.77 (m, 27 H), 4.86 (m, 54 H), 1.59 (d, 54 H, 2J(H,H)� 8.1 Hz), 1.33 (br m,
24H), 0.98 (s, 9 H), 0.82 (m, 12H), 0.60 (m, 36 H), 0.21 (s, 6H); 13C{1H}
NMR (75 MHz): d� 156.3, 135.2, 134.3, 129.8, 121.3, 120.1, 119.6, 113.5,
22.8, 25.6, 19.4, 18.5, 18.4, 18.2, 17.4, 17.1, 16.5, ÿ4.5; C129H226OSi14 (2186.5):
calcd C 70.86, H 10.42, Si, 17.99; found C 70.94, H 10.48, Si 17.93; GPC
(EMP detector): Mw/Mn< 1.02 (MW� 1300 vs. polystyrene).
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Sonolysis of Aqueous 4-Nitrophenyl AcetateÐNo Evidence for Hydrolysis
Induced by Transient Supercriticality


Armin Tauber, Heinz-Peter Schuchmann, and Clemens von Sonntag*[a]


Abstract: The sonolysis of 4-nitrophen-
yl acetate in argon-saturated aqueous
solution was studied at a frequency of
321 kHz. To examine the effect of OH
radicals formed in the cavitational bub-
ble and their reaction in the liquid phase
with this substrate, a g-radiolysis study
was carried out as well. The OH radical
adds preferentially in the ortho position
to the ester function, thus forming
2-hydroxy-4-nitrophenyl acetate. Nitrite


and acetate are generated as minor
products by ipso addition at the nitro
and acetate substituents. Upon sonoly-
sis, pyrolytic products (increased yields
of nitrite, nitrate, gaseous products) are


also found. As 4-nitrophenol is not
formed in the sonolysis of 4-nitrophenyl
acetate, and as the acetate yield is
largely accounted for by the OH-radical
reactions occurring in the aqueous
phase, the hydrolysis of 4-nitrophenyl
acetate in the (transient) supercritical
water layer inside the cavitational bub-
ble can be ruled out as a pathway of its
degradation.


Keywords: high-temperature chem-
istry ´ radical reactions ´ radiolysis
´ sonochemistry ´ supercritical flu-
ids


Introduction


It is well-known that in liquids containing a dissolved gas,
ultrasound can cause the formation of free radicals as a
consequence of cavitation. It is generally accepted that these
radicals are formed upon the collapse of the cavitational
bubble, which can reach temperatures of several thousand
degrees.[1±7] In aqueous solutions, the decomposition of water
vapor in the bubble leads to the formation of OH radicals and
H atoms [Eq. (1)].[8±11] Moreover, small amounts of O atoms


H2O!D H .� .OH (1)


are formed in a sequence of subsequent reactions.[12±14] A
fraction of the radicals reach the aqueous phase where they
either recombine or react with a solute. Additionally, a
volatile solute can be drawn into the gas phase, where it may
react with radicals and suffer pyrolysis.


The collapse of the bubble takes place within less than a
microsecond. During the collapse phase, the hot cavitational
bubble is surrounded by a zone[15±17] that bears some
resemblance to a thin layer of (transiently) supercritical
water. Attempts have been made to monitor the appearance


of this domain by observing the sonolytic degradation of
4-nitrophenyl acetate[18±20] or by following a decarboxylation
reaction.[21] The hydrolysis of 4-nitrophenyl acetate [Eq. (2)]
is already detectable at room temperature in the absence of
ultrasound; at a pH below 7 its specific rate is[19] 6� 10ÿ7 sÿ1


(8� 10ÿ7 sÿ1)[22] and increases with increasing temperature
(Ea� 78 kJ molÿ1).[19]


In these earlier reports,[18±20] it was assumed that the
sonolytic degradation of this ester is entirely due to hydrolysis
in the supercritical water, and OH radical reactions or
pyrolytic processes were not considered to contribute signifi-
cantly to the sonolytic decomposition of 4-nitrophenyl
acetate.[23] This contradicts the general experience that in
sonolysis, free-radical-induced and, in the case of volatile
substrates, pyrolytic decomposition pathways are com-
monplace.[10, 14, 24, 25] In order to settle this question, a
detailed product study of the sonolysis of 4-nitrophenyl
acetate, which has been lacking to date, was undertaken. We
show that this system is far from being a specific probe for a
transient appearance of local supercriticality in sonicated
water.
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Experimental Section


4-Nitrophenyl acetate (Fluka, >99%) was used without further purifica-
tion. Solutions were prepared in Milli-Q-purified (Millipore) water. The
rate of dissolution of 4-nitrophenyl acetate in water is low at room
temperature. Owing to the compound�s relatively fast hydrolysis at
elevated temperatures,[19] it is not feasible to accelerate the dissolution by
heating. Complete dissolution to a 10ÿ4m solution was achieved at room
temperature after overnight stirring.
For sonication, a laboratory sonicator was used (USW 15-02 and 1040L,
Allied Signal Elac, Kiel, Germany) with a capacity of 0.5 dm3. Typically, the
experiments were carried out in small vessels containing 8 mL solution
which were purged with argon prior to sonication; such a vessel was
immersed at a fixed position in the water-filled sonicator (a more detailed
description of the experimental arrangement can be found in ref. [26]). The
sonicator can be operated at a variety of frequencies; for this study we
chose 321 kHz at a typical water-absorbed power of 170 W kgÿ1 as
measured by calorimetry.[26] Under these conditions, a product buildup
rate of 1� 10ÿ6 mol dmÿ3 minÿ1 corresponds to a G value of 9.8�
10ÿ11 mol Jÿ1. In the following, yields are given in terms of G values
(energy yields). The sonolytic OH-radical yield was determined with
terephthalate and iodide dosimeters.[27] g-Irradiation was carried out in a
60Co-g panoramic source (Nuclear Engineering). The g dose rate was
determined by Fricke dosimetry (cf. refs. [28, 29]).


Samples were analyzed by HPLC (Merck-Hitachi L4500 diode array
detector) on a reversed-phase column (Merck, Nucleosil 100 5 C18) with
water/methanol/acetic acid (60:40:1 mixture) as eluent. 2-Hydroxy-4-
nitrophenyl acetate was characterized and quantitatively determined as
4-nitrocatechol after hydrolysis (reference material for this was available
from Fluka).


Nitrite and nitrate were measured by high-performance ion chromatog-
raphy (HPIC, Dionex) on an AS-9 column (Dionex) and 1.7�
10ÿ3 mol dmÿ3 HCO3


ÿ/1.8� 10ÿ3 mol dmÿ3 CO3
2ÿas eluent. When very


low, nitrite concentrations were determined spectrophotometrically.[30]


HPIC failed in the determination of acetate ion, since 4-nitrophenyl
acetate is partially hydrolyzed under the conditions that are suitable for the
determination of acetate (AS-9 column, 5� 10ÿ4 mol dmÿ3 HCO3


ÿ as
eluent). However, acetate ion could be quantitatively determined by
isotachophoresis (Merck L-103) with the two-column coupling technique,
where solutions containing 0.05 % TRITON X-100 and 10ÿ2 or 5�
10ÿ3 mol dmÿ3 of HCl as well as 2� 10ÿ2 or 10ÿ2 mol dmÿ3 of histidine
served as leading electrolytes. The terminating electrolyte consisted of
potassium glutamate and histidine (both 10ÿ2 mol dmÿ3).[31] The acetate was
determined immediately after completion of the radiolysis or sonolysis
experiment. To achieve sufficiently short irradiation times, a high dose rate
(5 Gy sÿ1) was used.


Volatile hydrocarbons were determined gas-chromatographically by per-
forming head-space analysis. Carbon monoxide, carbon dioxide, and
hydrogen were also measured by means of gas chromatography.[32] Form-
aldehyde and acetaldehyde were identified and quantified as pentafluor-
obenzyl oximes,[33] and hydrogen peroxide with molybdate-activated
iodide.[34] In the product studies, conversions below 30 % led to linear
yield-versus-dose relationships, as shown in Figure 1.
The reaction of the OH radical with 4-nitrophenyl acetate is fast. The rate
constant was determined by means of pulse radiolysis[35] at 2.9�
109 dm3 molÿ1 sÿ1 by following the build-up of the OH-radical adduct at
its maximum (410 nm) as a function of the 4-nitrophenyl acetate concen-
tration.


Results and Discussion


Free-radical formation in the g-radiolysis and sonolysis of
aqueous solutions : In the sonolysis of aqueous solutions,
beside cavitationally induced thermolytic processes involving
certain solutes, the OH radical plays an important role in the
chemical transformation of such solutes as are reactive toward
this species, that is to say, practically all organic compounds. In
order to separate the role of the aqueous-phase OH-radical-


Figure 1. Sonolysis of argon-saturated solutions of 4-nitrophenyl acetate
(10ÿ4 mol dmÿ3). Product yields as a function of absorbed dose: 2-hydroxy-
4-nitrophenyl acetate in the absence (*) and presence (*) of the oxidant
IrCl6


2ÿ, 4-nitrocatechol (~) (in the absence of oxidant). Inset: nitrite (&),
acetate (~), and nitrate (&); all in the absence of oxidant.


induced chemistry from the other chemical effects of ultra-
sound, it is useful to look at the radiation-chemical behavior
of a substrate as a model situation. Ionizing radiation
generates OH radicals and other free-radical and ionic species
[Eq. (3)]. The radiation chemistry of dilute aqueous solutions
is well understood.[36] The conditions of the g-irradiation were
chosen such that G( .OH)� 5.8� 10ÿ7 molJÿ1 and G(H .)�
0.6� 10ÿ7 mol Jÿ1 [N2O saturation is used to effect reac-
tion (4)].[36]


H2O
Ionizing


radiation
! .OH, eÿaq, H . , H�, OHÿ, H2, H2O2 (3)


eÿaq�N2O ÿ! .OH�N2�OHÿ (4)


Sonication of argon-saturated aqueous solutions generates
OH radicals and H atoms [Eq. (1)]. In comparison with the
OH radicals, a considerably smaller number[9, 37, 38] (about one
quarter)[26, 27] of H atoms reach the solution. This is thought to
be so because of two processes: the recombination of H atoms
in the gas phase and a fast conversion of hot H atoms into OH
radicals in an (endothermic) reaction with water molecules.[39]


Water vapor is probably present in excess over the water
radicals (a different view is given in ref. [40]), even at the late-
collapse stage of the cavitational bubbles.[41] At the surface of
the collapsed bubble the OH-radical concentration is remark-
ably high; we recently estimated this concentration, in the
absence of a volatile scavenger and at the frequency used in
this study,[27] to be about 10ÿ2 moldmÿ3 ; this is similar to a
previous estimate.[42] At low scavenger concentrations, a
considerable proportion of these OH radicals recombine to
yield H2O2. At higher scavenger concentrations, an increasing
proportion of the OH radicals is scavenged and the H2O2 yield
progressively reduced. This scavenging process follows non-
homogeneous kinetics and is therefore difficult to assess, as
the boundary conditions (for example, the exact spatial
distribution of the OH radicals) are not known. The yield of
scavengeable OH radicals can be obtained by the use of a
suitable nonvolatile dosimeter system.[26,27] The total sonolytic
OH-radical yield [G( .OH)� 2 G(H2O2)] is 16� 10ÿ10 mol Jÿ1.
The OH-radical yield in the presence of a nonvolatile solute
such as terephthalate or iodide depends on the solute�s
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scavenging capacity (which is the product of the concentration
of the scavenger and its OH-radical reaction rate constant).
The scavenging capacity of a 10ÿ4 mol dmÿ3 4-nitrophenyl
acetate solution would be 3� 105 sÿ1 if no allowance was made
for hydrophobic enrichment[27, 43] at the bubble interface. At
this scavenging capacity, G( .OH)� 1.5� 10ÿ10 mol Jÿ1 is scav-
enged in the aqueous phase and G(H2O2)� 6.5� 10ÿ10 mol Jÿ1


is observed.[26, 27]


In the absence of a scavenger, values of G(H2O2)� 6.9�
10ÿ10 mol Jÿ1, G(H2)� 9.8� 10ÿ10 molJÿ1, and G(O2)� 1.4�
10ÿ10 mol Jÿ1 have been reported.[26] Thus the sonolytic OH-
radical yield is about three orders of magnitude lower than the
radiolytic yield in N2O-saturated solutions (G( .OH)� 5.8�
10ÿ7 mol Jÿ1), but in sonolysis the effective OH-radical density
in the reaction zones is considerably higher and the reaction
zones themselves are much larger.


g-Radiolysis of 4-nitrophenyl acetate : The primary reactions
of the OH radical with 4-nitrophenyl acetate are similar to
those with its parent 4-nitrophenol.[44±48] Further details are
reported elsewhere.[49] For the present purpose, it suffices to
note that there is an 84 % likelihood of an OH-radical adding
to the ortho position [reaction (5) in Scheme 1]. The extent of
addition to the para and ipso positions is reflected by the
nitrite and acetate yields (ca. 7 and 10 %, respectively; see
reactions (7)/(12) and (6)/(11) in Scheme 1). Similarly low
proportions of ipso addition occur with anisol[50] and phenyl-
alanine.[51] In the present case, the OH-radical balance leaves
little room for an addition to the meta position, in agreement
with what is found for the parent 4-nitrophenol.[44±48, 52]


The yields of some radiolysis products of 4-nitrophenyl
acetate have been extracted from ref. [49] and are shown in
Table 1. The radiolytic free-radical mass balance with respect
to G( .OH), based on the products that have been identified in


Scheme 1.


Table 1 (excluding radical recombination products), is poor in
the absence of the oxidant IrCl6


2ÿ. This contrasts with the case
of 4-nitrophenol, where the parent itself acts to oxidize its
OH-adduct radical.[52]


Sonolysis of 4-nitrophenyl acetate : Argon-saturated aqueous
solutions of 4-nitrophenyl acetate (10ÿ4 mol dmÿ3) were
sonicated at 321 kHz. Substrate degradation (followed by
HPLC) has first-order kinetics, as one would expect for a
pyrolytic process where the amount of substance exposed to
the reaction conditions is proportional to its bulk concen-
tration; likewise, for example, for a situation in which reactive
radicals such as .OH react at similar specific rates with a given
substrate and its reaction products alike. Thus in complex
reaction systems such as those encountered in sonolysis, first-
order behavior is by no means indicative of a simple non-
radical process such as hydrolysis. For comparison, the same
experiment was carried out with 4-nitrophenol. The degrada-
tion kinetics are practically the same for both compounds
(Figure 2).


Figure 2. First-order plot for the sonolytic degradation of 4-nitrophenol
(~) and 4-nitrophenyl acetate (*) in argon-saturated aqueous solutions
(10ÿ4 mol dmÿ3), pH 6.5; 321 kHz, 150 Wkgÿ1.


Table 1. g-Radiolysis of 4-nitrophenyl acetate (10ÿ3 mol dmÿ3) in N2O-
saturated aqueous solution at a dose rate of 5 Gy sÿ1 and its sonolysis in
argon-saturated aqueous solutions (10ÿ4 mol dmÿ3).


Product Radiolytic yield
[10ÿ7 mol Jÿ1]


Sonolytic yield
[10ÿ11 mol Jÿ1]


2-hydroxy-4-nitrophenyl acetate 0.76 0.63[a] (4.9)[b] 6.1 (15.6)[c]


4-nitrocatechol 0.8 0.24[a] 2.5
acetate 0.68 6.5
4-nitrophenol absent absent
nitrite 0.4 15
nitrate absent 2.4
methane absent 0.1 ± 0.2[d]


acetylene absent 0.4
ethene absent 0.09
carbon monoxide absent 59
carbon dioxide absent 21
formaldehyde absent 0.15
acetaldehyde absent 0.04
hydrogen n.d. 148
hydrogen peroxide n.d. 33
consumption n.d. 57 (53)[a]


n.d.�not determined. a) Dose rate 1.7� 10ÿ2 Gy sÿ1. b) Oxidant 5�
10ÿ4 mol dmÿ3 IrCl6


2ÿ. c) Oxidant 1� 10ÿ3 mol dmÿ3 IrCl6
2ÿ. d) Owing to


its short retention time under these analytical conditions, the methane
signal was partially overlain by the GC-column switch-on pressure jump.
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The products generated by the addition of the OH radical
to the aromatic solute, namely 2-hydroxy-4-nitrophenyl
acetate, 4-nitrocatechol, acetate, and nitrite [Scheme 1,
Eqs. (5) ± (12)], are observed under both radiolytic and
sonolytic conditions (Table 1). The nitrite yield is consider-
ably increased relative to g-radiolysis, a fact that indicates
thermolytic cleavage of the CÿN bond. Most characteristi-
cally, the dominance of carbon monoxide and carbon dioxide
and the appearance of acetylene indicate that extensive �deep
aquapyrolysis� (oxidation of the organic material by H2O,
which is in turn reduced to H2) takes place under sonolysis.
This is reflected by the large hydrogen yield recorded in
Table 1.


In the present context, the crucial finding is the low yield of
acetate and the absence of the sonolytic formation of 4-nitro-
phenol. At the start of sonolysis, the 4-nitrophenol concen-
tration does not exceed 3 % of the 4-nitrophenyl acetate, and
it does not increase upon sonication. The initial 4-nitrophenol
component is because of both an impurity in the 4-nitrophenyl
acetate and some hydrolysis during dissolution of the latter.
The conjecture that 4-nitrophenol, once produced, might then
be preferentially destroyed can be ruled out. As Figure 2
shows, the specific rate of disappearance of 4-nitrophenol
does not exceed that of its acetate.


Notwithstanding the convincing experimental evidence of
the absence of a hydrolytic component in the sonolytic
degradation of aqueous 4-nitrophenyl acetate, an attempt to
estimate the relative importance of the hydrolytic versus the
OH-radical-induced component (excluding the pyrolytic
component) of the decomposition may still be made (see
Appendix). This also suggests that the uncatalyzed as well as
the base- (OHÿ-) catalyzed hydrolysis at the fringe of the
cavitational bubble is not competitive with the OH-radical-
induced reaction. The conclusion is that the 4-nitrophenyl
acetate system is not capable of probing the domain of
transient supercriticality (this remains true for the conceiv-
able case that the pyrolytic destruction of any nitroaromatic,
be it substrate or product, within the cavitational bubble is
close to 100 %). In fact, any presumed state of supercriticality
is simply not persistent enough to permit it to make a sizeable
contribution, on account of hydrolysis, to the sonolysis
products of any hydrolyzable compound, relative to the
homolytic/pyrolytic decomposition pathways, given the ki-
netic characteristics of hydrolytic reactions.


Appendix


Assuming the hydrolysis to be noncatalyzed, on the basis of an activation
energy of 78 kJ molÿ1 and a room-temperature rate constant of 8�
10ÿ7 dm3 molÿ1 sÿ1,[19, 22] and assuming linear Arrhenius behaviour, one
estimates rate constants k(900 K)� 8.6� 102 sÿ1 and k(1200 K)� 1.1�
104 sÿ1, which correspond to half-lives of t1/2(900 K)� 10ÿ3 s and
t1/2(1200 K)� 6� 10ÿ5 s. Since the duration of the ªhot spotº is less than
1 ms, one may conclude that, at 1200 K, about 1 % of the 4-nitrophenyl
acetate contained in the supercritical domain should be hydrolyzed. On the
other hand, in the OH-radical-induced reaction, the concentration of OH
radicals at the bubble interface is on the order of 10ÿ2 mol dmÿ3.[27, 43] At
1200 K, k( .OH� 4-nitrophenyl acetate) must be above 1010 dm3 molÿ1 sÿ1.
Thus the rate constant for the disappearance of the substrate is 108 sÿ1 or
greater. This means that the half-life of the OH-induced decomposition is


expected to be well below the microsecond range, and therefore several
orders of magnitude shorter than that of the uncatalyzed hydrolysis. Can
OHÿ-catalyzed hydrolysis be faster under these conditions? It is known
that the ion product of supercritical water, below a pressure of about a
thousand bar, sharply decreases with increasing temperature (at constant
pressure), while it increases with increasing pressure (at constant temper-
ature).[53] Thus at 1200 K and 1000 bar,[53] kw� 10ÿ16.2 mol2 dmÿ6 (where
OHÿ� 10ÿ8 mol dmÿ3). At room temperature, k(OHÿ� 4-nitrophenyl
acetate)� 12� dm3 molÿ1 sÿ1.[19] The activation enthalpy for OHÿ-catalyzed
hydrolysis is reported to be 43 kJmolÿ1;[22] thus at 1200 K one estimates
k(OH-� 4-nitrophenyl acetate)� [OHÿ]� 5� 106� 10ÿ8 sÿ1� 5� 10ÿ2 sÿ1.
Therefore, t1/2 is on the order of seconds. Moreover, the supercritical
domain is diluted with the operating gas, which means that the ion-product
will be much smaller still.[54]
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Abstract: A series of mono(diene)- and
bis(diene)rhodium(i) compounds (diene
� butadiene, 2-methylbutadiene (iso-
prene), and 2,3-dimethylbutadiene) was
prepared from the triflato-bridged dim-
er [Rh{m-O2S(O)CF3}(C8H14)2]2 (1). Re-
action of 1 with excess diene affords the
monomeric complexes [Rh{h1-OS-
(O)2CF3}(h4-diene)2] (2 ± 4) which, as
established by X-ray crystal structure
analysis of the isoprene derivative 3,
possess a sandwich-type structure with
the open site of the two parallel diene
units directed towards the monodentate
triflato ligand. Treatment of compounds
2 ± 4 with an equimolar amount of
PiPr3 gives the ionic compounds


[Rh(h4-diene)2(PiPr3)]O3SCF3 (5 ± 7),
which can also be prepared from
[Rh{h2-O2S(O)CF3}(PiPr3)(C8H14)] (9)
and excess diene. The arrangement of
the two diolefin ligands in the cations
of 5 ± 7 is quite similar to that in 2 ± 4, as
shown by an X-ray diffraction study
of the butadiene derivative 5. The reac-
tion of 9 with one equivalent of 2,3-
dimethylbutadiene affords the mono-
(diene) complex [Rh{h1-OS(O)2CF3}-
(h4-C6H10)(PiPr3)] (8). X-ray crystal


structure analysis of this complex re-
veals that the plane containing the
rhodium, the metal-bound oxygen, and
the phosphorus atoms does not lie
exactly perpendicular to the plane of
the diene. Treatment of 2 and 3 with
PiPr3 (molar ratio� 1:3) leads to ligand
displacement and nucleophilic attack of
a phosphane on one diene ligand to form
the p-allylphosphonium complexes
[Rh{h3-anti-(iPr3PCH2)CHCRCH2}-
(PiPr3)2]O3SCF3 (10, 11). The structure
of the PF6


ÿ salt of the corresponding
cation with R�CH3 has been deter-
mined by X-ray crystallography.


Keywords: diene complexes ´ phos-
phanes ´ rhodium ´ triflato com-
plexes ´ X-ray diffraction studies


Introduction


Recent work in our group has shown that the four-coordinate
bis(phosphane)sulfonatorhodium(i) compounds [Rh{h2-
O2S(O)R}(PiPr3)2] (R�Me, p-Tol, CF3, F) are active catalysts
in the CÿC coupling reaction of ethene and diphenyldiazo-
methane. Depending on the substituent R on the sulfonato
ligand, it was found that besides the three isomeric 1:1 adducts
of C2H4 and CPh2 (1,1-diphenylprop-1-ene, 3,3-diphenylprop-
1-ene, and 1,1-diphenylcyclopropane), quite unexpectedly, the
2:1 adduct 3,3-diphenylpent-1-ene was also formed.[1] Studies
to elucidate the mechanism of this unusual CÿC coupling
reaction revealed that, in the absence of diphenyldiazo-
methane, a rhodium(i)-catalyzed di- or oligomerization of
ethene occurred.[2] Moreover, if butadiene was used instead of
ethene as the olefinic substrate with the fluorosulfonato- or
trifluoromethylsulfonatorhodium(i) complex as the catalyst,


then a rapid polymerization of butadiene to trans-1,4-poly-
butadiene took place.[3] A remarkable side-product of this
reaction was found (by GC/MS) to be all-trans-1,5,9,13-
cyclohexadecatetraene; however, this was obtained in less
than 5 % yield.[2b]


The formation of this cyclotetramer is interesting for two
reasons. First, the all-trans isomer of C16H24 is a convenient
starting material for the synthesis of 4,8,12-cyclohexadeca-
triene-1-one, which is a synthetic substitute for muscone (3-
methylcyclopentadecanone).[4] Secondly, the process resem-
bles the cyclotrimerization of butadiene catalyzed by �naked
nickel� as described by Wilke et al.[5, 6] Studies concerning the
mechanism of this cyclotrimerization reaction revealed that
the butadiene coordinates initially to the nickel(0) center
followed by the addition of a second molecule of C4H6 to
generate a bis(allyl)nickel(ii) species. This relatively stable
intermediate reacts with a third molecule of butadiene to give
a well-characterized C12-bis(allyl)nickel(ii) complex that af-
fords all-trans-1,5,9-cyclododecatriene after ring closure. Tak-
ing these results into consideration, we assumed that the
mechanism of the rhodium(i)-catalyzed cyclooligomerization
of butadiene, discovered in our laboratory, could be similar to
that for the formation of all-trans-C12H18, and that as yet


[a] Prof. Dr. H. Werner, M. Bosch, M. Laubender, B. Weberndörfer
Institut für Anorganische Chemie der Universität Würzburg
Am Hubland, D-97074 Würzburg (Germany)
Fax: (�49) 931-888-4605
E-mail : helmut.werner@mail.uni-wuerzburg.de
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unknown mono- and bis(butadiene)rhodium derivatives
might be involved as intermediates.


In this paper we describe the isolation and structural
characterization of a series of (diene)rhodium(i) complexes in
which the metal center has either a 16- or an 18-electron
configuration. These complexes are presently used as starting
materials for a more efficient, but still highly selective,
cyclotetra- or cyclooligomerization reaction of butadiene,
the mechanism of which will be discussed at a later date.


Results and Discussion


The first step in the synthesis of the new diolefin rhodium(i)
compounds involves the replacement of the cyclooctene
ligands in the dimeric starting material [Rh{m-
O2S(O)CF3}(C8H14)2]2 (1). Treatment of an orange solution
of 1 in pentane with an excess of butadiene (C4H6), isoprene
(2-methylbutadiene; C5H8), or 2,3-dimethylbutadiene (C6H10)
immediately gave a white suspension from which, after
separation of the two phases, the monomeric complexes
[Rh{h1-OS(O)2CF3}(h4-diene)2] (2 ± 4) were isolated in virtu-
ally quantitative yield (Scheme 1). Compounds 2 ± 4 are light
yellow solids that are only moderately soluble in aromatic
hydrocarbons, but readily soluble in polar organic solvents
such as THF, CH2Cl2, or acetone. They can be stored under
argon at ÿ10 8C for several days without decomposition.


Scheme 1. Synthesis of the bis(diene) complexes 2 ± 4 from the cyclo-
octene complex 1.


In solution at room temperature, the sulfonato complexes
2 ± 4 are fluxional on the NMR timescale as indicated by the
broad signals for the diene moieties in the 1H and 13C NMR
spectra. Even at ÿ80 8C, the 1H NMR spectrum of 2 in
[D6]acetone shows a complicated set of signals; these can be
assigned to the presence of two butadiene ligands. At 40 8C
only one set of signals is observed, typical of a h4-coordinated
C4H6 system.[7, 8] We assume that the fluxionality of complexes
2 ± 4 is because of an interconversion between an h4- and an
h2-coordination mode for one of the diene units; this could be
assisted by the ability of the triflate to act as both a mono- and
a bidentate ligand. The work by Nelson et al. is in agreement
with this interpretation.[7b]


Compound 2 decomposes in [D6]acetone as well as in
CD2Cl2, and therefore no 13C NMR spectroscopic data could
be obtained. In contrast, solutions of 3 and 4 in either
[D6]acetone or CD2Cl2 are stable for several days at room
temperature. In the 13C NMR spectra of these complexes the
resonances for the diene carbon atoms are shifted upfield by
approximately 40 ppm relative to the corresponding free
diene. The IR spectra of 2 ± 4 in CH2Cl2 display a nÄ(OSOasymm)
stretching frequency at 1308 (2) or 1305 cmÿ1 (3 and 4) that is
characteristic of a h1-coordinated sulfonato ligand.[9] From
these data, we conclude that compounds 2 ± 4 are monomeric,
and this is supported by the EI-mass spectrum of 2 (m/z� 360,
[M�]).


In order to confirm the proposed structure, an X-ray
diffraction analysis of the isoprene derivative was carried out.
Yellow crystals of 3 were obtained by slow diffusion of ether
into a solution of 3 in acetone at room temperature. The result
of the crystallographic study is summarized in Figure 1.


As Figure 1 shows, the pentacoordinate rhodium(i) complex
3 has a distorted square-pyramidal geometry with the CH2


groups of the isoprene ligands forming the base of the
pyramid. The apical position is occupied by the oxygen atom
of the sulfonato ligand. It is interesting to note that the
isoprene ligands in 3 adopt a staggered conformation with
respect to the methyl substituents. The RhÿC bond lengths of
2.151(2) ± 2.206(2) � are in good agreement with those found
in [RhCl(C4H6)2][10] and other (butadiene)rhodium(i) com-
plexes.[8, 11] The distances C(1) ± C(2), C(3) ± C(4), C(6) ± C(7),
and C(8) ± C(9) of about 1.40 � are clearly shorter than those
for C(2) ± C(3) and C(7) ± C(8) [1.441(2) and 1.443(2) �] and
suggest an h4-coordination of the diene ligand to the metal
center. Moreover, the sum of the bond angles C(1)-C(2)-C(3)
[117.7(2)8], C(1)-C(2)-C(5) [121.7(2)8], and C(5)-C(2)-C(3)
[120.3(2)8] equals 359.7(6)8, thus supporting an sp2-config-


Abstract in German: Eine Reihe von Mono(dien)- und
Bis(dien)rhodium(i)-Verbindungen mit den Dienen Butadien,
2-Methylbutadien (Isopren) und 2,3-Dimethylbutadien wurde
ausgehend von dem Triflat-verbrückten Dimer [Rh{m-
O2S(O)CF3}(C8H14)2]2 (1) hergestellt. Die Reaktion von 1 mit
einem Überschuss des Diens liefert die monomeren Komplexe
[Rh{h1-OS(O)2CF3}(h4-diene)2] (2 ± 4), welche nach dem Er-
gebnis der Kristallstrukturanalyse des Isoprenderivats 3 eine
Sandwich-ähnliche Struktur besitzen. Die offene Seite der zwei
parallelen Dien-Einheiten zeigt dabei in Richtung des ein-
zähnigen Triflatliganden. Umsetzung von 2 ± 4 mit einer
äquimolaren Menge PiPr3 ergibt die ionischen Verbindungen
[Rh(h4-diene)2(PiPr3)]O3SCF3 (5 ± 7), die auch ausgehend von
[Rh{h2-O2S(O)CF3}(PiPr3)(C8H14)] (9) und überschüssigem
Dien erhältlich sind. Die Anordnung der zwei diolefinischen
Liganden in den Kationen von 5 ± 7 ist sehr ähnlich wie in 2 ± 4,
was durch die Röntgenbeugungsuntersuchung der Butadien-
verbindung 5 belegt ist. Bei der Reaktion von 9 mit einem
¾quivalent 2,3-Dimethylbutadien entsteht der Mono(dien)-
Komplex [Rh{h1-OS(O)2CF3}(h4-C6H10)(PiPr3)] (8), in dem
laut Kristallstrukturanalyse die Ebene mit dem Rhodium-, dem
metallgebundenen Sauerstoff- und dem Phosphoratom nicht
exakt senkrecht auf der Dien-Ebene steht. Durch Umsetzung
von 2 und 3 mit PiPr3 im Molverhältnis 1:3 bilden sich durch
Ligandenverdrängung und nucleophilen Angriff eines Phos-
phans auf einen Dienligand die p-Allylphosphonium-Kom-
plexe [Rh{h3-anti-(iPr3PCH2)CHCRCH2}(PiPr3)2]O3SCF3


(10, 11). Die Struktur des [PF6]ÿ-Salzes des Kations mit R�
CH3 wurde röntgenographisch bestimmt.
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Figure 1. Molecular structure of 3. Principal bond lengths [�] and angles
[8] with estimated standard deviations in parentheses: Rh ± C(1) 2.187(2),
Rh ± C(2) 2.170(2), Rh ± C(3) 2.151(2), Rh ± C(4) 2.206(2), Rh ± C(6)
2.202(2), Rh ± C(7) 2.189(2), Rh ± C(8) 2.162(2), Rh ± C(9) 2.201(2), Rh ±
O(1) 2.289(1), S ± O(1) 1.456(1), C(1) ± C(2) 1.406(2), C(2) ± C(3) 1.441(2),
C(3) ± C(4) 1.395(2), C(2) ± C(5) 1.498(3), C(6) ± C(7) 1.397(2), C(7) ± C(8)
1.443(2), C(8) ± C(9) 1.396(3), C(7) ± C(10) 1.503(3); C(1)-C(2)-C(3)
117.7(2), C(1)-C(2)-C(5) 121.7(2), C(3)-C(2)-C(5) 120.3(2), C(4)-C(3)-
C(2) 121.2(2), C(6)-C(7)-C(8) 118.3(2), C(6)-C(7)-C(10) 121.0(2), C(8)-
C(7)-C(10) 120.3(2), C(9)-C(8)-C(7) 120.9(2).


uration on C(2). The same applies for C(3), C(7), and C(8).
The two isoprene ligands lie parallel to each other as indicated
by the angle between the planes C(1)-C(2)-C(3)-C(4) and
C(6)-C(7)-C(8)-C(9) of 2.7(2)8 (Figure 2). The Rh ± O(1)


Figure 2. Schematic drawing for the arrangement of the diene ligands in
compounds 3 and 5. The angle a increases with the steric bulk of the ligand
XL attached to the rhodium center.


distance of 2.289(1) � in 3 is significantly longer than in the
related tosylato complex [Rh(h4-C8H12)(H2O){h1-OS(O)2-p-
Tol}] [2.102(3) �];[12] this could be due to the higher coordi-
nation number of rhodium(i) in the isoprene derivative 3. It
should be mentioned that the diene ligation in 3 (and also in 5
and 8, see below) is in accordance with a general rule
proposed by Yasuda and Nakamura about the configuration
of metal-diene units in electron-poor and electron-rich
transition metal complexes.[11e]


The triflato ligand in the five-coordinate compounds 2 ± 4 is
only weakly bound to the metal center and is therefore easily
displaced by better donor groups such as trialkylphosphanes.
Treatment of a solution of 2, 3, or 4 in acetone with PiPr3


(1.0 equiv) at room temperature leads to a change of color
from yellow to orange, which, after work-up, gives the ionic
complexes [Rh(h4-diene)2(PiPr3)]O3SCF3 (5 ± 7) in good-to-
excellent yield (Scheme 2). Compounds 5 ± 7 can also be
prepared by treating the cyclooctene derivative [Rh{h2-
O2S(O)CF3}(PiPr3)(C8H14)] (9)[1] with excess diene in pen-
tane. Like the sulfonato complexes 2 ± 4, the phosphane-
substituted derivatives 5 ± 7 are insoluble in nonpolar organic
solvents, but soluble in acetone and dichloromethane. We
note that a counterpart of the bis(butadiene) complex 5 with


Scheme 2. Two routes to the bis(diene)phosphane complexes 5 ± 7.


the composition [Rh(h4-C4H6)2(PPh3)]ClO4 (prepared from
[Rh(NBD)(PPh3)2]ClO4 (NBD� norbornadiene) and excess
butadiene) had already been reported by Schrock and Osborn
in 1971.[13] However, the disadvantage of the synthesis of
[Rh(h4-C4H6)2(PPh3)]ClO4 is that one equivalent of PPh3 is
formed as a by-product. Therefore the yield of the bis(buta-
diene) metal derivative could only be increased to about 50 %
if the reaction mixture was treated with small amounts of
aqueous H2O2.


The phosphane-substituted rhodium(i) complexes 5 ± 7 are
moderately air-sensitive, white solids that can be stored under
argon at room temperature for days without decomposition.
The 1H NMR spectra of compounds 5 ± 7 in CD2Cl2 confirm
that the diolefin and PiPr3 ligands are present in the ratio of
2:1. In addition, the 13C NMR spectra of the cations display
only one set of signals for the two diene groups, indicating a
symmetric orientation of these ligands around the metal
center. In the 31P NMR spectra of 5 ± 7 one doublet is
observed at d� 45 with a 1J(Rh,P) coupling of 144 ± 160 Hz.
The absence of a nÄ(OSOasymm) stretch at around 1300 cmÿ1 in
the IR spectra of 5 ± 7 suggests that the triflato unit acts as a
noncoordinating anion.[9] In contrast to 5 and 6, compound 7
undergoes a ligand-distribution process in solution and is in
equilibrium with free 2,3-dimethylbutadiene and the mono-
(diene) complex 8 (see Scheme 2).


The molecular structure of the butadiene-phosphane de-
rivative 5 was determined by X-ray crystallography. There are
two independent molecules, 5 a and 5 b, in the unit cell; 5 a is
shown in Figure 3. The coordination geometry around the
rhodium center is square-pyramidal, with the CH2 groups of
the butadiene ligands at the base of the pyramid. The apical
position of the cationic species is occupied by the phosphorus
atom of the triisopropylphosphane ligand. As in compound 3,
the CÿC bond lengths of the C4H6 units together with the
bond angles C(1)-C(2)-C(3), C(4)-C(3)-C(2), C(5)-C(6)-C(7),
and C(8)-C(7)-C(6) (all� 1208) indicate a h4-coordination
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Figure 3. Molecular structure of 5 a (anionic ligand omitted for clarity).
Principal bond lengths [�] and angles [8] with estimated standard
deviations in parentheses: Rh(1) ± C(1) 2.227(8), Rh(1) ± C(2) 2.157(8),
Rh(1) ± C(3) 2.169(8), Rh(1) ± C(4) 2.202(8), Rh(1) ± C(5) 2.21(8), Rh(1) ±
C(6) 2.163(8), Rh(1) ± C(7) 2.161(8), Rh(1) ± C(8) 2.223(8), Rh(1) ± P(1)
2.411(2), C(1) ± C(2) 1.406(13), C(2) ± C(3) 1.431(14), C(3) ± C(4) 1.385(13),
C(5) ± C(6) 1.405(12), C(6) ± C(7) 1.424(13), C(7) ± C(8) 1.398(13); C(1)-
C(2)-C(3) 119.8(9), C(4)-C(3)-C(2) 119.1(9), C(5)-C(6)-C(7) 118.5(8),
C(8)-C(7)-C(6) 119.1(8).


mode for both butadiene ligands. The Rh(1) ± P(1) distance in
5 a of 2.411(2) � is rather long, possibly due to steric repulsion
between the bulky phosphane ligand and the diene systems.
As a result, the planes of the C4H6 ligands are not parallel to
each other but tilted by 16.6(8)8 (Figure 2).


After we had found that the chelate compound [Rh{h2-
OS(O)2CF3}(PiPr3)(C8H14)] (9) reacted with an excess of
diene to give the bis(diolefin) complexes 5 ± 7, analogous
reactions of 9 with one equivalent of diene per rhodium were
also carried out. Unfortunately, all attempts to prepare the
mono(butadiene)- and mono(isoprene)rhodium derivatives
[Rh{h1-OS(O)2CF3}(PiPr3)(h4-diene)] failed either by the
above mentioned method or by the reaction of [Rh{h2-
O2S(O)CF3}(PiPr3)2][1] and 2 or 3 (1.0 equiv). In contrast, the
reaction of 9 with an equimolar amount of 2,3-dimethylbu-
tadiene gave the mono(diene) complex [Rh{h1-OS(O)2CF3}-
(PiPr3)(h4-C6H10)] (8) as a red, moderately air-stable solid in
77 % yield (Scheme 2). The h1-coordination of the sulfonato
ligand is indicated by the appearance of a nÄ(OSOasymm)
stretching frequency at 1318 cmÿ1 in the IR spectrum.[9] The
1H NMR spectrum of 8 (in CD2Cl2) displays the expected set
of resonances for the protons of the diene and PiPr3 ligands in
a ratio of 1:1. In contrast to the asymmetric molecular
structure found in the crystal, both the 1H and the 13C NMR
spectra of 8 indicate Cs symmetry, and so this compound, like
the bis(diene) complexes 2 ± 4, is fluxional in solution.
Attempts to freeze out the intramolecular rearrangement
upon cooling failed.


The X-ray crystal structure of 8 is shown in Figure 4 and can
be described as an open half-sandwich with the two mono-
dentate PiPr3 and O3SCF3 ligands coordinated cis to the metal
center. The CÿC bond lengths of the diene unit differ in the
same way as was found for the bis(diolefin) complexes 3 and 5.
An interesting aspect is that the RhÿC bonds trans to the
triflato ligand [Rh ± C(1) and Rh ± C(2)] in 8 are significantly
shorter than the Rh ± C distances found in 3 and 5 as well as in


Figure 4. Molecular structure of 8. Principal bond lengths [�] and angles
[8] with estimated standard deviations in parentheses: Rh ± C(1) 2.103(5),
Rh ± C(2) 2.106(5), Rh ± C(3) 2.162(4), Rh ± C(4) 2.233(5), Rh ± O(1)
2.136(3), Rh ± P 2.329(1), S ± O(1) 1.454(3), C(1) ± C(2) 1.407(7), C(2) ±
C(3) 1.451(6), C(3) ± C(4) 1.391(7), C(2) ± C(5) 1.504(7), C(3) ± C(6)
1.499(6); O(1)-Rh-P 86.77(8), S-O(1)-Rh 137.2(2), C(1)-C(2)-C(3)
117.3(5), C(1)-C(2)-C(5) 121.5(5), C(3)-C(2)-C(5) 121.2(5), C(4)-C(3)-
C(2) 118.7(5), C(4)-C(3)-C(6) 119.8(5), C(6)-C(3)-C(2) 120.8(5).


other (butadiene)rhodium compounds.[8, 11] The angle be-
tween the planes [C(1),C(2),C(3),C(4)] and [O(1),Rh,P] of
75.7(2)8 deviates somewhat from the ideal value of 908 for a
perpendicular arrangement; this is possibly due to the steric
demands of the three different ligands. The Rh ± P distance of
2.329(1) � is almost the same as in other four-coordinate
(triisopropylphosphane)rhodium(I) compounds.[1, 14] Further-
more, the Rh ± O(1) distance of 2.136(3) � in 8 is in good
agreement with the Rh ± O bond length of 2.102(3) � found in
the structurally related complex [Rh{h1-OS(O)2-p-Tol}-
(COD)(H2O)].[12]


As an extension of our studies on the reactivity of the
bis(diolefin) complexes (outlined in Scheme 2), the sulfonato
derivatives 2 and 3 were also treated with PiPr3 (2.0 equiv) in
acetone. A rapid change of color from orange to red occurred
and, as the 1H and 31P NMR spectra revealed, a mixture of two
compounds was formed. While it could be shown by
comparison of the spectroscopic data that one of the two
components is the bis(diene)phosphane complex 5 or 6, the
composition of the other remained unknown. However, if a
third equivalent of PiPr3 was added to the reaction mixture, a
yellow solution was generated, the NMR spectra of which
contained peaks from only the unknown product and the free
diene. After the solutions were concentrated in vacuo and
pentane was added, small yellow crystals of 10 and 11,
respectively, were precipitated. In each case, the isolated yield
of the very air-sensitive solids was about 70 %. In contrast, the
reaction of the bis(2,3-dimethylbutadiene) complex 4 with
either two or three equivalents of PiPr3 gave a complicated
mixture of products from which no well-defined compounds
could be isolated.


For the complexes 10 and 11, both the elemental analyses
and the NMR spectral data support the assumption that
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the p-allylphosphonium complexes [Rh{h3-anti-(iPr3PCH2)-
CHCRCH2}(PiPr3)2]O3SCF3 (Scheme 3) were obtained from
the starting materials 2 or 3 and three molecules of PiPr3. The
31P NMR spectra of 10 and 11 (in CD2Cl2) display three sets of
signals, which seems to be a typical feature of these types of


Scheme 3. Formation of the p-allylphosphonium complexes 10 and 11.


complexes. The doublet-of-doublets-of-doublets at d� 52.3
and the doublet-of-doublets at d� 48.7 (10) or 50.0 (11) are
assigned to the two phosphanes Pc and Pb (for notation see
Figure 7 in the Experimental Section) bound cis to the metal
center. This assignment is supported by the large rhodium ±
phosphorus coupling constants of 178 to 187 Hz and the
phosphorus ± phosphorus coupling constants of approximate-
ly 22 Hz. The third signal for the phosphorus atom Pa of the
phosphonium moiety appears at higher field (d� 32.4 for 10
and 32.7 for 11) and shows a much smaller 31P ± 31P coupling.
Both the coupling constants and the 31P ± 31P correlation
spectrum of 10 confirm that the three phosphanes with the
nuclei Pa, Pb, and Pc are part of the same molecule.


The allyl protons of compounds 10 and 11 give rise to a
complicated spin system and therefore the corresponding
resonances in the 1H NMR spectra appear as multiplets owing
to coupling with different 1H, 31P, and 103Rh nuclei. The
chemical shifts of these signals are in agreement with those of
substituted p-allylrhodium(i) complexes.[15] The CH2 protons
in a-position to Pa (Ha and Ha') are diastereotopic and their
signals are split into two sets of multiplets at d� 2.33, 1.64 (10)
and 2.45, 1.67 (11), respectively.


The 13C NMR signals of the allylic carbon atoms of 10 and
11 were assigned from 135DEPT and 90DEPT experiments, as
well as from 1H-13C correlation spectra. The signals for C2 and
C4 are found at d� 45 and appear as multiplets which simplify
to doublets-of-doublets-of-doublets by selective 13C{31Pa}
decoupling. A characteristic feature of the allylphosphonium
ligand is the large upfield shift for the resonance of C1 to d�
16.5 (10) and 18.0 (11), with the carbon ± phosphorus coupling
constant 1J(P,C)� 20.0 Hz. The signal of the CH carbon atom
of the triisopropylphosphonium group in 10 and 11 is also
shifted upfield by about 8 ppm relative to the metal-bound
triisopropylphosphanes. Finally, we note that the anti posi-
tion of the CH2PiPr3 substituent at the allylic unit was
unambiguously established by NOE experiments. For 10,
irradiation of the signal at d� 4.59 (He) gave an NOE effect
on the resonances at d� 3.29 (Hb) and 2.74 (Hc), while
irradiation of the signal at d� 2.33 (Ha/a') produced a
corresponding NOE effect on the resonances at d� 3.29
(Hb) and 1.64 (Ha/a'). Likewise in the case of 11, irradiation of
the signal at d� 1.72 (CH3 on C3) resulted in an NOE effect on
the signals at d� 2.98 (Hb) and 2.60 (Hc), and irradiation of


the signal at d� 2.45 (Ha/a') affected the resonances at d� 2.98
(Hb) and 1.67 (Ha/a'). Therefore we conclude that the arrange-
ment of the CH2PiPr3 fragment at the p-allyl ligand is
analogous to that found in 13.


After attempts to grow single crystals of either 10
or 11 failed, the PF6


ÿ salt of the p-allylphosphonium
complex was prepared for the isoprene derivative 3. The
synthesis was carried out by a one-pot reaction of cis-
[Rh(C8H14)2{O�C(CH3)2}2]PF6 (12),[16] excess isoprene, and
PiPr3 (3.5 equiv) in CH2Cl2. The product [Rh{h3-anti-
(iPr3PCH2)CHC(CH3)CH2}(PiPr3)2]PF6 (13) was obtained in
77 % yield. Slow diffusion of pentane into a solution of 13 in
acetone afforded orange, needle-shaped crystals suitable for
X-ray diffraction. As revealed in Figure 5 the rhodium has a


Figure 5. Molecular structure of 13 (anionic ligand omitted for clarity).
Principal bond lengths [�] and angles [8] with estimated standard
deviations in parentheses: Rh ± C(1) 2.175(3), Rh ± C(2) 2.122(3), Rh ±
C(4) 2.194(3), Rh ± P(1) 2.3264(8), Rh ± P(2) 2.3176(8), C(1) ± C(2)
1.404(5), C(2) ± C(4) 1.419(4), C(2) ± C(3) 1.506(5), C(4) ± C(5) 1.512(5),
P(3) ± C(5) 1.823(3), P(3) ± C(30) 1.815(3), P(3) ± C(31) 1.823(4), P(3) ±
C(32) 1.819; C(1)-Rh-C(4) 67.58(12), C(1)-Rh-P(1) 90.21(9), C(4)-Rh-
P(2) 95.50(8), P(2)-Rh-P(1) 107.17(3), C(5)-C(4)-Rh 105.1(2), C(1)-C(2)-
C(3) 121.0(3), C(1)-C(2)-C(4) 118.8(3), C(4)-C(2)-C(3) 119.9(3), C(2)-
C(4)-C(5) 124.2(3), C(4)-C(5)-P(3) 117.9(2).


distorted square-planar coordination sphere with the substi-
tuted p-allyl ligand occupying two coordination sites. The
bulky CH2PiPr3 unit points away from the metal center as
indicated by the Rh ± C(5) distance of 2.972(3) � and the Rh-
C(4)-C(5) angle of 105.1(2)8. The RhÿC(1), RhÿC(2), and
RhÿC(3) bond lengths are between 2.122(3) and 2.194(3) �,
and are thus in good agreement with those of other
substituted p-allylrhodium(i) complexes.[15] The positive
charge on the phosphorus atom P(3) causes a decrease in
the PÿC bond lengths of about 0.06 � relative to the neutral
PiPr3 ligands. The RhÿP(1) and RhÿP(2) bond lengths of
approximately 2.32 �, as well as the bond angle P(1)-Rh-P(2)
of 107.17(3)8, are quite similar to those of related cis-disposed
bis(triisopropylphosphane)rhodium(i) derivatives.[1, 15]
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With regard to the mechanism of formation of the p-
allylphosphonium complexes 10 and 11, there is no doubt that
in the initial step the substitution products 5 and 6 are formed,
which then possibly react with a second equivalent of PiPr3 to
give the cationic species [Rh(dien)(PiPr3)2]� . It could be for
steric reasons that treatment of these intermediates with a
third molecule of the bulky triisopropylphosphane does not
lead to the displacement of the diolefin ligand, but instead
affords the allylphosphonium unit by attack of the phosphane
on one of the terminal carbon atoms of the diene. We note
that a counterpart of the aforementioned cationic species with
the composition [Rh(h4-C4H6)(PPh3)2]ClO4 is known,[13] and
that this reacts with triphenylphosphane (which is less bulky
than PiPr3) by displacement of the butadiene ligand to give
the cation [Rh(PPh3)3(S)]� (S� solvent molecule).


Conclusion


The present investigation has shown that treatment of the
binuclear starting material 1 with excess butadiene, isoprene,
or 2,3-dimethylbutadiene results in the smooth replacement
of the cyclooctene ligands to form the bis(diene) complexes
2 ± 4 with an open-sandwich-type structure. The substitution
of the monoolefins is accompanied by a change in the
coordination mode of the triflato ligand from m2 to h1. In
agreement with Pearson�s HSAB concept,[17] the bonding
between rhodium and oxygen in the mononuclear bis(diene)
compounds 2 ± 4 is rather weak and therefore these complexes
react rapidly with one equivalent of PiPr3 to afford the ionic
derivatives 5 ± 7. In the course of this substitution process, the
structure of the bis(diene)-metal framework remains almost
unchanged. In contrast to the neutral sulfonatorhodium(i)
compounds 2 ± 4, one of the rhodium ± diene bonds is easily
cleaved in the related cationic species [Rh(dien)2(PiPr3)]�


and, for diene� butadiene and isoprene, the p-allylphospho-
nium complexes 10 and 11 are generated in the presence of
three equivalents of triisopropylphosphane. To the best of our
knowledge there is only one report in the literature in which a
similar nucleophilic attack of a tertiary phosphane on an open
diene ligand has been described. Most recently, Poli and co-
workers found that treatment of the cation [C5H5Mo(s-cis-
supine-C4H6)(s-trans-C4H6)]� with PMe3 forms the corre-
sponding 1:1 adduct [C5H5Mo(s-cis-supine-C4H6){syn-prone-
(Me3PCH2)CHCHCH2}]� .[18] This is similar to the reactions of
2 and 3 with PiPr3 in which the stereoselective attack of the
phosphane on the butadiene ligand gives exclusively the anti
instead of the syn isomer of the substituted p-allylic ligand.
With regard to PiPr3 as a P donor, it should be mentioned that
both we[19] and others[20] have observed that this phosphane is
a particularly good substrate for nucleophilic additions at
unsaturated carbon-bonded ligands. Precedence for the
activation of butadiene by a rhodium(i) complex with steri-
cally demanding phosphine ligands comes from the work by
Fryzuk and co-workers who found that the reaction of
[Rh(dippp)(m-H)]2 [dippp� bis(diisopropylphosphino)pro-
pane] with excess butadiene yielded the binuclear rhodium(i)
complex [{Rh(dippp)}2(m-h3,h3-C4H6)] with a bridging bis(all-
yl)-type ligand.[21]


Experimental Section


All experiments were carried out under an atmosphere of argon by Schlenk
techniques. The commercially avail able starting materials butadiene,
isoprene, and 2,3-dimethylbutadiene were used without further purifica-
tion. PiPr3 was a commercial product bought from Strem Chemicals. The
rhodium(i) complexes [Rh{m-O2S(O)CF3}(C8H14)2]2 (1),[1] [Rh{h2-
O2S(O)CF3}(PiPr3)(C8H14)] (9),[1] and cis-[Rh(C8H14)2{O�C(CH3)2}2]PF6


(12)[16] were prepared as described in the literature. NMR spectra were
recorded at RT unless stated otherwise on Bruker AC 200 and Bruker
AMX 400 instruments. Abbreviations used: s, singlet; d, doublet; q,
quartet; sept, septet; m, multiplet; br, broadened signal. Melting points
were measured by DTA. IR spectra were recorded on a Bruker IFS25 FT/
IR spectrometer and mass spectra on a 8200 Finnigan MAT instrument.


[Rh{h1-OS(O)2CF3}(h4-C4H6)2] (2): A stream of butadiene was passed for
10 s through an orange solution of 1 (181 mg, 0.19 mmol) in pentane
(10 mL) at RT. An instantaneous reaction took place to afford a white
precipitate. The solvent was decanted, and the residue was washed with
pentane (3� 5 mL) and dried in vacuo. Yield� 132 mg, 96%; m.p. 56 8C
(decomp); IR (CH2Cl2): nÄ � 1308, 1231, 1213 (OSOasymm), 1181 (CFasymm),
1031 cmÿ1 (OSOsymm); 1H NMR (400 MHz, [D6]acetone): d� 5.84 (br m,
4H; Hc), 4.11 (br m, 4 H; Hb), 2.80 (br m, 4 H; Ha); 1H NMR (400 MHz,
[D6]acetone, 40 8C): d� 5.75 (m, 4H; Hc), 3.97 (d, 4 H, 3J(H,H)� 6.9 Hz;
Hb), 2.61 (d, 4H, 3J(H,H)� 10.6 Hz; Ha), for assignment of diene protons
see Figure 6; 19F NMR (376.4 MHz, [D6]acetone): d�ÿ78.6 (s, CF3); MS
(70 eV, EI): m/z (%):� 360 (0.7) [M�], 306 0.2 [M�ÿC4H6], 210 (2.4)
[M�ÿO3SCF3], 157 (0.8) [RhC4H6


�]), 103 (1.2) [103Rh�]; C9H12F3O3RhS
(360.2): calcd S 8.90; found S 8.46.


Figure 6. Assignment of the diene protons and carbon atoms in com-
pounds 2 ± 8.


[Rh{h1-OS(O)2CF3}(h4-C5H8)2] (3): This was prepared as described above
for compound 2 by reaction of 1 (54 mg, 0.06 mmol) with isoprene (0.1 mL,
68 mg, 1.0 mmol) in pentane (5 mL). Yellow solid; yield� 41 mg, 93%;
m.p. 114 8C (decomp); IR (CH2Cl2): nÄ � 1305, 1233, 1213 (OSOasymm), 1172
(CFasymm), 1025 cmÿ1 (OSOsymm); 1H NMR (400 MHz, [D6]acetone): d�
5.35 (m, 2H; Hc), 4.05, 3.97 (both br m, 4H; He and Hb), 2.53, 2.44 (both
br m, 4H; Hd and Ha), 1.92 (s, 6H; CH3); 13C NMR (100.6 MHz,
[D6]acetone): d� 121.6 (q, 1J(F,C)� 321.2 Hz; CF3), 117.2 (br, C3), 104.2
(br, C2), 61.2 (br, C4), 60.3 (br, C1), 22.0 (br s, CH3), for assignment of diene
protons and carbon atoms see Figure 6; 19F NMR (376.4 MHz, [D6]ace-
tone): d�ÿ78.3 (s, CF3); C11H16F3O3RhS (388.2): calcd C 34.03, H 4.15, S
8.26; found C 33.89, H 4.04, S 8.23.


[Rh{h1-OS(O)2CF3}(h4-C6H10)2] (4): This was prepared as described above
for compound 2 by reaction of 1 (66 mg, 0.07 mmol) with 2,3-dimethylbu-
tadiene (0.1 mL, 0.98 mmol) in pentane (5 mL). Pale yellow solid; yield�
53 mg, 91 %; m.p. 88 8C (decomp); IR (CH2Cl2): nÄ � 1301, 1232, 1216
(OSOasymm), 1172 (CFasymm), 1022 cmÿ1 (OSOsymm); 1H NMR (400 MHz,
[D6]acetone): d� 4.07 (br m, 4 H; Hb), 2.53 (br m, 4 H; Ha), 1.80 (s, 12H;
CH3); 13C NMR (100.6 MHz, [D6]acetone): d� 121.3 (q, 1J(C,F)�
321.8 Hz; CF3), 115.9 (s, C2), 63.1 (s, C1), 18.2 (s, CH3), for assignment of
diene protons and carbon atoms see Figure 6; 19F NMR (376.4 MHz,
[D6]acetone): d�ÿ78.5 (s, CF3); C13H20F3O3RhS (416.3): calcd C 37.51, H
4.84, S 7.70; found C 37.59, H 4.80, S 7.58.


[Rh(h4-C4H6)2(PiPr3)]O3SCF3 (5): a) A solution of 9 was generated in situ
from 1 (104 mg, 0.11 mmol) and PiPr3 (42 mL, 0.22 mmol) in pentane
(10 mL). The reaction mixture was stirred for 30 min at RT, after which a
stream of butadiene was passed through the solution for 10 s. A white solid
was precipitated from the orange solution. The solvent was decanted, and
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the remaining white solid was washed with pentane (3� 5 mL) and then
dried in vacuo. Yield� 109 mg, 96 %.


b) A solution of 2 (46 mg, 0.13 mmol) in acetone (10 mL) was treated with
PiPr3 (25 mL, 0.13 mmol) and stirred for 5 min at RT. A change in color
from yellow to orange occurred. The solution was concentrated in vacuo
(2 mL) and after addition of pentane (10 mL) a white solid was
precipitated. This was worked up as described in a) above. Yield� 56 mg,
85%; m.p. 84 8C (decomp); IR (CH2Cl2): nÄ � 1270 ± 1260 (OSOasymm), 1256
(CFsymm), 1172 (CFasymm), 1031 cmÿ1 (OSOsymm); 1H NMR (400 MHz,
CD2Cl2): d� 5.92 (m, 4H; Hc), 3.20 (br m, 4H; Hb), 2.56 (m, 3H;
PCHCH3), 1.40 (dd, 3J(P,H)� 13.6 Hz, 3J(H,H)� 7.2 Hz, 18H; PCHCH3),
1.32 (br m, 4 H; Ha); 13C NMR (100.6 MHz, CD2Cl2): d� 90.8 (br s, C2), 52.4
(br s, C1), 28.0 (d, 1J(P,C)� 20.3 Hz; PCHCH3), 20.4 (s, PCHCH3), for
assignment of diene protons and carbon atoms see Figure 6; 19F NMR
(376.4 MHz, CD2Cl2): d�ÿ78.7 (s, CF3); 31P NMR (162.0 MHz, CD2Cl2):
d� 47.7 (d, 1J(Rh,P)� 159.5 Hz); C18H33F3O3PRhS (520.4): calcd C 41.55,
H 6.39, S 6.16; found C 41.37, H 6.31, S 6.46.


[Rh(h4-C5H8)2(PiPr3)]O3SCF3 (6): This was prepared as described above
for complex 5 by reaction of either a) compound 1 (105 mg, 0.11 mmol),
PiPr3 (43 mL, 0.22 mmol), and isoprene (1 mL, 0.68 g, 10 mmol) in pentane
(10 mL), or b) compound 3 (41 mg, 0.11 mmol) and PiPr3 (21 mL,
0.11 mmol) in acetone (10 mL). White solid; yield� 93 mg, 76% (a), or
52 mg, 83% (b); m.p. 104 8C (decomp); IR (CH2Cl2): nÄ � 1270 ± 1260
(OSOasymm, CFsymm), 1172 (CFasymm), 1031 cmÿ1 (OSOsymm); 1H NMR
(400 MHz, CD2Cl2): d� 5.00 (m, 2H; Hc), 3.25 (d, 3J(H,H)� 7.2 Hz, 2H;
Hb), 3.02 (s, 2H; He), 2.52 (m, 3 H; PCHCH3), 2.26 (d, 4J(P,H)� 2.8 Hz, 6H;
CH3), 1.38, 1.37 (both dd, 3J(P,H)� 13.4 Hz, 3J(H,H)� 7.2 Hz, 18 H;
PCHCH3), 1.22 (dd, 3J(P,H)� 10.8 Hz, 3J(H,H)� 10.8 Hz, 2 H; Ha), 1.05
(d, 3J(P,H)� 11.6 Hz, 2H; Hd); 13C NMR (100.6 MHz, CD2Cl2): d� 121.2
(q, 1J(F,C)� 321.6 Hz; CF3), 111.4 (d, 1J(Rh,C)� 2.0 Hz; C3), 99.0 (d,
1J(Rh,C)� 2.0 Hz; C2), 50.8 (dd, 1J(Rh,C)� 9.1 Hz, 2J(P,C)� 3.5 Hz; C4),
49.1 (dd, 1J(Rh,C)� 9.0 Hz, 2J(P,C)� 3.9 Hz; C1), 27.3 (d, 1J(P,C)�
18.4 Hz; PCHCH3), 22.1 (s, CCH3), 20.3 (s, PCHCH3), for assignment of
diene protons and carbon atoms see Figure 6; 19F NMR (376.4 MHz,
CD2Cl2): d�ÿ78.6 (s, CF3); 31P NMR (162.0 MHz, CD2Cl2): d� 46.1 (d,
1J(Rh,P)� 152.4 Hz); C20H37F3O3PRhS (548.5): calcd C 43.80, H 6.80, S
5.85; found C 43.61, H 6.72, S 5.52.


[Rh(h4-C6H10)2(PiPr3)]O3SCF3 (7): This was prepared as described above
for complex 5 by reaction of either a) compound 1 (180 mg, 0.19 mmol),
PiPr3 (75 mL, 0.38 mmol) and 2,3-dimethylbutadiene (1 mL, 0.68 g,
10 mmol) in pentane (10 mL), or b) compound 3 (70 mg, 0.17 mmol) and
PiPr3 (32 mL, 0.17 mmol) in CH2Cl2 (10 mL). White solid; yield� 176 mg,
82% (a) or 82 mg, 77 % (b); m.p. 107 8C (decomp); IR (CH2Cl2): nÄ � 1270 ±
1260, 1224 (OSOasymm, CFsymm), 1147 (CFasymm), 1029 cmÿ1 (OSOsymm);
1H NMR (400 MHz, CD2Cl2): d� 3.01 (s, 4 H; Hb), 2.51 (m, 3H; PCHCH3),
1.91 (d, 4J(P,H)� 2.9 Hz, 12H; CH3), 1.39 (dd, 3J(P,H)� 13.1 Hz,
3J(H,H)� 7.2 Hz, 18 H; PCHCH3), 1.02 (d, 3J(P,H)� 15.0 Hz, 2 H; Ha);
13C NMR (100.6 MHz, CD2Cl2): d� 121.1 (q, 1J(F,C)� 320.4 Hz; CF3),
108.8 (dd, 1J(Rh,C)� 2.0 Hz, 2J(P,C)� 3.0 Hz; C2), 51.1 (dd, 1J(Rh,C)�
9.7 Hz, 2J(P,C)� 4.6 Hz; C1), 26.7 (d, 1J(P,C)� 17.3 Hz; PCHCH3), 20.5 (s,
PCHCH3), 17.8 (s, CCH3), for assignment of diene protons and carbon
atoms see Figure 6; 19F NMR (376.4 MHz, CD2Cl2): d�ÿ78.6 (s, CF3); 31P
NMR (162 MHz, CD2Cl2): d� 44.5 (d, 1J(Rh,P)� 143.9 Hz);
C22H41F3O3PRhS (576.5): calcd C 45.84, H 7.17, S 5.56; found C 45.53, H
6.78, S 5.55.


[Rh{h1-OS(O)2CF3}(h4-C6H10)(PiPr3)] (8): A solution of 9 was generated
in situ by addition of PiPr3 (49 mL, 0.26 mmol) to a solution of 1 (121 mg,
0.13 mmol) in pentane (20 mL). This solution was treated with 2,3-
dimethylbutadiene (29 mL, 0.26 mmol) and stirred for 30 min at RT. A
red suspension was formed, from which the solvent was removed in vacuo.
The remaining residue was dissolved in ether (5 mL), and the resulting
solution was stored overnight at ÿ78 8C. A red microcrystalline solid was
precipitated, which was then separated from the mother liquor, washed
with pentane, and dried under a stream of argon. Yield� 98 mg, 77 %; m.p.
52 8C (decomp); IR (CH2Cl2): nÄ � 1318, 1232, 1203 (OSOasymm), 1177
(CFasymm), 1014 cmÿ1 (OSOsymm); 1H NMR (400 MHz, CD2Cl2): d� 3.18 (s,
2H; Hb), 2.21 (m, 3H; PCHCH3), 2.04 (s, 6 H; CH3), 1.47 (m, 2 H; Ha), 1.28
(dd, 3J(P,H)� 13.8 Hz, 3J(H,H)� 7.1 Hz, 18 H; PCHCH3); 13C NMR
(100.6 MHz, CD2Cl2): d� 119.2 (q, 1J(C,F)� 319.0 Hz; CF3), 101.6 (d,
1J(Rh,C)� 7.6 Hz; C2), 50.0 (dd, 1J(Rh,C)� 11.8 Hz, 2J(P,C)� 5.5 Hz; C1),


23.8 (d, 1J(P,C)� 19.4 Hz; PCHCH3), 19.3 (s, PCHCH3), 19.0 (s, CCH3), for
assignment of diene protons and carbon atoms see Figure 6; 19F NMR
(376.4 MHz, CD2Cl2): d�ÿ78.2 (s, CF3); 31P NMR (162.0 MHz, CD2Cl2):
d� 46.0 (d, 1J(Rh,P)� 174.4 Hz]; MS (70 eV, EI): m/z (%):� 494 (5.0)
[M�], 410 (1.7) [M�ÿC6H10], 345 (1.9) [M�ÿO3SCF3], 334 (1.3) [M�ÿ
PiPr3], 262 (2.9) [RhPiPr3


�], 185 (2.9) [RhC6H10
�], 160 (100) [PiPr3


�], 103
(7.1) [103Rh�]; C16H31F3O3PRhS (494.4): calcd C 38.87, H 6.32; found C
38.52, H 6.45.


anti,cis-[Rh{h3-(iPr3PCH2)CHCHCH2}(PiPr3)2]O3SCF3 (10): A solution
of 2 (75 mg, 0.21 mmol) in acetone (10 mL) was treated with PiPr3 (131 mL,
0.67 mmol) and stirred for 10 min at RT. A change in color from red to
yellow occurred. The solution was concentrated in vacuo (ca. 2 mL) and
pentane (30 mL) was then added. A yellow solid was precipitated, which
was separated from the mother liquor, washed with pentane (3� 5 mL) and
then dried in vacuo. Yield� 112 mg, 68 %; m.p. 134 8C (decomp); 1H NMR
(400 MHz, CD2Cl2): d� 4.59 (m, 1H; He), 3.29 (m, 1 H; Hb), 2.74 (m, 1H;
Hc), 2.70 (dsept, 2J(P,H)� 12.4 Hz, 3J(H,H)� 7.2 Hz, 3H; PaCHCH3), 2.33
(m, 1H; Ha/a'), 2.27, 2.23 (both m, 6H; Pb/cCHCH3), 1.71 (m, 1H; Hd), 1.64
(m, 1H; Ha/a'), 1.41 (dd, 3J(P,H)� 15.6 Hz, 3J(H,H)� 7.2 Hz, 9H;
PCHCH3), 1.40 (dd, 3J(P,H)� 15.2 Hz, 3J(H,H)� 7.2 Hz, 9H; PCHCH3),
1.28 (dd, 3J(P,H)� 12.8 Hz, 3J(H,H)� 7.2 Hz, 9H; PCHCH3), 1.26 (dd,
3J(P,H)� 13.6 Hz, 3J(H,H)� 7.2 Hz, 9H; PCHCH3), 1.22 (dd, 3J(P,H)�
9.2 Hz, 3J(H,H)� 7.2 Hz, 9 H; PCHCH3), 1.21 (dd, 3J(P,H)� 6.8 Hz,
3J(H,H)� 7.2 Hz, 9H; PCHCH3); 13C NMR (100.6 MHz, CD2Cl2): d�
121.4 (q, 1J(F,C)� 321.9 Hz; CF3), 93.4 (d, 1J(Rh,C)� 6.0 Hz; C3), 44.4
(m; in 13C{31Pa} ddd, 2J(P,C)� 23.9, 4.5 Hz, 1J(Rh,C)� 10.1 Hz; C2), 43.1
(m; in 13C{31Pa} ddd, 2J(P,C)� 21.8, 4.4 Hz, 1J(Rh,C)� 8.2 Hz; C4), 29.0 (d,
1J(P,C)� 14.0 Hz; Pb/cCHCH3), 28.5 (d, 1J(P,C)� 15.0 Hz; Pb/cCHCH3), 21.5
(d, 2J(P,C)� 3.0 Hz; Pb/cCHCH3), 21.1 (d, 2J(P,C)� 2.8 Hz; Pb/cCHCH3),
20.7 (d, 1J(P,C)� 39.7 Hz; PaCHCH3), 20.6, 20.5, (both s, Pb/cCHCH3), 17.1
(d, 2J(P,C)� 3.5 Hz; PaCHCH3), 16.5 (br d, 1J(P,C)� 20.0 Hz; C1); 19F
NMR (376.4 MHz, CD2Cl2): d�ÿ78.7 (s, CF3); 31P NMR (162.0 MHz,
CD2Cl2): d� 52.4 (ddd, 1J(Rh,P)� 182.2 Hz, 2J(P,P)� 22.0 Hz, 4J(P,P)�
12.0 Hz; Pc), 48.7 (dd, 1J(Rh,P)� 187.0 Hz, 2J(P,P)� 22.0 Hz; Pb), 32.4 (d,
4J(P,P)� 12.0 Hz; Pa), for assignment of protons, and carbon and phospho-
rus atoms see Figure 7; C32H69F3O3P3RhS (786.8): calcd C 48.85, H 8.84, S
4.08; found C 48.65, H 9.00, S 4.09.


Figure 7. Assignment of the protons, carbon, and phosphorus atoms in
compounds 10 and 11.


anti,cis-[Rh{h3-(iPr3PCH2)CHC(CH3)CH2}(PiPr3)2]O3SCF3 (11): This was
prepared as described above for 10 by reaction of compound 3 (34 mg,
0.09 mmol) with PiPr3 (54 mL, 0.28 mmol) in acetone (10 mL). Yellow solid;
yield� 49 mg, 71%; m.p. 124 8C (decomp); 1H NMR (400 MHz, CD2Cl2):
d� 2.98 (m, 1 H; Hb), 2.62 (dsept, 1J(P,H)� 14.0 Hz, 3J(H,H)� 7.3 Hz, 3H;
PaCHCH3), 2.60 (m, 1H; Hc), 2.45 (m, 1H; Ha/a'), 2.28, 2.06 (both m, 6H;
Pb/cCHCH3), 1.83, (m, 1 H; Hd), 1.72 (s, 3 H; CCH3), 1.67 (m, 1H; Ha/a'), 1.40
(dd, 3J(P,H)� 15.6 Hz, 3J(H,H)� 7.2 Hz, 9 H; PCHCH3), 1.39 (dd,
3J(P,H)� 15.2 Hz, 3J(H,H)� 7.2 Hz, 9H; PCHCH3), 1.28 (dd, 3J(P,H)�
14.4 Hz, 3J(H,H)� 7.2 Hz, 9 H; PCHCH3), 1.27 (dd, 2J(P,H)� 16.8 Hz,
3J(H,H)� 7.2 Hz, 9 H; PCHCH3), 1.21 (dd, 3J(P,H)� 11.6 Hz, 3J(H,H)�
7.2 Hz, 9H; PCHCH3), 1.20 (dd, 3J(P,H)� 8.6 Hz, 3J(H,H)� 7.2 Hz, 9H;
PCHCH3); 13C NMR (100.6 MHz, CD2Cl2): d� 121.4 (q, 1J(F,C)�
321.3 Hz; CF3), 104.9 (d, 1J(Rh,C)� 8.1 Hz; C3), 46.1 (m; in 13C{31Pa} ddd,
2J(P,C)� 27.1, 6.0 Hz, 1J(Rh,C)� 7.8 Hz; C4), 45.1 (m; in 13C{31Pa} 2J(P,C)�
28.5, 5.7 Hz, 1J(Rh,C)� 10.6 Hz; C2), 28.7 (d, 1J(P,C)� 15.4 Hz;
Pb/cCHCH3), 28.6 (d, 1J(P,C)� 16.3 Hz; Pb/cCHCH3), 25.7 (s, CCH3), 21.6
(d, 2J(P,C)� 3.3 Hz; Pb/cCHCH3), 21.3 (d, 2J(P,C)� 2.8 Hz; Pb/cCHCH3),
20.7 (d, 1J(P,C)� 39.6 Hz; PaCHCH3), 20.6, 20.4 (both s, Pb/cCHCH3), 18.0
(br d, 1J(P,C)� 20.5 Hz; C1), 17.1, 17.0 (both d, 2J(P,C)� 3.3 Hz; PaCHCH3);
19F NMR (376.4 MHz, CD2Cl2): d�ÿ78.7 (s, CF3); 31P NMR (162.0 MHz,
CD2Cl2): d� 52.3 (ddd, 1J(Rh,P)� 177.8 Hz, 2J(P,P)� 21.6 Hz, 4J(P,P)�
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13.7 Hz; Pc), 50.0 (dd, 1J(Rh,P)� 185.1 Hz, 2J(P,P)� 21.6 Hz; Pb), 32.7 (dd
3J(Rh,P)� 4.4 Hz, 4J(P,P)� 13.7 Hz; Pa), for assignment of protons, and
carbon and phosphorus atoms see Figure 7; C33H71F3O3P3RhS (800.8): calcd
C 49.50, H 8.94, S 4.00; found C 49.27, H 8.85, S 4.16.


anti,cis-[Rh{h3-(iPr3PCH2)CHC(CH3)CH2}(PiPr3)2]PF6 (13): A solution
of 12 (206 mg, 0.38 mmol) in CH2Cl2 (10 mL) was treated with isoprene
(0.1 mL, 68 mg, 1.0 mmol) at RT. After addition of PiPr3 (220 mL,
1.13 mmol) to the light yellow solution, a color change to red occurred.
The solution was stirred for 30 min and then concentrated in vacuo
(ca. 2 mL). Addition of pentane (15 mL) afforded a red oily precipitate.
The mother liquor was decanted and the oily residue washed with pentane
(5� 5 mL). A very air-sensitive, yellow solid was obtained which was dried
in vacuo. Yield� 232 mg, 77%; m.p. 148 8C (decomp); 19F NMR
(376.4 MHz, CD2Cl2): d�ÿ73.2 (d, 1J(P,F)� 710.6 Hz; PF6); 31P NMR
(162.0 MHz, CD2Cl2): ÿ144.4 (sept, 1J(F,P)� 710.6 Hz; PF6); the 1H, 13C,
and 31P NMR data for the protons, carbon, and phosphorus atoms of the
ligands on the cation are virtually identical to those in compound 11;
C32H71F6P4Rh (796.7): calcd C 48.24, H 8.98, F 14.31, P 15.55; found C 48.06,
H 9.04, F 14.09, P 15.30.


X-ray structural analysis of the compounds 3, 5, 8, and 13 :[22] Single crystals
of 3 were grown by slow diffusion of ether into a solution of 3 in acetone.
Crystals of 5 were grown from a saturated solution of 5 in methanol.
Crystals of 8 were obtained from a saturated solution of 8 in ether at
ÿ78 8C, and crystals of 13 were grown by slow diffusion of pentane into a
solution of 13 in acetone. Crystal data for the four structures are presented
in Table 1. The data for 3, 5, 8, and 13 were collected at low temperature
from an oil-coated, shock-cooled crystal[23] on a ENRAF-Nonius CAD4
instrument with monochromated MoKa radiation (l� 0.71073 �) for 3, 5,
and 8, and on a Stoe IPDS for 13. Semiempirical absorption corrections
were applied for 3, 5, and 8.[24] The structures were solved by Patterson or
direct methods with SHELXS-86 for 3 and 8, and with SHELXS-97 for 5
and 13.[25] All structures were refined by full matrix least-squares
procedures on F 2 with SHELXL-93 (3, 8) or SHELXL-97 (5, 13).[26] For
the structure of 3 the extinction parameter was refined to 0.00321(9). For
compound 5, two independent molecules were found in the asymmetric
unit. All non-hydrogen atoms were refined anisotropically, and a riding
model was employed in the refinement of the hydrogen-atom positions. All
hydrogen atoms of 3 and H1a, H1b, H4a, and H4b of 8 were found in a final
Fourier synthesis and refined isotropically without restraints. The hydrogen


atoms H1a, H1b, H4a, H4b, H5a, H5b, H8a, H8b, H31a, H31b, H34a, H34b,
H35a, H35b, H38a, and H38b of 5 were found in a final Fourier synthesis
and refined isotropically with restraints on the bond distance and with
U(eq) 1.2 times larger than the appended C atoms. The hydrogen atoms
H1a, H1b, H4, H5a, and H5b of 13 were found in a final Fourier synthesis
and refined isotropically with U(eq) 1.2 times larger than the appended C
atoms. The PF6


ÿ counterion of 13 is disordered and was found in two
positions with an occupancy of 0.73:0.27; it was refined anisotropically with
restraints.
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